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The macro positioning stage with high-precision and rapid positioning ability plays a crucial role in the macro-micro combi-
nation positioning system. In this paper, we develop a practical method for the control of a 3-RRR planar positioning system
using online vision measurement as feedback. In this method, a monocular vision system is established to accomplish high-
precision online pose measurement for the 3-RRR manipulator. Additionally, a robust and operable adaptive control algorithm,
which incorporates a fuzzy controller and a PI controller, is employed to achieve precise and rapid positioning of the 3-RRR
positioning system. A series of experiments are conducted to verify the positioning performances of the proposed method, and a
conventional PI control algorithm is utilized for comparison. The experimental results indicate that using the proposed control
approach, the parallel positioning system obtains high precision and shows higher efficiency and robustness, especially for the
time-varying positioning system.
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1 Introduction

In recent years, much attention has been drawn to the field of
precision positioning systems. For example, an automated
macro robot combined with a three degree-of-freedom
(DOF) nano positioning platform for the nano manipulation
of carbon nanotubes is developed by Fatikow et al. [1], a 3D
micro operating system with two serial robot units is de-
signed by Gupta et al. [2], and the concept of “lab in scanning
electron microscope (SEM)” based on a serial positioning
platform is proposed by Fahlbusch et al. [3]. Nevertheless,
few positioning systems can achieve the goal of both deci-
meter-scale workspace and nanoscale accuracy.

The macro-micro combination positioning system plays a
significant role in the field of precision manipulation. This
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type of system usually consists of compliant mechanisms as
the micro positioner, which can meet the requirements of
high precision positioning and multiple DOFs but are not
able to perform large-scale positioning [4,5]. To solve this
problem, the macro part of the macro-micro combination
positioning system is designed to fulfill the requirements of
large-stroke positioning. Moreover, compared with serial
robots, which are generally used in recent research studies,
parallel robots have the virtues of higher speed, stronger load
capacity and better precision with small accumulative errors
[6-9]. Accordingly, the planar parallel manipulator (PPM) is
capable of loading the micro positioner and is suitable as the
macro part of this combination system. Generally, the posi-
tioning error of the macro part should be smaller than the
workspace of the micro part to allow the micro part to
complete the final positioning and achieve high accuracy.
Thus, the positioning accuracy of the macro positioning
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system is particularly important and can be improved by
control algorithms [10,11]. Because the PPM is affected by
the nonlinear factors (such as friction clearance and elastic
deformation in transmission) and the uncertain factors of the
environment (such as noise), it is a challenge to control the
parallel precision positioning system in practical use.

All the control methods of parallel precision positioning
systems can be roughly classified as open-loop control, semi-
closed loop control, and full-closed loop control. While the
open-loop control is easily affected by external interference,
the semi-closed loop control is the most common control
method for PMs because of its low cost; however, because of
the lack of feedback at the end-effector, its control perfor-
mances are always influenced by the manufacturing, as-
sembly errors and deformation of PMs. Therefore, the full-
closed loop control is a more effective and ideal control
method; however, its accuracy is relevant to measuring
auxiliary devices, such as laser displacement sensors [12],
acceleration sensors [13,14], and machine vision systems
[15-17]. The PID (proportion integration differentiation)
type control has been widely used because of its robustness
and stability. Cheng et al. [18] compared control perfor-
mances of 2-DOF PPMs based on four types of PD control.
Yong et al. [19] established a full-closed loop control system
for 3-RRR PPM based on eddy current sensors utilizing the
conventional PI control algorithm. However, those classic
PID algorithms have poor control performance for nonlinear,
time-varying, and uncertain systems. The coupling and in-
convenient adjustment of PID parameters are also regarded
as disadvantages. In recent years, some researchers, such as
Ren et al. [20] recommend intelligent control schemes for
planar positioning systems; Vermeiren et al. [21] designed
different fuzzy control methods for several parallel robot
systems. Other researchers such as Cong et al. [13,14] fo-
cused on developing the dynamic acceleration feedback
controller and the adaptive computed torque controller based
on the dynamic model of the parallel manipulators; Wu et al.
[22-25] also presented several dynamic control strategies of
the parallel manipulators, especially for the applications in
machine tools.

