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Abstract

The movement precision of the hydraulically driven 6-six degrees of freedom (6-DOF) parallel manipulator is determined mainly by
the precision of the valve-controlled asymmetrical cylinder (VCAC). Unfortunately, the asymmetrical movement of the VCAC caused
by its asymmetrical structure can significantly compromise control precision. Owing to this asymmetry and, more fundamentally, the
inherent nonlinearity of hydraulic systems as well as complicated load variations, it is very difficult to achieve ideal control precision
with traditional (PID) control. In the present study, the working principle and characteristics of VCAC were analyzed, with particular
focus on the asymmetry problem. In order to improve the precision of both VCAC control and 6-DOF parallel manipulator movement,
this paper presents a new, cerebellar model articulation control (CMAC)-based control method. Experiments on both the single VCAC
system and the parallel manipulator were developed to verify the validity and effectiveness of the new compound control method. The
theoretical analysis and testing results, compared with those for the PID control, proved that the proposed CMAC-based control method
can acquire high movement precision on the 6-DOF motion simulator while eliminating the need to build a mathematical model or obtain
accurate loading conditions.
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1. Introduction

The advantages of the parallel-type robot over the tandem-
type include strong stiffness, heavy loading capability and
high control precision, all of which have made it a hot topic in
the robot research field for almost forty years. One of its most
important applications, the hydraulically driven six degrees of
freedom (6-DOF) parallel manipulator, has favorable pros-
pects and an overall high potential [1]. The manipulator typi-
cally comprises an upper platform, a basement, upper hinges,
lower hinges, and six sets of electro-hydraulic servo systems
that connect the upper platform with the basement. Fig. 1
shows a hydraulically driven 6-DOF parallel manipulator with
a Steward structure developed by the Beijing Institute of
Technology. The coordinated control of six valve-controlled
asymmetrical cylinder (VCAC) position servo systems drives
the upper platform of the manipulator to impart 6-DOF
movement. Fig. 2 offers a schematic representation of the
control structure of the manipulator.

The 6-DOF parallel manipulator shown in Fig. 1 without at-
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titude sensors is an open-loop control system. Its precision is
determined mainly by that of each VCAC. Due to the inherent
nonlinearity of hydraulic systems [2], complicated load varia-
tions and, not least, the asymmetry of the VCAC itself, which
reflects the asymmetrical structure of the cylinder [3], it is
very difficult to achieve with traditional PID control to
achieve ideal VCAC control performance [4]. To solve this
control problem for hydraulically driven 6-DOF parallel ma-
nipulators incorporating VCAC, this paper proposes a new,
cerebellar model articulation control (CMAC)-based com-
pound control method.

When controlling hydraulically driven multiple-DOF paral-
lel manipulators, each system is often considered to be inde-
pendent and uncoupled [5, 6], with the couplings between
joints being treated as factors of disturbance and indetermi-
nacy [7]; therefore, controller design pertaining to the multi-
ple-DOF parallel manipulator can be converted into single
controller design for each VCAC system. Intelligent control
methods for hydraulically driven 6-DOF parallel manipulators
have always been the objects of great attention. In recent years,
several advanced control methods have been developed, in-
cluding self-adaptive control, robust control, sliding-mode
control, and others.

Kim and Lee [8] have designed a kind of robust controller
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Fig. 1. Hydraulically driven 6-DOF parallel manipulator developed by
the Beijing Institute of Technology.
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Fig. 2. Control structure of the hydraulically driven 6-DOF parallel
manipulator.
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based on the PD control structure, which can output different
nonlinear compensation according to specific working condi-
tions. Wan et al. [9] have developed a new dynamic neural
network by adding a feedback link to the feed-forward net, and
derived a fast self-study algorithm. Meanwhile, Yuan et al. [10]
have presented a compound controller incorporating both PID
control and wavelet network control for on-line, real-time con-
trol by way of dynamics compensation. Lee et al. [11] have
designed a control method based on a Hoo controller and a
dynamic model, and demonstrated its superiority to PID con-
trol. Fu et al. [12] have designed an nonlinear, robust controller
after the friction characteristics of a single channel of the 6-
DOF parallel manipulator, and conducted a simulation validat-
ing its effectiveness. Han and Chang [13] have designed an
enhanced controller to improve the robustness of time delay
control (TDC) for a robot manipulator in the presence of
nonlinear friction. Khaloozadeh and Homaeinejad [14] have
developed a chattering avoidance sliding mode controller for
space free-flying robots as highly nonlinear-coupled systems.
In their work, [Iwatsuki et al. [15] have described the position
and stiffness control of planar redundant link mechanisms with
elastic elements in order to utilize the flexibility of robots. Mo-
reno-Valenzuela and Orowo-Manriquez [16] have introduced a
control scheme based on using a using a trajectory tracking
controller and an algorithm for on-line time-scaling of the ref-
erence trajectories. Kang [17] has designed a variable structure
fuzzy control method and a switching logic to eliminate the
steady-state tracking errors. These control methods, however,
are all limited in practical applications to some extent, owing to
real-time response or dependence on model building.
Cerebellar model articulation control (CMAC) is a new
type of neural network first advanced by Albus [18]. It is a

