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Abstract: Considering gravity change from ground alignment to space applications, a fuzzy proportional-integral-differential (PID)
control strategy is proposed to make the space manipulator track the desired trajectories in different gravity environments. The fuzzy
PID controller is developed by combining the fuzzy approach with the PID control method, and the parameters of the PID controller
can be adjusted on line based on the ability of the fuzzy controller. Simulations using the dynamic model of the space manipulator have
shown the effectiveness of the algorithm in the trajectory tracking problem. Compared with the results of conventional PID control,

the control performance of the fuzzy PID is more effective for manipulator trajectory control.
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1 Introduction

In recent years, the problems of trajectory tracking con-
trol of robot manipulator have drawn a great attention™ 2.
With the development of space industry, the space manipu-
lator is playing an increasingly important role, such as con-
structing, on-orbit servicing and the maintenance of the In-
ternational Space Station. For these applications, it is nec-
essary to study the manipulator. Since the dynamic equa-
tions of the space manipulator are tightly coupled, highly
nonlinear and uncertain, using the conventional (PID) con-
trol is difficult to achieve the desired tracking performance.
Many control algorithms have been proposed to deal with
the robotic control problems® . However, most studies on
trajectory tracking of free-floating space manipulators have
assumed that the kinematics are exactly known. A passivity
based adaptive Jacobian controller was proposed for free-
floating space manipulators whose kinematics and dynamics
will change or are difficult to derive exactlym. Simulation
results showed good performance of the proposed controller.
In order to overcome the problem of the nonlinear model,
the dynamics of the space manipulator can be derived us-
ing the dynamically equivalent model approachl®. A stable
adaptive fuzzy-based tracking control algorithm was devel-
oped for robot systems with parameter uncertainties and
external disturbances!”). The developed fuzzy adaptive ro-
bust controller can make the closed-loop robot system sta-
ble and the trajectory tracking performance guaranteed.

However, all the above researches were only for ground
robots or free-floating manipulators. The whole process
that from ground alignment to space applications was not
taken into consideration. From ground alignment to space
applications the dynamic model of the manipulator will
change which may result in the change of its movement
properties. Therefore, it is necessary to design a model-
free controller to make the robot system track the desired
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trajectory in different gravity environments.

Considering the problems above, a control algorithm is
developed by combining the fuzzy approach with the PID
control method. The conventional PID controller, due to its
simplicity in structure and ease of design, has been widely
used in industrial applications. But the weakness of the
controller is that it largely depends on the parameters of
the controlled object. The fuzzy controller is very suitable
for a controlled object with nonlinearity and even with un-
known structure'?. If a problem is not well understood and
cannot be precisely described mathematically, but has good
direction on how to control it, a fuzzy logic controller often
works well. However, the determination of the rules and def-
initions are not obvious for complex systems and it depends
on people’s experience too much. Therefore, the fuzzy PID
control algorithm is developed by combining the strengths
of the two algorithms. It has been a common practice to
combine the fuzzy controller with the simple conventional
controller PIDMY. So far, many fuzzy PID control theories
have been introduced?. In [13], a new fuzzy PID was de-
signed to control some known nonlinear systems. The fuzzy
controller tuned with particle swarm optimization (PSO)
also was researched™ and a new fuzzy auto-tuning po-
sition speed PID control strategy was proposed[15], which
can not only ensure a higher position accuracy but also keep
the robot operating smoothly. In order to realize automatic
regulating of PID parameters a fuzzy inference method was
developed!™® and the applications of the controller in some
systems ware studied with Matlab.

On this basis, this paper uses a fuzzy PID controller
to complete the task of controlling the space manipulator
to track a given trajectory for both ground alignment and
space applications. The fuzzy rules are designed according
to the condition of the space manipulator control system.
Simulation results have shown that it can get a satisfactory
control effect.

There are two contributions of this paper. First, a novel
idea has been proposed to deal with the problem of the
space manipulator aligned on the ground and applied in
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the space and the second is that the designed fuzzy PID
controller can ensure that the space manipulator can get a
good control effect for both cases.

The rest of this paper is organized as follows. Section 2
establishes the kinematics and dynamics model for the two
conditions. Section 3 designs the fuzzy PID controller to
control the space manipulator under two conditions. Sec-
tion 4 shows the simulation results and compares the results
with the conventional PID controller. Finally, conclusions
are drown in Section 5.

