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Abstract

Acceleration reflects vibration of a robot, and the vibration signal can reflect the operation state
of the robot. Generally, detection of robot mechanical arm failure requires installing sensors on each
joint. This study proposes a method to diagnose the fault by single acceleration sensor only, which is
installed at the end of the robot. The operation state of the robot is evaluated by analyzing vibration
characteristics of its acceleration. First, a data acquisition function of a programmable multi-axis
controller is applied to extract practical motion signals of the robot joints during operation, and prac-
tical motion signals are analyzed. Second, synthetic methods to determine acceleration of the end
joints of SCARA robots in a Cartesian space is used based on the theory of the Jacobian matrix and
the frequency domain of final acceleration is investigated. The relationship between end- and joint-
vibration frequencies under given speeds is determined. Then, the method is verified by comparing
characteristic frequencies of joint acceleration and synthetic acceleration in Cartesian coordinate sys-
tem at different speeds. Finally, some faults can be diagnosed by comparing the acceleration vibra-
tion frequency extracted by a single acceleration sensor installed at the end of robot with the normal
running state. Thus, this method can be used to monitor the signal variation of each joint without in-

stalling sensors on each robot joint.

Key words: SCARA robot, motion signal, Jacobian matrix

0 Introduction

SCARA robots have been widely used by enterpri-
ses since they reduce production costs and improve au-
tomatic level effectively. Reliability and safety are crit-
ical to SCARA robots, thus, a monitoring system or a
fault diagnosis method must be developed to enhance
these factors and monitor operation status. In line with
this objective, fault diagnosis is significant to the use of
such robots.

Researchers have recently recognized the impor-
tance of increasing redundancy in SCARA robots. Va-
rious sensors have been installed in their actuators and
joints to monitor relative motion signals. If a manipula-
tor is kinematically redundant, its end can still com-
plete the tasks with the help of other joints. Similarly,
a system operates normally even if a single sensor fails
because of redundant sensors. The typical methods for
diagnosis are as follows.

Installation of sensors in the joints. A robot is pre-

sumably faulty if the motion signal measured by the
sensors deviates strongly from the theoretical system
value. In addition, the faultiness of a robot can be
judged through a simple threshold. However, this
threshold is difficult to be determined because of the
erroneous robot model of the sensor ' *.

Fault diagnosis method based on moment residu-
als. This method mainly utilizes the kinetic equation of
the entire nonlinear manipulator, which is obtained by
estimating the moment of filtering rather than measuring
acceleration'*' .

Fault diagnosis method based on parameter sepa-
ration. This method principally considers the lineariza-
tion property of the kinetic equation of a robot and con-
structs displacement or speed observers to monitor dy-
namic systemsm.

Regardless of the method used, the analysis of
motion signals is highly important. Some researchers
have either measured or analyzed motion signals or de-
veloped estimated models to predict kinematic errors.

Wu'® analyzed output signals and proposed an anti-in-

(@D Supported by the National Natural Science Foundation of China ( No. 51775284 ), Natural Science Foundation of Jiangsu Province
(BK20151505) , and Joint Research Fund for Overseas Chinese, Hong Kong and Macao Young Scholars (61728302).
@ To whom correspondence should be addressed. E-mail; xufengyu598@ 163. com

Received on May 6, 2016



280

HIGH TECHNOLOGY LETTERSIVol. 23 No.31Sep. 2017

terference processing method for force and torque sen-
sors using various signal-processing methods to stabilize
control of the ankle of the humanoid robot. To verify
the feasibility of this method, he experimented on the
dynamic walking motion of the humanoid robot plat-

") presented the probability-based work-

form. Cheein
space scan modes of a robot manipulator, which is gov-
erned by a brain-computer interface; users can control
the manipulator and reach any specific position in the
workspace of the robot through joint signals.

Motion signal-extraction methods have also been
proposed to diagnose the signals of wheeled and other
field robots. For instance, Liu"*' integrated Kalman fil-
ters and an expert system to diagnose several fault
modes in corresponding movement states. Hoangw‘
presented a fault diagnosis scheme for wheeled mobile

. 10
robots. Ferreira'

! proposed a brain-computer interface
to control manipulators and to reach any position within
its workspace. Fourlas'"' introduced a theoretical ap-
proach to diagnose model-based faults in a four-wheel
skid-steering mobile robot.