local-learning-based control, which is very suitable for real-
time control of the servo control system, with its simple net-
work structure, high convergence precision and rapid learning
speed [19]. CMAC has been applied in many research fields,
including function approach, dynamic modeling, pattern rec-
ognition and others; it has provided a new solution to the
problem of VCAC control design as well.

In the present study, the working principle and characteris-
tics of VCAC were analyzed, and a new compound control
method and CMAC-based controller were derived to improve
the control precision of both the single VCAC system and the
6-DOF parallel manipulator. The results of the experiments
proved that it can achieve ideal VCAC control while
eliminating the need to build a mathematic model or obtain
accurate loading conditions thereby.

2. Principle and characteristics of VCAC

The asymmetrical cylinder with a single pole, compared
with the symmetrical cylinder with two poles, has many ad-
vantages in industrial applications, including a compact work-
ing space, a simple structure, its ease of production and its
reliably oil-proof condition, among others [20]. However, the
working characteristics of VCAC are much different from
those of the valve-controlled symmetrical cylinder, due to the
structural asymmetry. Simply speaking, the VCAC character-
istics of motion for one direction are not the same as those for
the other. Fig. 3 illustrates the VCAC structure, where input
x, is the displacement of the valve core; y is the displace-
ment of the piston; 4, and 4, are the piston areas of the
two sides (77 =4,/4, <1), respectively; p, and p, are the
respective pressures in the two cavities of the cylinder; p, is
the oil-supply pressure; and p, is that of the oil return. If
y >0, the movement is positive, indicating cylinder extension,
and if y <0, the movement is negative, indicating cylinder
retraction.

After analyzing the loading flow characteristics of VCAC,
ignoring elastic and damped loading, a mathematical model
could be derived according to some simplified representations,
which can be expressed as Eq. (1):

K C K V
jqxv(s)—jps— AC; ————s+1|F(s)
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2
[241]
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where ®, is the frequency of the cylinder, ¢, is the hy-
draulic damping coefficient, K_ is the flow gain of the valve
in the zero position, K, is the flow-pressure coefficient, C,
is the leakage rate of the cylinder, and S, is the effective
modulus of volume elasticity.

The values of X, , K,, C,, and ¢, in positive move-
ment are much different from those in the negative movement,

C
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Fig. 3. Structure of the valve-controlled asymmetrical cylinder.

given, again, the asymmetrical structure of the cylinder.
Among these parameters, the variation of K can have a
significant influence on the dynamic performance of VCAC.
Eq. (2) defines K for both positive and negative move-
ments, where C, and w are the throttle coefficient and
valve area, respectively, p is the oil density, and p,
(p,=p,—np,) is the loading pressure. Under the no-load
(p,=0) condition, K /K, =1/\n>1, which means that
the dynamic response and tracing performance in positive
movement are much better than those in the negative move-
ment.

K;:de z[p.v_pLJ y>0

p\ 1+’
K, = 5 @
K =Cpw (’7{17] i <0
Pl 1+n

The degree of asymmetry « is the degree of difference
between positive movement and negative movement. It is very
difficult to obtain a precise expression of @ , which is deter-
mined mainly by # and p,, among others, and is closely
related to movement amplitude and frequency. When VCAC
is applied to the position servo system, Eq. (3) can be used to
calculate « based on the position error expressed as:

a:MXIOO% 3

(e+ + e’)

where e and e represent the positive and negative posi-
tion errors, respectively.