The most common architecture for a 3-DOF PPM is the 3-
RRR architecture (R represents the revolute pair), which is
easy to manufacture and has a larger workspace [26]. To the
best knowledge of the authors, few literatures have been
presented for the adaptive control of a 3-RRR type macro
positioning system utilizing the machine vision method in
the design of the macro-micro combination positioning
system. In this paper, we describe a practical macro posi-
tioning system for the coarse positioning of the nano ma-
nipulation using the adaptive control method with assistance
from a monocular vision system. A 3-RRR positioning
system including a 3-RRR PPM and the vision aided system
is established in Section 2. In Section 3, an adaptive control
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method that combines the fuzzy controller and the PI con-
troller is developed for precise positioning. Finally, a series
of experiments are conducted and presented to demonstrate
the effectiveness of the proposed method.

2 Modeling of the 3-RRR positioning system

The 3-RRR positioning system is designed as the macro part
of macro-micro combination positioning system. The posi-
tioning accuracy of the macro part must meet the require-
ment that its positioning error is much smaller than the
workspace of the micro positioner, as a result, the precision
of the 3-RRR positioning system requires improvement, and
it is necessary to investigate the control method. First, the
model of 3-RRR positioning system should be established
because such a model is essential for the position control of
the parallel robots. Moreover, to provide feedback from the
end-effector, an online machine vision system is set up, as
described in this section.

2.1 Inverse kinematics modeling

Solving the inverse kinematics is necessary because the
parallel robot tasks are popularly formulated according to the
position and motion of the end-effector.

The 3-RRR PPM consists of a static platform, a moving
platform and three branches of kinematic chains. As shown
in Figure 1, the static platform refers to the plant of 4,4,4;.
The moving platform refers the equilateral triangle C,C,C;,
which is also regarded as the end-effector. On the static
platform, the global Cartesian coordinate system OXY is
established, where O is the centroid of the static platform.
Similarly, the moving coordinate system O'X'Y" is estab-
lished on the moving platform, where O’ is the centroid of the
end-effector C,C,C;. 4,, 4, and 45 also can represent three
actuated joints, which are fixed to the base, and together with
the other six unactuated joints (B,, B,, B;, C;, C,, C;) form
three closed kinematic chains. Thus, the vector O’O can be
defined as the position of the end-effector (x, y, ¢).

As shown in Figure 2, a single branch of the kinematic
chain and the end-effector can form the closed-loop vector
0-A-B-C-0O'-0. Based on the closed loop vector method
[27,28], the following equation is obtained:

OA,+AB,+B,C,+C,0+00=0 (i=1,2,3). )
For convenience we define OA, as d;; O'C; as h;; and OO’
as r. The length of drive rod A;B; is a; and the orientation is

6; the length of follower rod B,C,; is b; and its unit vector is n,.
Thus, that eq. (1) can be rewritten as

r=d,t+Rya.e +bn,—Rh, 2

where
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Figure 1 Schematic of the 3-RRR PPM.

Figure 2 (Color online) Closed loop vector of a branch.
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According to the established coordinate system, the fol-

lowing formulas are obtained:
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Eq. (4) can also be written as
A;sin(8) + B;cos(8) + C. = 0.

By solving eq. (5), the equation of input and output is

obtained as
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where
A; =—2a[y +hsin(8 + ) —dsin(a)];
B; = 2a,[x+hsin(B +¢) —d;sin(a,)];

C,= [+ hsin(8 + p) — dsin(a,)|

A+ hsingg + ) — dsin()| + a7~ b2

i

In terms of eq. (6), we obtain the angles of actuated joints
from the position and orientation of the end-effector.