2 System description

The space manipulator in this paper assumes the follow-
ings:

1) The system is considered as a rigid system.

2) In the space the micro-gravity is ignored, and the sys-
tem is in a free-floating condition. And no external forces
or torques apply on the system.

3) The system consists of a base and several links. The
pose of the base is not controlled actively, and every joint
between the links can rotate freely within a range under
active control. The space manipulator system is shown in
Fig. 1, where MC is the mass center of the system.
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Fig.1 The model of n-DOF free-floating space manipulator

2.1 Ground state manipulator modeling

When the space manipulator system is in the ground
alignment stage the base can be fixed, for there exists grav-
ity. To facilitate discussion, in this paper a planar 2-link
manipulator is chosen, as shown in Fig. 2.

Fig.2 The 2-link manipulator on the ground

In Fig. 2, B; is the i-th link; C; is the centroid of the link;
m,; is the link mass; #; is the link length. a; is a scalar from
the i-th joint to the centroid of the next link; b; is a scalar
from the i-th centroid of the link to the joint of the next
link; g; is the joint position.

By geometric analysis and using the homogeneous co-
ordinate transformation, we get the position of the end-
effector7.

—l1s1 — l2512
P = lici +l2c12 (1)
0

where s1 = sinqi, s12 = sin(q1 + ¢2), 1 = cosqi, c12 =
cos(q1 + q2).

When (1) is differentiated, the end speed of the robot
manipulator is available.

Jgq==2 (2)
where J(g) € R?**? is the Jacobian matrix related to the
robot manipulator motion, and ¢ =[ q1 g2 ]* is the joint

angle vector and x € R? is the end position.

For the planar 2-link robot manipulator, the dynamic of
the space manipulator is derived using the Lagrange formu-
lation.

M(q)q+ B(q, 9)qg+ G(q) =7 (3)

where M (q) € R**? is the inertia matrix; B(q, q) € R**?
is the vector of the Coriolis and centrifugal forces; G(q) €
R? is the gravity vector; 7 € R? is the joint torque.

2.2 Free floating state manipulator mod-
eling

According to the properties that have been assumed pre-
viously, the free floating space manipulator is shown in
Fig.3. The freedom of the selected planar manipulator
will be added to five for the space manipulator will rotate
around its centroid and translate along the axis. When the
main body of manipulator moves, a dynamic force or torque
will apply on the base and the attitude and position of the
base will change.

Fig.3 The 2-link free-floating manipulator in space

In the figure, By is the base of the space manipulator;
Cy is the centroid of the base; mo is the mass of the base;
other symbols have been defined in Fig. 1.

The kinematic and dynamic equations can be established
in the similar method of the ground case. The position of
the end-effector is

ZTeo — boso — liso1 — l2s012
P, = | Yeco+ boco + licor + l2coi2 (4)
0
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where so, So1, So012, Co, Co1, Co12 have the same definitions
as (1). When (4) is differentiated, the end ¢ velocity of the
robot manipulator can be available.

J(Qq== (5)

where J*(q) = [ Jo(q), Jm(q) ] € R**® is the general-
ized Jacobian matrix, Jy(q) = 0x/0q, € R**? is the base
Jacobian matrix, Jn(q) = 0x/0¢m € R?**? is the robot
manipulator Jacobian matrix and ¢ = [ qf, ¢ |7 =

[ 2o, wo, qo, @, ¢z ]% € R® are the center of mass,
the base attitude angle and each joint angle, respectively.

According to the Lagrange formulation the dynamic
equation is established as

M(q)q+ B(q.q)g=[ 0%, 75, 1" (6)

where M (q) € R**® is the inertia matrix; B(q, q) € R**®
is the vector of the Coriolis and centrifugal forces. To ensure
that the system is stable, M (q) € R**® should be symmet-
ric and positive-definite. The matrix M (q) — 2B(4q, q) can
be skew-symmetric!'®l.