The asymmetrical movement of VCAC caused by its
asymmetrical structure has a great influence on control preci-
sion; indeed, it is very difficult to achieve ideal control with
traditional PID. Thankfully however, the CMAC neural net-
work has provided a feasible solution for control of severely
asymmetrical VCAC.

3. Principle and structure of CMAC

CMAC is a kind of local-learning-based, self-adapting neu-
ral network that utilizes a look-up table [21] to express com-
plex and nonlinear functions. Moreover, CMAC can auto-

Learning Expectation
alogrithm value

Fig. 4. Principle and structure of CMAC.

matically change the content of the table by means of its learn-
ing algorithm, providing a nonlinear mapping ability from
input to output [22]. All of these attributes make CMAC espe-
cially applicable to the VCAC control problem. The mathe-
matical principle and structure of CMAC can be described by
the S >M — A4—Y serial mapping displayed by Fig. 4,
where S is the combined total input vectors, including
S.,S,---S,; M represents the space of concept storage; A is
the space of actual storage; and f(s) is the network output.

The principle of CMAC can be described by a series of
working procedures. Every vector in input state space S , as an
address variable, is mapped into concept storage M by
means of rolling combination; the vectors adjacent to S are
also contiguous in M . In other words, there is an associative
relationship between S and M that can be measured by the
number of associative elements expressed as C. Under the
condition of a small number of input vectors, the addresses of
the vectors in concept storage M are the same as those in
actual storage 4 , but with growth in the number of input vec-
tors; in addition, the size of 4 can become huge. Thus,
pseudo-random mapping methods, such as Hash encoding that
can map a huge storage M into a much smaller storage A
with the same value of C, are often employed to reduce the
size of storage space. However, with a small number of inputs,
as was the case in the present study, 4 and M can be
united in the same storage space. The final output of CMAC is
the sum of the weights owned by C elements, and the
weights stored in 4 are adjusted by a learning algorithm,
which often uses gradient descent calculation to accelerate the
learning process [23].

CMAC is based on high-speed local learning, making it
very suitable for real-time control. It also possesses a generali-
zation ability, which means that adjacent inputs generate iden-
tical outputs and different inputs generate diverse outputs.
Furthermore, as a nonlinear approximation, CMAC is not
sensitive to the sequence of learning samples [24, 25]. Con-
sidering its overall characteristics, which are excellent for
nonlinear and real-time control, CMAC approximation is su-
perior to that of other neural networks.

4. CMAC-based compound control

To restate, CMAC provides a feasible solution for control
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Fig. 5. Structure of the CMAC-based compound control.

of severely asymmetrical VCAC. The structure of a CMAC-
based compound controller is schematized in Fig. 5, where »
is the expected input; y is the actual output; e and é are
the control error and error derivatives respectively;u, is the
CMAC controller output; u,,, is the PID controller output;
and u is the total VCAC input.

Since input r and output y are all inputted into the
CMAC controller as training signals for the adjustment of
weights, CMAC controller contains not only the inverse mod-
el of VCAC, but also the inverse model of the whole system,
including VCAC and PID controller. Thus, CMAC-based
compound control is helpful in overcoming the asymmetry of
the VCAC model and in improving the asymmetry and track-
ing accuracy in movement.

As Fig. 5 shows, the CMAC controller is configured in par-
allel with a PID controller, generating a kind of compound
control. The PID controller provides learning samples to the
CMAC controller in the initial stage or under loading variation
conditions. At the same time, it plays a subsidiary control
function. With system input » and system output y as
inputs, the CMAC controller can adjust the weights dynami-
cally using a learning algorithm. The working procedure of
the CMAC controller, including learning and control, can be
described as follows:

The weights are set to zero; accordingly u, is zero, and the
CMAC controller does not provide any control function.

System input » and system output y are inputted into
CMAC after quantization. The state space of the input is di-
vided in a fuzzification process, and the corresponding degree
of membership can be calculated.

After determining the number of addresses C according to
the inputs, the CMAC output u, is calculated by adding the
weights stored inthe C elements.

The final VCAC input can be obtained by adding the out-
puts of the PID and CMAC controllers, u =u, +u,, .