In addition, Gao'"' designed an unknown input
observer (UIO) for the augmented system by decou-
pling the partial disturbances and attenuating the dis-
turbances. The proposed technique is finally illustrated
by the simulation studies of a single-link flexible joint

robot. Stavrou''

1 took a model-based approach for de-
tecting and identifying actuator faults on differential-
drive mobile robots in an indoor environment. Zhao''*'
proposed a dual closed-loop trajectory tracking control
algorithm on the basis of the Lyapunov stability theory.
The failure of actuator is estimated through the pro-
posed decentralized sliding mode observer ( DSMO ).
Zhang'"' proposed a new scheme for estimating the
fault for Lipschitz nonlinear systems with unstructured
uncertainties using the sliding mode observer ( SMO)
technique. She''" analyzed and compared the manipu-
lation capability of SSRMS-type manipulators with
joints locked at arbitrary positions, and proposed effi-
cient path planning via a fault-tolerant control method.
This proposed method is useful for designing the opti-
mal configuration of a redundant manipulator.
Acceleration generally reflects the vibration degree
of a robot. Vibration signals are usually extracted to
determine the working state of a system in scientific re-
search and engineering applications. Variations in
working state are all reflected by vibration signals un-
der different loads. Thus, the current study mainly an-
alyzes displacement signals, speed, and acceleration in
the joint and Cartesian spaces of a SCARA robot. The
signals are used to analyze time and frequency domains
extracted by a single acceleration sensor installed at the

end of this robot (Fig. 1). Furthermore, the character-
istics of these acceleration signals are identified. The
acceleration signals are also compared with various typ-
ical fault signals to determine the operation state of a
robot.

Especially this paper applys a method to deter-
mine the motion signs of the end joint of a selective
compliance assembly robot arm (SCARA) by a single
acceleration sensor which is organized as follows. Sec-
tion 1 presents a structure and control system of the
SCARA robot. Section 2 analyzes the method of collec-
ting actual motion data regarding the robot. Section 3
presents a method to analyze the resultant motion of the
end joints of the SCARA robot. Section 4 introduces
the lab experiments on the resultant motion curve of
these joints. Section 5 concludes the paper and lists

recommendations for future work.

1 Introduction of the experimental plat-
form

A SCARA robot is mainly composed of a base,
big arm ( Joint 1), small arm (Joint 2), and ball
screw (Joints 3 and 4). It is driven by a 4-AC servo
motor. SCARA exhibits four degrees of freedom, as
shown in Fig. 1(a).

Sgrvo —)Wl—} Robot
drivers

A
B

(b) Hardware of the SCARA robot
Fig.1 SCARA manipulator

The control system consists of a personal computer
(PC), programmable multi-axis controller ( PMAC)
motion controller, input/output (I/0) board, alternating
current ( AC) servo motor, and sensors (Fig. 1(b)).
The PC is designed for man-machine interaction, pa-
rameter settings, and inverse kinematics. The PMAC
controls the linkage of the servo motor, and the sensor
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collects various signals in the robot operation and sends
them to the PC through the 1/0 board.

Under this system by using Cartesian coordinate
system position control the point-to-point straight line
interpolation and continuous interpolation and arc inter-
polation can be realized. Specific control process is as
follows; first, choosing interpolation type via PC, and
then according to different type of interpolation the rel-
evant point is calculated, and through the inverse kine-
matics solution required for each joint rotation angle,
the angle will be converted into pulse number via a ser-
ial port to be sent to PMAC, PAMC in a specific move-
ment patterns is driven by servo motor to complete the
corresponding action.

2 Analysis of the motion signals of robot

2.1 Robot motion data acquisition

The data acquisition function of PMAC is classi-
fied into two main approaches, namely, standard and
real-time data acquisition through random-access mem-
ory (RAM). The obtained robot motion data can be
sent directly to the PC or illustrated as motion curves
using the Pmac Plot32 Pro in PMAC for further analy-
sis. Fig.2(a) presents the main interface window of
the Pmac Plot32 Pro, and its data analysis window is
displayed in Fig. 2(b). Thus, displacement, speed,
and acceleration are determined through data acquisi-

tion.

2.2 Acquisition of actual joint-motion data

Fig. 3 displays the reference coordinate system of
the path planning for a SCARA robot where { O} refers
to the absolute coordinate system and {e} is a relative
coordinate system. For convenient comparison and
analysis, the relative coordinate system is adopted pri-
marily to collect the motion signals of a SCARA robot
from point P1(0, 0, 0) to P2(300, 200, - 100) at
the speeds of 100, 130. In this study, command speed
is the rated speed percentage of the robot. The rated
speed of each axis is as follows: axis A (Joint 1) is
1.5rad/s, axis B (Joint 2) is 2.0rad/s, axis W (Joint
3) is 3.0rad/s, and axis Z (Joint 4) is 2.4rad/s. The
speed of the entire system is controlled by specifying a
feed axis during point-to-point movement. If the robot
moves from point Pl to point P2, axis Z can act as a
feed axis. The command speed of 100 specifies that the
operation speed of the robot is w, =2.4 x 100% =
2.4rad/s. Once the speed of the axis Z is preset, the
speeds of the remaining axes can be calculated based
on the distance of the corresponding axis and the run-
ning time of axis Z . Thus, the four axes arrive at the

designated site simultaneously.
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(b) Data analysis window
Fig.2 Main interface window of the Pmac Plot32 Pro