2.2 Velocity inversion

To control the 3-RRR PPM, not only the position and pose
angle but also the speed and angular velocity of the end-
effector should be considered. The Jacobian matrix is a
mathematical expression that describes the transformation
relationship between the vector of actuated joint velocities
and the vector of end-effector velocities in Cartesian space.
The Jacobian matrix can be determined as

Jo=X. @)
By differentiating eq. (4), the following equation is ob-
tained:

D0 = EX, (®)
where
D, 0 0 0,
D=0 Dy 0 | 0=0,}
0 0 Dy 93
E11 E12 E13 X
E=E, Ey Ey ;X: AN
Ey Ey Ey ¢

—_—

D,; = 5(B;sind), — 4, cos0));
E,,=-B./(2a,)—a,cos0;
E,=-4;/Q2a;) —osind;

E;y = E,hsin(p +a;) — Ehcos(p +a)),
(i=1,2,3).

\S)

Therefore, the Jacobian matrix of the 3-RRR PPM is

J=D'E. 9)

2.3 Online vision-aided system modeling

Compared with other traditional methods, the visual servo
control is a non-contact measuring method that uses visual
information as feedback, thereby improving the flexibility
and operability of a parallel robot system.

In our proposed control method, we use an monocular
vision system to measure the pose of the end-effector by
recognizing its low-level geometric feature. Generally, point
features are more widely used in vision-aided pose mea-
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surement. Although two mark points are sufficient because
3-RRR PPM only moves in a plane, the use of more markers
will improve the robustness of the visual measurement.
Hence, we use three mark points in our vision system. As
shown in Figure 3, four coordinate systems are established.
XYZ is the static coordinate based on the static platform.
X'Y'Z'is the coordinate on the moving platform, which is also
at the plane of the mark points. UV is the image coordinate,
and its origin is located at the top-left corner. X.Y.Z, is the
camera coordinate, and its origin O, also represents the op-
tical center. SP, MP and IP are abbreviation for the static
plane, moving plane and image plane, respectively. 4, d and f
represent the distances of SP-MP, MP-IP and the focal length
of the lens, respectively.

Based on the pin-hole model [29], the projective trans-
formation equation is obtained as

X

u y

[v] =sK[R,T]| |, (10)

1
1

where s is an arbitrary factor, K signifies the camera intrinsic
parameter matrix, R represents the rotation matrix, and T
represents the translation vector. (u,v) represents the image
coordinate, and (x,y,z) signifies the world coordinate. This is
also known as the perspective-n-points method (PnP).
Because, on the moving platform of the 3-RRR PPM, Z-
axis is parallel to the optical axis, and SP, MP and IP are
parallel to each other, eq. (10) can be simplified as follows:

cosf) —sinf ¢t

u X |
[v] =sKA|Y|=sK|-sind —cost ¢, |lV|, (11)
1 1 o o ]I

where A is a simplified transformation matrix. We call this
equation the degenerated perspective-n-points model
(DPnP).

According to eq. (11), the actual pose can be acquired by
calculating the static coordinate from image coordinate. This
vision-aided method has highly efficient performance and
can achieve online processing. Moreover, the measuring
accuracy of this machine vision method can be improved by
calibrating. Hence, this practical and reliable vision-aided
system can be used to provide feedback for the 3-RRR po-
sitioning system.

Generally, in the 3-RRR positioning system, the end-ef-
fector can move to any target position inside the workspace
by the control of motion controller. The actual pose of the
end-effector can be measured by the camera and sent to the
motion-controller straightaway. Thus, the full-closed loop
control system is established; more details regarding the
parameters of this system are presented in Section 4. The
setup of the 3-RRR positioning system is drawn in Figure 4.
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Figure 3 (Color online) Coordinate frames of the vision-aided position-
ing system.
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Figure 4 Setup of the 3-RRR positioning system.

3 Control strategy

Most of the PPM control systems are based on semi-closed
loop control, i.e., the pose of the end-effector is estimated
only through the direct kinematics model. However, for
practical applications, the elastic deformation of linkages,
the wear of the bearing seat and some non-geometric para-
meters, such as gear clearances and joint clearance, are in-
evitable. In these circumstances, the kinematic model has a
time-varying property. Thus, estimating the pose of the end-
effector through the kinematics model may cause large po-
sitioning error, which cannot meet the demand of coarse
positioning in the macro-micro combination system. To en-
sure and improve positioning accuracy, a full-closed loop
control system is developed based on the online vision-aid
method, and an adaptive control algorithm based on machine
vision is proposed.