3 Controller design

A fuzzy logic controller is normally built with four dis-
tinct components, namely fuzzification, inference engine,
rule base and defuzzification™. A fuzzification unit is used
to transform the input of the controller into a form which
can be expressed by the rule base and also can be com-
pared with the other rules. The defuzzification step is used
to transform the conclusion derived from the inference into
the input of the controlled objects. These two processes
require heuristic rules and membership functions to encode
the desired system. The basic configuration of a fuzzy sys-
tem is a collection of the IF-THEN rules, where the j-th
rule, is in the following form:

RY: IF g is Ff and z, is FJ, THEN ¢ is C7, where
z=[ 21 2 |7 istheinput vector and y € R is the output
variable. By using the singleton fuzzification, product infer-
ence engine and center average defuzzification, the output
value of the fuzzy system is given as

where 13/ represents a crisp value at which the output
membership function pp; reaches its maximum value, i.e.,

Hpi(y') =1.

The fuzzy PID controller is based on the conventional
PID controller, using the fuzzy set to impress the control
rules’ conditions and operation. The output of the PID
controller is the main output of the Fuzzy PID controller,
and the output of the fuzzy controller is to make some cor-
responding adjustments on the base of the output of the
PID controller. The control structure is shown in Fig. 4.

Object

PID
controller

Fuz:
| controzﬁler |

Fig.4 Fuzzy PID control structure

In this paper the input r in Fig.4 denotes the desired
joint position gg obtained by inverse kinematics and y is
the actual joint position of the system obtained by dynamic
analysis. The input variables of the fuzzy controller are the
error (e) between the desired joint position and the actual
joint position and its change rate (ec), while the output
fuzzy variables are the adjustment parameters to the PID,
namely Ak, Ak; and Akg, respectively. k. and ke. are
blurring factors and k1, k2 and ks are solution fuzzy factors.
Assume that Icg, k) and kY are the initial design values of
the PID controller which are set by conventional method.
The fuzzy PID parameters can be calculated as

kp = ky + Akyky
ki = kY + Akiko (8)
ka = kg + Akaks.

Compared with the conventional PID control method,
this method does not depend on precise mathematics model
and can adjust PID parameters on line in time. At the same
time, it can achieve a better control effect.

The object in Fig.4 denotes the dynamic models of the
manipulator that have been derived from (3) and (6), and
the fuzzy controller will be designed in the section below.

The membership functions of input and output linguis-
tic variables as shown in Figs. 5 and 6 are decomposed into
seven fuzzy partitions expressed as NB, NM, NS, ZO, PS,
PM, PB. The structure of the selected fuzzy controller is
shown in Fig. 7.
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Fig.5 The membership functions of input variables

The fuzzy rules are extracted in such a way that the sys-
tem must be stable and these rules contain the input-output
relationships that define the control strategy. For the fuzzy
implication, the intersection minimum operation has been
used, the gravity method defuzzification process has been
selected. On the basis of the experience of [16], and taking
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account of the actual control system of this paper, the fuzzy
rule tables are designed as in Tables 1-3. When we get the
fuzzy rule we can take full use of the Matlab fuzzy control
toolbox to input the corresponding rules.
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Fig.6 The membership functions of output variables
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Fig.7 Fuzzy controller structure

Table 1 Fuzzy rule base of kq

Table 3 Fuzzy rule base of k,

ec

© NB NM NS yAe] PS PM PB

NB PB PS NB NM NB NM PS
NM PB PB NB NM NM NS 70O
NS 70O NS NM NM NS NS Z0O
yAe] Z0O NS NS NS NS NS Z0O
PS Z0O 70O Z0O 70O Z0O yAe] yAe]
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB

4 Simulation research

The fuzzy PID controller is now examined for its ability
to control the space manipulator to track a given trajectory
for both ground alignment and space applications. Simu-
lations are carried out on a two-link space manipulator as
shown in Figs.2 and 3. The time taken is 10s. The time
step for the computer simulation is 0.01s. The majority
of the simulations are about the angle tracking!® 2026/ It
cannot see how the end-effector moves. In this paper, the
end-effector is required to track a desired trajectory accord-
ing to inverse kinematics. The desired trajectory of the
end-effector is a circle that can be seen from (9). The tra-
jectory tracking control framework is shown in Fig. 8, from
which we can see that the desired joint position and the con-
trol torque are obtained by inverse kinematics and dynamic
analysis of the manipulator. The parameters of the space
manipulator used for simulation are shown in Table 4.

xqg = 0.28 cos <%t> + 0.85

yq = 0.28 sin (%t) .