Fig.3 Reference coordinate system of a SCARA robot

Actual robot motion signals can be obtained by di-
rectly receiving the feedback of the incremental en-
coder through PMAC. Fig. 4 ~ Fig.7 display the curves
of the actual displacements, speeds, and accelerations

of Joints 1 and 2.
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Fig.4 Actual motion curves of Joint 1(w, =2.4rad/s)
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Fig.5 Actual motion curves of Joint 2 (w, =2.4rad/s)
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Fig.6 Actual motion curves of Joint 1(w, =3.12rad/s)
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Fig.7 Actual motion curves of Joint 2(w, =3. 12rad/s)

2.3 Analysis of joint vibration

The acceleration curves in Fig. 4 ~ Fig. 7 are Fou-
rier-transformed to analyze the vibration frequency of
joint acceleration at disparate operation speeds.
Fig.8 and Fig. 9 depict the acceleration spectra of
Joints 1 and 2 at operation speeds of v, =2.4rad/s, v,
=3.12rad/s. The vibration frequency of Joint 1 basi-
cally increases in a fixed ratio with the increase in run-
ning speed. As shown in Fig.8(a), (b), Fig.9(a),
(b), follow the same law. Moreover, Fig.8 and Fig.9
indicate that the vibration frequencies of Joints 1 and 2

are identical.
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Fig.9 Acceleration spectra of Joint 2

Fig. 4 ~ Fig. 7 suggest that actual acceleration vi-
bration is mainly induced by speed fluctuation.

3 Analysis of the resultant motion of the
end joints of a SCARA robot

3.1 Jacobian matrix

The Jacobian matrix denotes the coefficient matrix
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used to study the relationship between the speed of the
Cartesian space and the torsion angular velocity of each
robot joint. The kinematic equation of the SCARA ro-
bot is
x =x(q) (1)
Eq. (1) displays the functional relationship of the
spatial coordinate and joint vectors of the SCARA ro-
bot. x refers to the six-order vector that describes the
position and pose of the end joint and ¢q is a joint vector
determined by the degrees of freedom of the robot. By
considering the time derivatives on both sides of
Eq. (1), Eq. (2) can be obtained:
x=J(q)q (2)
where X represents the generalized velocity vector of the
end joint of the robot; ¢ is the angular velocity vector of
each joint; and J(q) is the Jacobian matrix of the ro-
bot. It is the partial derivative matrix of 6 x n. The
element on the i" line and the /" row is expressed as
J;(q) =o0x,(q)/dq;, wherei =1,2,--- 6andj =1,
2 ...

, , 1.

3.2 Analysis of Jacobian matrix of the SCARA
The Jacobian matrix of the SCARA robot can be
solved using the vector product method. Fig. 10 shows
the coordinate system and joint parameters of the
SCARA robot, and Table 1 lists its joint parameters.
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Fig.10 Coordinate system of a SCARA robot
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Fig. 10 indicates that;
2, =2, =2, =2, =10 0 1]",
Py = [hey +hep]" ) ’py = [he,]",'p = [0]"

where ¢, = cos(0,), ¢, = cos(0, + 6,), s, =

sin(9,), and s, = sin(0, + 6,); thus J, =
10

[Zl ;( p4] =[=Lsy =bLsy liey+he, 000 1",
1
z, X 2p! .

J, = [ 2 . 4]: [Lsy, Ley, 0 0 017, J, =

2

4.0
Z3] _ T _ [ X Ps) _
[0]_[0 0100 01,14_[ 3 ]_
[0 000 0]"

The Jacobian matrix of the SCARA robot is

J = [']1 Jz J3 J4J
—lisy = bsy, —bLs, 00
Lie, + L, lye, 0 0
_ 0 0 1 0 (3)
0 0 0 0
0 0 0 0
1 1 0 1