3.1 Online measuring algorithm

The steps of the online measuring algorithm are listed as
follows:

Step 1. A proposed calibration method [30] is utilized for
the camera calibration. To ensure that the angle between BP
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and IP is as small as possible, the tilt angle can be controlled
through camera calibration.

Step 2. Hand-eye calibration is conducted to transfer the
pose from the image coordinate to the static coordinate
through the DPnP method.

Step 3. After the image of the pose is acquired, it will be
processed by three main steps—a threshold segmentation
step, a connected component analysis step and a center of
gravity step.

Step 4. The pose is calculated through the DPnP model,
and its results are sent to the motion controller as feedback.
This procedure is shown in Figure 5.

3.2 Full-closed loop control system

To improve the response speed and the accuracy of the ro-
tated actuated joints, servo motors are used to drive the 3-
RRR PPM. Moreover, through the rotary encoder on the
motor output shaft, the semi-closed loop control is formed to
ensure the accuracy of input.

To improve the positioning accuracy of the end-effector,
the full-closed loop control system is set up as shown in
Figure 6. A high-precision pose measuring sensor, which is
an optical camera in this paper, is able to acquire real-time
images of the pose and send them to the industrial personal
computer (IPC) as feedback through an image processor.
When the actual positioning error is larger than the preset
threshold, the IPC will calculate input compensations based
on the control algorithms. After the compensation is com-
pleted, the optical camera will measure the pose of the end-
effector again. This procedure repeats continuously until the
positioning error is smaller than the preset threshold.

3.3 Adaptive fuzzy control law

The PID control algorithm is widely utilized in motion
control because of its advantages, such as simple structure,
high robustness, and easy of implementation. Although the
conventional PID algorithm is a linear method, it is still able
to compensate for weak nonlinearity.

In actual motion control, the continuous PID control al-
gorithm should be transformed into a digital PID algorithm
because it requires some time for sampling, analysis, and
processing of data. The positional digital PID control algo-
rithm is expressed as

u(k) = Kye() + K'Y, )+ 52tk ~ et~ 1), (12)
=1

where e(k) is the feedback error, K;, K; and K, are the
coefficients of the proportional, integral and differential re-
spectively, T is the sampling period, and k is the sampling
number. To reduce the adapting time and improve the anti-
interference ability, K, is discarded, and eq. (12) is modified
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Figure 6 Flow diagram of the full-closed loop control system.

into eq. (13).
u(k) = Kpe(k) + KlTi e(y). (13)
=1

The conventional PI method may achieve good control
performance only when the control model is determined and
accurate, especially after the calibration of the 3-RRR PM.
As time passes, the control model will change via the time-
varying property and the uncertainty of the system. Thus, the
parameters of the PI method must be reset both appropriately
and frequently. Aiming at solving this problem, an adaptive
compensation algorithm of the 3-RRR positioning system is
adopted.

The fuzzy control algorithm utilizes natural language rules
to achieve rough control of the system. If the system only
uses fuzzy controllers, then the time required for point sta-
bilization is generally longer than the time required by the
conventional PI controllers. Thus, to make full use of the
advantages of the conventional PI control algorithm, a fuzzy
controller is added to the control structure, and the com-
pensation value is adjusted adaptively. The adaptive fuzzy
control system of the 3-RRR positioning system is con-
structed as illustrated in Figure 7. The fuzzy controller cor-
rects the structural parameters of the conventional PI
controller, to ensure that the PI controller is always in the
best state at all moments, and the regulation time of the
control system is shortened.

The input of the fuzzy controller includes error e, its first
derivative ec=de/dt, second derivative ecc=d’e/d#* and so on.
However, increasing the inputs will worsen the real-time
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performance of the control system. Thus, we select error e,
and its first derivative ec=de/dt as two-dimensional inputs of
the fuzzy controller; the basic composition of the fuzzy
controller is shown in Figure 8.