Table 4 Two-link manipulator parameters

ec

NB NM NS 70O PS PM PB

NB PS PS PM PM PS 70O 7O
NM PS PB PM PS PS 7O NS
NS PM PM PM PS yAe] NS NS
70O PM PM PS Z0O NS NM NM
PS PS PS yAe] NS NS NM NM
PM PS Z0O NS NM NM NM NB
PB 70O 70O NM NM NM NB NB

Table 2 Fuzzy rule base of k;

€ec

NB NM NS yAe] PS PM PB

NB NB NB NM NM NS Z0O 70O
NM NB NB NM NS NS Z0O yAe]
NS NB NM NS NS 70O PS PS
Z0O NB NB NS yAe] PS PM PM
PS NM NM 70O PS PS PM PB
PM NS NS PS PS PM PB PB
PB yAe] 70O PS PM PM PB PB

link a; (m) b; (m) m; (kg) I; (kg:m?)
0 — 0.5 40 6.667

1 0.5 0.5 4 0.333

2 0.5 0.5 3 0.25

The simulation results of the proposed method that are
compared with the corresponding conventional PID con-
troller that contains a gravity compensation term which
is equal to the gravity vector computed from formulas
(3) and (6), and the control torques are computed as
T =kpe+ ki [ e+ kae + G(q).

The controller parameters of PID are chosen as kg = 250,
k) =1, kY = 50; the blurring factors are k. = 10, ke, = 1;
the solution fuzzy factor are k1 = 0.1, ko = 20, ks = 1.
When the space manipulator is controlled by the same PID
controller for both ground alignment and space application
the simulation results can be seen in Figs. 9 and 10.

It is obvious from Figs. 9 and 10 that the results obtained
from Fig.9 show better effect when compared with those
from Fig. 10. It can be seen that the controller cannot drive
the joints to reach the desired positions and there exists a
steady-state tracking error. This is understandable since
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Fig.8 Trajectory tracking control framework
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Fig.9 PID control trajectory tracking on the ground
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Fig.10 PID control trajectory tracking in space

the gravity will change from ground alignment to space ap-
plications. When the space manipulator enters into the
space the gravity compensation term in the controller has
an influence on the space manipulator so that the manipu-
lator cannot track the desired trajectory well.

As stated in the previous section, the fuzzy PID con-
troller has its advantage. Here, a fuzzy PID controller is
adopted whose parameters have been stated in the previ-
ous section. When the space manipulator is in space, the
PID parameters will be tuned by the fuzzy controller which
is shown in Fig.11. Figs.12 and 13 show the trajectory
tracking results with the fuzzy PID control for the two con-

ditions.

Figs. 12 and 13 show the simulation results of the pro-
posed fuzzy PID controller. It is observed that the control
system can get a good tracking performance and the track-
ing errors converge to small values because of the on-line
learning of the fuzzy logic system. The simulation results
thus demonstrate the proposed fuzzy PID control can effec-
tively control the system with model changes. Simulation
results also show that the torque on the ground is bigger
than that in the space. This is because the torque is relevant
to the gravity. To validate the correctness of the conclusion,
in this paper, g is changed to observe the simulation results.
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Figs. 14 and 15 show the trajectory tracking results when g
is 4.9m/s? and 1.0m/s?, respectively.
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Fig.11 PID parameters tuned by fuzzy controller
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Fig.12 Fuzzy PID control trajectory tracking on the ground

As expected, smaller torques are obtained for a smaller
gravitational acceleration g, as shown in Figs. 14 and 15.

This demonstrates that the gravity does have influences on
the torques. Controlled with the fuzzy PID, the system can
get good control performance with a varied g. Simulation
results demonstrate that the proposed adaptive fuzzy PID
controller can effectively control the space manipulator sys-
tem with model and parameters changing.
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Fig. 13 Fuzzy PID control trajectory tracking in space

5 Conclusions

To solve the model change problem when the space ma-
nipulator is aligned on the ground and applied in the space,
this paper has established the dynamic models of the two
cases. A fuzzy PID control scheme for space manipula-
tor trajectory tracking control has been designed. Com-
pared with the conventional PID control, simulation results
show that the fuzzy PID controller derived in this paper
demonstrates a better performance than the conventional
PID controller. The proposed control algorithm is appro-
priate for practical control design robotic manipulator with
model change and has important values for theoretical re-
search and engineering application.
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