In every control cycle, the weights are adjusted by compar-
ing Yo with # and making the difference between them as

small as possible; this adjustment is called the learning process.

Then, after a number of learning cycles, the VCAC input is
generated mainly by the CMAC controller. The learning algo-
rithm can be described by Egs. (4)-(6) expressed as:

21
I “
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Fig. 6. Testing principle of the experimental system.

Fig. 7. Actual experimental equipment.

%(1‘) ne(0,1) ,and (5)

w(k)=w(k—l)+Aw(k). (6)

Aw(k) =1 —e ) (k)

In Egs. (4)-(6), J is the assessment index f}‘}r}ﬁ(ik?n’ which
should be as small as possible, and 7(1-e ) is the

learning rate of the network, where 7 is a small constant and

duc(k)-u(k) .. .
l-e is the variation factor of the learning rate. As

reduction of |u, (k) —u(k)| , the learning rate of the network
can decay by exponent regularity. When uc(k)—u(k)| is
smaller, a lower learning rate can reduce vibration and in-
crease stability, whereas a bigger learning rate can accelerate
the convergence procedure when |u, (k) —u(k)| is larger.
a is a balance constant, which is designed for the coordina-
tion of the stability and convergence speed in learning proce-
dure.

5. Experiments on single VCAC

In order to verify the CMAC-based compound control me-
thod, experiments on a single VCAC position servo system
were carried out. Fig. 6 illustrates the testing principle of the
experimental system, and a photograph of the experimental
equipment is provided in Fig. 7.

The experimental system comprised a VCAC, including a
servo valve and servo cylinder of asymmetrical structure, a
control computer, a hydraulic power system, inertia loading,
and other components. The stroke of the cylinder was 200 mm,
the diameter of the piston was 50 mm, and the diameter of the
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Fig. 8. Testing results for VCAC under fixed loading (a) PID control-
ler; (b) CMAC-based compound controller.

pole was 36 mm. A 0.1% precision magnetostrictive dis-
placement sensor was installed in the pole of the cylinder to
measure the output of the VCAC. The servo valve, with 100
L/min rated flow, can work under 21 MPa oil pressure. The
charger, an inertial trolly, can change the VCAC loading state
by placing different mass blocks.

The control computer, a 100 MHz 486 CPU of PC-104 bus
structure with 16 bit A/D, 16 bit D/A and a servo amplifier,
operated in control cycles of less than 0.5 ms. A testing com-
puter, connected with the control computer by Ethernet and
TCP/IP, set the regularity of movement, sent control com-
mands, and received and displayed testing data.

For the experiments, the oil pressure was set to 14 MPa, the
inertial load was changed from 200 to 800 kg, the moving
amplitude of the cylinder was 100 mm, the frequency was 1
Hz, and the movement regularity was:

y =100sin(27z). (7)

The CMAC-based compound controller and the traditional
PID controller were tested under the same parameters to com-
pare the effects of different control methods. Fig. 8 plots the
results for the traditional PID controller and CMAC-based
compound controller under fixed loading of 300 kg. The re-
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Fig. 9. Testing results for VCAC under variable loading (a) PID con-
troller; (b) CMAC-based compound controller.

sults for the PID controller shown in Fig. 8(a) were not ideal;
the tracking error reached 40 mm, and the degree of asymme-
try «, as calculated by Eq. (3), was more than 50%. As
shown in Fig. 8(b), the control of the compound controller
was not better than that of the PID controller at the initial stage.
This is because the weights in CMAC were zero and conse-
quently, their adjustment required a learning process. After
about 200 control cycles, however, the compound controller
achieved the ideal control precision with less than 10 mm of
control error and a 10% degree of asymmetry.

Generally, in the 6-DOF parallel manipulator, control preci-
sion is often affected by severe changing load; thus, the con-
trol effects of CMAC-based compound controller and the
traditional PID controller for VCAC under variable loading
have also been studied. Fig. 9 plots the results for the tradi-
tional PID controller and CMAC-based compound controller
under variable loading, which changed from 200 to 800kg at
time of 1.25s. The precision and the symmetry of PID control-
ler were very sensitive to variable loading (Fig. 9(a)). In com-
parison, results for the CMAC-based compound controller
were more ideal; the variable loading control error, which has
been increased by mutational loading, was reduced rapidly by
CMAC-based compound controller after fast study, and the
precision and the symmetry was kept stable even under vari-
able loading (Fig. 9(b)).
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Table 1. Parameters and results of sinusoidal rotation around the X axis
using PID control.