The design procedure of the fuzzy controller is described
as follows:

Step 1. Domain transformation. The two-dimensional in-
puts of the controller normally have different ranges of va-
lues. To simplify the controller design, these two different
ranges are transformed into the same range by the fuzzy
domain.

The value ranges of error e and its first derivative ec are
defined as [—e,, e,] and [~ec,, ec,] respectively. [-n, n] signifies
the fuzzy domain. The domain conversion coefficients k, and
k, can be obtained by eqs. (14) and (15), respectively.

k= (14)

n
k.= e (15)

Similarly, for the output, a fixed fuzzy domain is trans-
ferred to respective ranges by multiplying the corresponding
domain conversion coefficients.

Step 2. Fuzzifier. The fuzzy domain is divided into five
fuzzy subsets denoted as Negative Big (NB), Negative Small
(NS), Zero (Z), Positive Small (PS) and Positive Big (PB).
We select [-4,4] as the fuzzy domain for the convenience of
programming. As shown in Figure 9, except for points x=—4,
=2, 0, and 2, all points are members of two fuzzy subsets.

Step 3. Inference mechanism. The inference mechanism is
the core of the fuzzy controller. First, the fuzzy language
rules between outputs (AK,,AK;) and inputs (e,ec) are es-
tablished. Next, according to the approximate reasoning
theory and the membership state of e and ec, the fuzzy set of

Table 1  Fuzzy rule of AKp
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Figure 9 Membership function.

parameter correction (AK,,AK;) is obtained. Basically, the
rule of the inference mechanism is summarized up by the
experience and analysis of actual control. Such a rule can be
described as follows: when the absolute value of the error e is
large, a larger value of K, should be selected to improve the
response speed of the system. Correspondingly, to prevent
excessive overshoot, a smaller AK; should be chosen. When
the value of e is small and the value of ec is large, larger
values of both K, and K; should be taken to decrease the
systematic static error.

One important feature of fuzzy control is that it can pro-
duce a control strategy based on the expert knowledge of a
process. Based on the experience that the author summarizes
in debugging the system, the fuzzy rules for the 3-RRR po-
sitioning system is present in Tables 1 and 2, and Figures 10
and 11. According to the tables, there are 25 different com-
binations among e, ec, Kp, and K;. Except for some points
mentioned above, all points belong to two fuzzy subsets.
Thus, there are at most 4 different combinations for each
input in this fuzzy controller.

Step 4. Defuzzifier. After the inputs the processed by the
inference mechanism module, a fuzzy set is obtained, which
cannot be used as the controlled variables directly. Hence,
this fuzzy set must be defuzzified. In this paper, the max-

ec

AKp
NB NS z PS PB
NB PB PB PS PS V4
NS PB PS PS Z NS
e V4 PS PS z NS NS
PS PS NS NS NS
PB Z z NS NS NB
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Table 2 Fuzzy rule of AK;
ec
AK,

NB NS Z PS PB

NB NB NB NS NS
NS NB NS NS Z Z
e Z NS NS Z PS PS
PS NS Z PS PS PB
PB Z PS PS PB PB

T
SIS 0‘0’0‘0‘:‘
WA\

Figure 11 The output surface of AK].

imum membership principle [31] is utilized in the defuzzifier
of the fuzzy controller. Based on this principle, the largest
membership degree of the fuzzy set members is selected and
considered as the outputs of the defuzzifier. If there are many
members that have the largest membership degree jointly,
then their average value will be taken as the output of the
defuzzifier instead.

Bounded-input and bounded-output (BIBO) stability is a
form of stability for systems that take inputs. If a system is
BIBO stable, then the output will be bounded for every input
to the system that is bounded. In our fuzzy system, the fol-
lowing can be obtained:

Au = Au,(k) —u(k—1)

= Kp(k)(l + ATit)e(k) —Ky(k)e(k—1)

< K1+ 5) e (16)
where
€nax = Max(e(0), e(1), e(2), ..., e(k— 1)),
v, = max(Kjp).

Because |g - (u(k))] <|g| - u(k), the sufficient condition of

BIBO stability is K, |1+ % - |lgl < 1, which our control al-

gorithm achieves. Therefore, our proposed control method is
stable in theory [32,33].