The resultant speed and acceleration of a SCARA
robot can be determined using the actual motion dis-
placement, speed, and acceleration of the robot joint.
By substituting /, and [, into Eq. (3), the Jacobian ma-

trix J is rewritten as

0.35s, —0.25s,, 0.25s, 0 0
0.35¢, +0.25¢,, 0.25¢,, 0 0

J - 0 0 10| (4
0 0 00
0 0 00
1 1 01

By substituting Eq. (4) into Eq. (2), the follow-
ing is obtained ;

Table 1  Joint parameters of a SCARA robot
Link Variable e} a
1 0, 0 0
2 0, 0 L
3 0 0 l d,
4 0, 0 0 0

where [, =0.35m, [, =0.25m

Given that Joints 1, 2, and 4 of the robot are rota-
tional and that Joint 3 is dynamic, the following ex-
pression can be generated using the vector product
method.

e e B e IR

0.35s, —0.25s,, 0.25s, 0 O
0.35¢, +0.25¢, 0.25¢, 0 0|6
2 0 0 1 0of¢
@, 0 0 0 0 6
@, 0 0 o0 ol
Lo, 1 1 01
(5)

where % ,7,z denote the linear speeds of the end joint of
the robot in the x,y,z directions, respectively, and @, ,
®, ,w; represent the rotational speeds of the end joint in
the vicinity of x,v,z, respectively.

For convenient analysis, this study merely ex-
plores the displacement, speed, and acceleration of the
end joint of the robot in the x and y directions. There-
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fore, Eq. (5) is simplified as follows:
[x] _ [ -0.35s, —0.25s,, -0. 25312][9,]
¥ 0.35¢, +0.25¢, 0.25¢, 1lo,

(6)

4  Experiments on the resultant motion
curve of the end joint of the robot

4.1 Resultant speed curve

Eq. (6) describes the relationship of the speeds
in the joint and Cartesian spaces of the robot. It can
determine the linear speeds of the robot in the Carte-
sian space at different operation speeds in the x and y
directions. Fig. 11 and Fig. 12 illustrate the resultant
speed curves of the end joints in the x and y directions
at operation speeds of w, =2.4rad/s, w, =3.12rad/
s.
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Fig.11 Final resultant speed of the robot in the x direction
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Fig.12 Final resultant speed of the robot in the y direction

4.2 Resultant acceleration curve
Given the time derivate of Eq. (6) , the relation-
ships of final acceleration with joint displacement,
speed, and acceleration in the Cartesian space can be
determined ;
[x] _ [ —0.35s, —0.25s,, O. 25312] [0,] N
¥ 0.35¢, +0.25¢,, 0.25¢,1L0,
[ -0.35¢, —0.25¢,(6, +6,) 0.25¢,(, +6) ]
-0.35s, —0.25s,,(6, +6,) -0.255,(6, +6,)
0,
) g
The data regarding the motion of the right joint in
Eq. (7) can be attained. Hence, the linear accelera-
tion of the robot in the x and y directions can be identi-
fied in the Cartesian space. Fig. 13 and Fig. 14 display

the actual final acceleration curves of the robot in the x
and y directions at operation speeds of w, =2.4rad/s,

w, =3.12rad/s.
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Fig.13 Final resultant acceleration of the robot in the x direction
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Fig.14 Final resultant acceleration of the robot in the y direction

By Fourier-transforming the resultant acceleration ,
the corresponding spectra in the x and y directions can
be obtained as shown in Fig. 15 and Fig. 16. The char-
acteristic frequencies of the end joint of the robot are
basically identical in the x and y directions at a constant
operation speed based on a comparison of both figures.
Moreover, the characteristic frequency of the resultant
acceleration vibration of the end joint of the robot gen-
erally agrees with the acceleration vibration frequencies
of joint 1 and joint 2. Thus, the final vibration fre-
quency of the robot remains constant in the x and y di-
rections during operation and increases linearly with
operation speed.

5 Conclusion

This study proposes a method to diagnose fault by
a single acceleration sensor and designs a synthetic
method for the end joints of a SCARA robot in a Carte-
sian space based on the theory of the Jacobian matrix.
The acceleration signals of the end joint of the robot are
collected under different operating conditions by simply
using an acceleration sensor installed at the end. By
comparing the characteristic frequency of acceleration
of joint 1 and joint 2 with synthetic acceleration to il-
lustrate the accuracy of the method. The acceleration
vibration signals of robot joints during actual operation
are analyzed, and the characteristic frequency of joint
acceleration signals is linearly related to a specified
speed. Accordingly, the speed and acceleration of
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the end joint of the robot are deduced in the x, y direc-
tions in the Cartesian space. By comparing the results
of frequency spectrum analysis on the final acceleration
signals and normal running state of robot, the real op-
eration status can be determined.
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