Table 2. Parameters and results of sinusoidal rotation around the X axis
using CMAC-based compound control.

Amplitude Frequency Amplitude Error | Phase Error Amplitude Frequency Amplitude Error | Phase Error
I /Hz % /° /° /Hz % I
10 0.5 2.5 12 10 0.5 2.5 5
5 1 10.2 21 1 3.7 9
2 5 234 35 2 5 6.6 12
1 10 44.7 83 1 10 11.8 16
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Fig. 10. Trial curves for PID control in experiments on the 6-DOF
parallel manipulator (a) frequency is 1 Hz and amplitude is 5°; (b)
frequency is 10 Hz and amplitude is 1°.

6. Experiments on 6-DOF parallel manipulator

Since the 6-DOF parallel manipulator displayed in Fig. 1 is
an open-loop control system without attitude feedback, a fiber
optic gyroscope was mounted on the manipulator’s upper
platform in order to obtain its actual attitude. The output of the
gyroscope was used only to measure the controls of the differ-
ent control methods; it was not incorporated into the control
procedure. In the experiments, sine signals of differing fre-
quency and amplitude were inserted into the manipulator to
drive the upper platform’s rotation around the X axis. The
respective sets of testing parameters were 0.5 Hz and 10°, 1
Hz and 5°, 5 Hz and 2°, and 10 Hz and 1°.

0 0.05 01 015 02 0.25 03
time (sec)

(b)

Fig. 11. Trial curves for CMAC-based compound control in experi-
ments on 6-DOF parallel manipulator (a) frequency is 1 Hz and ampli-
tude is 5°; (b) frequency is 10 Hz and amplitude is 1°.

The results for common PID control are listed in Table 1,
and in Fig. 10, two of the corresponding trial curves are plot-
ted, where curve 7 is the input and curve y is the output. These
data showed that the PID control performance was not ideal,
least of all for high-frequency motion. Once the input fre-
quency reached 10 Hz, the amplitude error had grown to
44.7%, and the phase error had reached 83°. In this case, the
output was seriously distorted relative to the input signal, be-
cause the degrees of amplitude decay and phase delay were so
severe.

Table 2 lists the performance measures for CMAC-based
compound control; two of the corresponding trial curves are
plotted in Fig. 11, where curve r is the input and curve y is the



S.-K. Wang et al. / Journal of Mechanical Science and Technology 25 (6) (2011) 1595~1602 1601

output. It is clear that the compound control achieved much
better results compared with common PID control. Even when
the input frequency was as high as 10 Hz, the amplitude error
was only 11.8%, and the phase error was just 16°. By means
of the CMAC-based compound control, the output signal was
able to track the input signal with a much higher degree of
accuracy.

7. Conclusions

The movement precision of the hydraulically driven 6-DOF
parallel manipulator is determined mainly by the control pre-
cision of VCAC. However, the VCAC’s asymmetrical
movement in different moving directions, as caused by its
asymmetrical structure, can greatly affect control precision
(i.e., the parameters in its mathematical model, especially flow
gain K, can be significantly different for the different direc-
tions, positive and negative). Due to the asymmetrical struc-
ture of the VCAC, it is very difficult to achieve the ideal re-
sults with traditional PID control.

CMAC, which is based on high-speed local learning,
presents a feasible solution for control of severely asymmetri-
cal VCAC and satisfies the requirements of nonlinear and
real-time control. Therefore, a new, CMAC-based compound
control method has been proposed, according to which a
CMAC-based compound controller is designed to improve the
movement precision of the 6-DOF parallel manipulator driven
by 6 sets of VCAC. Experiments on both the single VCAC
system and the parallel manipulator have verified the validity
and effectiveness of the new compound control method. The
theoretical analysis and testing results showed that the new,
CMAC-based control method, relative to PID control, can
attain high movement precision with the 6-DOF parallel ma-
nipulator while eliminating the need to build a mathematical
model or obtain accurate loading conditions.
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