4 Experiments and analysis

To verify the reliability and practicability of the proposed
adaptive control method, a 3-RRR positioning system with
vision-aided devices is established, and a series of experi-
ments are performed. The first part is conducted to show the
performance and effectiveness of the proposed method. The
second part is used to compare the proposed method with the
conventional PI method.

4.1 Introduction of the experimental setup

A 3-RRR PPM is manufactured based on an optimum design
proposed in the author’s previous article [34]. The length
parameters of this 3-RRR PPM are ¢~=245 mm, 5=242 mm,
h=112 mm, d=400 mm (=1, 2, 3). Figure 12 shows the
workspace and its corresponding inscribed circles of the 3-
RRR PPM. The workspace is a triangular-like region, and the
radius of its inscribed circle is a+b+h—~d~=199 mm. In either
real practical application or our experiment, the PPM would
not be operated in the whole workspace because the per-
formances of the PPM would become worse if the end-
effector is closer to the workspace boundary. Based on the
vision field of the vision-aided system, a square area with the
dimension 150 mmx150 mm is selected in this study.

The experimental apparatus of the 3-RRR positioning
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Figure 12 (Color online) Workspace of the 3-RRR parallel manipulator.

system is depicted in Figure 13. The apparatus consists of an
IPC (industrial personal computer), a motion control card,
three AC servo systems, a 3-RRR PPM, and an online ma-
chine vision-aided system.

The IPC contains the control software programmed by C#
language. The GALIL DMC-1886 motion control card is
embedded on the PCI bus inside the IPC to realize the real-
time control. The DMC-1886 motion control card also pro-
vides a communication driver library supported on the
Windows, .NET and DOS platform, allowing the researcher
to perform the secondary development. The command value
is calculated and converted into the voltage signal by the
specific algorithm, and the control signal is sent to servo
systems through the PICM-2900D interconnection module.
The 3-RRR PPM is driven by three independent Yaskawa
servo systems. The electronic part of each rotating servo
motor system is composed of a servo motor and an encoder, a
servo driver and a limit switch which assists in returning
home. The encoder can provide the real-time feedback to
correct the rotation angle of the motor, which guarantees the
input accuracy of the 3-RRR positioning system.

As shown in Figure 14, the online vision-aided system is
composed of a high-resolution camera, a lens with the focus
length of 16 mm, light emitting diode (LED) markers and a
high-performance computer used as an image processor. The
main working principle of the system is to calculate the
position and placement angle of central point of the active
marker plate based on three LEDs. The software of the online
vision-aided system is Halcon.

As the feedback device of the 3-RRR positioning system,
the vision-aided measuring device must have high mea-
surement accuracy. Figure 15 presents 1010 times measuring
results of the static end-effector using this machine vision-
aided system. The repeated measurement accuracy in the X
direction of the vision-aided system is within the range of
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Figure 15 Repeated measurements of the vision-aid system. (a) Error in
X direction; (b) error in Y direction.
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+1 pum, and the repeated measurement accuracy in the Y di-
rection is within the range of £2 um. This indicates that the
machine vision-aided system has high measurement accu-
racy, and the experiments are performed in a reliable and
accurate way.

With the use of active markers, the processing time of the
vision aid system for each frame is approximately 20 ms,
which is up to 50 fps. In our experiments, because of the
limitation of the camera data interface (GigeE), the acqui-
sition speed is set at 30 fps, i.e., each visual servo period is
approximately 33 ms. This processing speed is still fast, in-
dicating that our vision aid system is qualified to be used in
the real-time control of the 3-RRR positioning system.

Further informations of the experimental apparatus are
listed in Table 3.

4.2 Experiments and discussion

The experiment procedure of the full-closed loop control is
conducted as follows:

Step 1. Enter the terminal position of the end-effector r(¢)
on IPC.

Step 2. According to the trajectory planning algorithm, the
rotation angle with time is calculated. Next, the motion
control card sends the corresponding control value to the
servo drivers. Driven by servo motors, the end-effector of the
3-RRR PPM arrives at the desired position; this is defined as
the first movement.

Step 3. The vision-aided system measures the actual po-
sition of the end-effector y(¢) and then sends the feedback to
the IPC. Afterwards, the positioning error ¢ and its first de-
rivative ec are obtained.

Step 4. The compensation is computed by the adaptive
control algorithm.

Step 5. The motion control card sends the corresponding
compensation value to the servo drivers. Driven by servo

Table 3 Description of experimental apparatus
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motors, the end-effector of the 3-RRR PPM completes cor-
rection movement.

Step 6. Repeat Step 3 to Step 5 until the positioning error is
less than the preset threshold.

According to the above procedure, the more adjustments
the end-effector requires, the longer time the positioning
system will require. Thus, the performance of the controller
can be evaluated by the adjustment times.

We use five kinematic models as the control models to test
the effectiveness and robustness of the proposed method.
The first model is the theoretical kinematic model, whose
parameters are shown in Table 4. To verify the effectiveness
of the proposed control method for the 3-RRR PPM model,
which has a time-varying property, the parameters of the
theoretical kinematic model are modified randomly, and four
modified kinematic models are obtained as shown in Table 5.
All these control models are utilized in the experiments.

The thresholds of positioning errors are set as x, = 0.0 mm
and y =0.01 mm. Twenty-four test positioning points are
selected inside the workspace of the 3-RRR PPM, and the
test points is numbered as shown in Figure 16. Both the
adjustment times of the 3-RRR PPM and its trajectory from
home to each test positioning point are recorded.

For the theoretical control model, the number of adjust-
ments are shown in Figure 17. According to Figure 17, under
the proposed adaptive control the adjustment times of precise
positioning to the test points are less than 2 times. This de-
monstrates that the positioning is of high efficiency.

To compare the performances of proposed control method,
more experiments are conducted under the conventional PI
control method. Usually, the parameters of PI controller are
obtained by experimental parameter tuning. The experiments
are conducted, and the suitable parameters K, and X, of the P1
controller are obtained as 1. The adjustments to test posi-
tioning points are also less than 2 times. This indicates that,
with the suitable control parameters, the conventional PI

Name Model

Description

Control card
Servo system
CMOS camera
Lens

Software for programming and control

GALIL DMC-1886
Yaskawa 7 series
Tendency Dalsa Genie TS M2048
KOWA LM16SC
Microsoft Visual Studio 2015

32-bit DSP, 8-axis motion control, 22 MHz feedback rate
3000 r/min speed with 24-bit encoder
2048%2048 resolution
16 mm fixed focus

Secondary development combined C# and GalilTools

Table 4 Parameters of the theoretical control model

a b h d
Chain 1 245.0 242.0 112.0 400.0
Chain 2 245.0 242.0 112.0 400.0
Chain 3 245.0 242.0 112.0 400.0
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Table 5 Parameters of the modified control models
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a b h d
Chain 1 243.0 242.0 110.0 400.0
Control model 1 Chain 2 245.0 241.0 110.0 400.0
Chain 3 245.0 241.0 110.0 400.0
Chain 1 243.0 241.0 110.0 400.0
Control model 2 Chain 2 244.0 241.0 110.0 400.0
Chain 3 243.0 240.0 110.0 400.0
Chain 1 243.0 241.0 110.0 400.0
Control model 3 Chain 2 244.0 241.0 110.0 400.0
Chain 3 243.0 240.0 110.0 400.0
Chain 1 244.0 241.0 110.0 399.0
Control model 4 Chain 2 244.0 241.0 110.0 400.0
Chain 3 243.0 240.0 110.0 400.0
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Figure 16 (Color online) Test point location.
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Figure 17 (Color online) Numbers of adjustments for the theoretical
model.

control method may have a good control performance based
on the theoretical control model.

To evaluate the proposed control method with the sto-
chastic modified control models, as shown in Table 5, further
experiments are conducted. Moreover, keeping the same
effective parameters of the PI controller as those in previous
experiments, more experiments are also conducted with PI
algorithm for the modified control models for the compar-
ison. Figure 18 shows the adjustment times of the modified
models using both the proposed method and the conventional

g 40E 3 -e-Proposed 1
9] E ] -=Proposed 2
% 30 E E Propaosed 3
=R J -+Proposed 4
T E 1 =PIt
5 20E ] “=Pl2
5 f i ~PI3
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Figure 18 (Color online) Efficiency comparison based on the modified
model.

PI method. Experimental data for modified models 1, 2, 3,
and 4 are plotted as groups 1, 2, 3, and 4, respectively.
Figures 19 and 20 present the test point (30, 60) positioning
trajectory for the modified model 1 based on the proposed
method and the PI method, respectively, as examples.

According to Figure 18, using the proposed control
method, the adjustments to all test points are less than 3
times. The smooth trajectory and precise final positioning
can also be found in Figure 19. Although the first movement
has approximately 150 pm error, the positioning error is less
than 10 pm under the control of proposed method. This in-
dicates that the 3-RRR positioning system still achieves
excellent control performances using the proposed method.
Although the parameters of the control model are changed,
the proposed control method enjoys high efficiency and
strong robustness.

Figure 20 shows that under the conventional PI control
request, at least 12 times the adjustments are required, far
greater than that under the proposed control. For further
points, such as (60, —60), the number of adjustment times is
even up to 41 times. From the overall and local trajectory in
Figure 20, the error of the first movement is found out to be
quite large. Though the end-effector can move quickly to the
area nearby the test point after the first compensation, the
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Figure 19 (Color online) The positioning trajectory based on the proposed adaptive control method (modified model). (a) The trajectory of the whole

positioning movement; (b) the local trajectory; (c) the terminal trajectory.
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Figure 20 (Color online) The positioning trajectory based on the PI control method (modified model). (a) The trajectory of the whole positioning

movement; (b) the local trajectory; (c) the terminal trajectory.

positioning error has not been less than the thresholds x, and
y, after many adjustments. Finally, it takes 32 times of ad-
justments for the end-effector to finish precise positioning.
Thus, the 3-RRR PPM takes a much longer time to complete
the positioning under the conventional PI control. This
longer time requirement is inefficient and impractical for the
time-varying system.

These experimental results show that both control methods
have similar control effects when the control model is de-
termined and accurate, which is highly closed to the actual
model of 3-RRR PPM. However, when the control model
changes via some factors such as like motion wears or joint
clearances, the proposed method shows its superiority over
the conventional PI control method with very fewer adjust-
ments and stable performance. This result proves that the
proposed adaptive control method is suitable for the 3-RRR
positioning system, which has the nonlinear and time-vary-
ing properties. Large-scale positioning also demonstrates the
higher operability and robustness of the proposed control
method. Moreover, as seen from the machine vision feed-
back, the final positioning error is within 10 pm, which is of
high accuracy.

5 Conclusions

This paper presents an adaptive control method of the 3-RRR
positioning system for the macro-micro combination system

based on machine vision aid. The setup of the 3-RRR posi-
tioning system is described in detail, including the kine-
matics modeling of 3-RRR PPM and online vision-aided
system modeling. The experimental apparatus is also in-
troduced clearly, and a series of experiments are conducted.
Under the proposed control method, the 3-RRR positioning
system shows higher stability, operability, and efficiency
compared with the conventional PI control method. These
experimental results demonstrate the high precision, effec-
tiveness, and robustness of the proposed control, which is
suitable for the time-varying PPM system. Furthermore,
based on the proposed control method and machine vision-
aided system, the positioning accuracy of the 3-RRR PPM is
improved from approximately 150 um to £10 um, which is
smaller than the workspace of the micro positioner [5]. In
other words, our 3-RRR positioning system based on
monocular vision is capable as the macro part in the macro-
micro combination positioning system. Therefore, the pro-
posed method can make contributions to both the study of
PPM control and the development of the macro-micro
combination positioning system.

For further investigations, the dynamic control of the 3-
RRR positioning system using acceleration feedbacks will be
studied, and the macro-micro combination positioning sys-
tem will be miniaturized for installation in a SEM.
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