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Abstract: This paper presents an optimal sensor placement method for vibration signal acquisition
in the field of industrial robot health monitoring and fault diagnosis. Based on the general formula
of Bayes and relative entropy, the evaluation function of sensor placement is deduced, and the
modal confidence matrix is used to express the redundancy of sensor placement. The optimal place-
ment of vibration sensors is described as a discrete variable optimization problem, which is defined
as whether the existing sensor layout can obtain joint state information efficiently. The initial layout
of the sensor was obtained from the structural simulation results of the industrial robots, and the
initial layout was optimized by the derived objective function. The efficiency of the optimized layout
in capturing joint state information is proven by the validation experiment with a simulation model.
The problem of popularizing the optimization method in engineering is solved by a verification
experiment without a simulation model. The optimal sensor placement method provides a theoret-
ical basis for industrial robots to acquire vibration data effectively.

Keywords: industrial robots; vibration signal; sensor placement; joint state information; Bayesian
theory

1. Introduction
1.1. Background and Significance of the Study

As more and more robots are introduced into space, industry, and private homes,
fault monitoring is becoming a more critical problem. In the past 30 years, fault monitor-
ing and diagnosis methods for various nonlinear systems and robotic systems have been
studied. Model-based analytical redundancy methods have been used for fault detection
and isolation of nonlinear and robot systems [1-3].

The purpose of fault detection technology is to generate fault-sensitive diagnostic
signals. In existing automatically controlled systems, faults can occur in both the mechan-
ical and electrical parts of the plant. Fault isolation allows fault-related inputs to be located
from all other system inputs and generates specific residual signals for each fault. For
example, in an electromechanical system, such as a robot, a single fault may occur in a
specific driver, a specific sensor, or a system on a specific component [4,5].

For multi-joint robots, dynamics [6], kinematics [7], joint clearance [8], and friction
models [9] have been studied. The results show that the mechanical transmission system
is an essential part of multi-joint robots to transmit motion and force [10].

When the transmission accuracy of the robot is reduced, the working efficiency and
output product quality decrease, and the positioning accuracy of the robot is also affected
by various factors. Therefore, when the sensors are arranged, the motion state information
of the joints should be captured as efficiently as possible. In theory, how to define the
validity of sensor distribution is the core of solving this problem.
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1.2. Related Work

Juri [11] proposed a greedy frame sense algorithm to select the optimal sensor loca-
tion when estimating parameters from the measured data of sensors. This algorithm is the
first one that is close to optimal in the mean square error.

In the last 10 years, the optimal placement of sensors in mechanical systems and
structures has become a hot research topic. Applications include modeling, identification,
fault detection, and active control of systems, such as bridges [12]. To ensure safety and
functionality, more and more structures are equipped with various types of sensors, such
as accelerometers, displacement sensors, strain gauges, and fiber optic sensors for moni-
toring [13]. The modal confidence matrix is an excellent tool for evaluating the correlation
of modal shape vector space. The calculated scalar value is between 0~1 or expressed as a
percentage. For industrial robots, the redundancy of sensor placement can be evaluated
using a modal confidence matrix.

Yi [14] proposed a hybrid optimization method to optimize sensor placement when
constructing an effective structural health detection system. In this method, the modal
confidence matrix is introduced, and dual structure coding based on a generalized genetic
algorithm is used to determine the sensor position. Hanis [15] argued that sensor config-
urations should also minimize unnecessary high-mode spillovers in addition to the classic
EFI approach. Castro-Triguero [16] used four classical sensor location methods: two based
on the Fisher information matrix and two based on the rank optimization of the energy
matrix. Methods based on information theory have been developed to provide reasonable
solutions to the problem of selecting the optimal sensor configuration in modal identifi-
cation and structural parameter estimation [17,18]. Li [19] considered that, in the sensor
placement of the structural health monitoring system, the structural array and natural
frequency should be considered, along with the degree of participation in the structural
response. Therefore, a sensor placement method considering both the dynamic character-
istics of the structure and the actual load conditions is proposed, and it is verified that the
method has a better modal identification effect. Brehm [20] focused on the problem of
determining the optimal reference sensor position under random excitation in a weakly
stationary process, combined with the set design variables of the sensor location, and the
genetic algorithm was used to avoid evaluating all possible combinations of reference sen-
sor positions. The proposed method was verified by a numerical benchmark study of a
supported beam and a practical sample. David used a theoretical estimation framework
to calculate the optimal geometric sensor formations that would yield the best achievable
performance in terms of target positioning accuracy by maximizing the determinant of
the appropriately defined Fisher Information Matrix (FIM) [21].

Flynn [22] considered the optimal sensor placement problem in structural health in-
spections. Based on the general Bayes formula, optimal placement was established as a
process of minimizing the expectation of specific errors. Finally, the optimal solution gen-
erated by the algorithm was discussed. Using the influence of spatial correlation predic-
tion error on optimal placement, Costas Papadimitriou [23] used information entropy as
the performance measure of sensor configuration, and he expressed the optimal position
of sensors as the optimization problem of discrete variables, which solved the problem of
modal identification and parameter estimation of the structure-related model. Sun Hao
[24] transformed the optimization problem into an integer optimization problem and then
proposed a discrete optimization scheme based on an artificial bee colony algorithm to
solve the optimization problem.

Health monitoring and fault diagnosis of industrial robots are essential for safe and
reliable operation, and a practical sensor layout is essential for fault diagnosis and other
work. From the above situation, it can be concluded that most of the existing sensor place-
ment methods are based on an optimization algorithm or optimization matrix, and the
objective function cannot meet the functional characteristics of industrial robots. Further-
more, as flexible equipment, the operational characteristics and the error problem in the
process of sensor signal acquisition need to be considered.
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To solve the sensor placement problem of industrial robots, we propose the im-
portance of joint state information acquisition in this paper, and the optimal sensor place-
ment method for joint state information acquisition and its corresponding theoretical
framework is proposed. By simultaneously interpreting the error between the velocity
and the actual velocity of the distribution theory and the posterior probability of the joint
motion, the evaluation function of the sensor placement based on relative entropy is de-
rived. The constraint function is established by using the modal confidence matrix of dif-
ferent sensor layouts. Finally, the evaluation function is combined with the constraint
function as the objective function of the sensor placement. This is the first time in the field
of industrial robot fault diagnosis and health assessment. The motion state of joints can be
obtained more effectively by this method, which is of great significance to the fault diag-
nosis and health assessment of industrial robots.

2. Sensor Placement Method

First, the kinematic and dynamic simulation of the industrial robot is considered in
this study. Through the simulation, the deformation nephogram of the industrial robot
and the velocity distribution at different positions can be obtained. The position of the
sensor placement is determined by the Bayesian optimal design, which is realized by max-
imizing the information gain of joint motion state information.

2.1. Derivation of Forward Kinematics of Industrial Robots

The mechanical arm of the six-axis industrial robot used in the simulation in this pa-
per is assembled by a series of connecting rods, so a corresponding coordinate system
should be constructed to express the robot. At present, the two commonly used link coor-
dinate system construction methods in robotics are the standard type and the improved
D-H coordinate system. Among them, the improved D-H refers to adding a new parame-
ter on the basis of the standard four parameters, through which the singularity that occurs
when the adjacent connecting rods are in a parallel relationship can be solved. Since the
general six-axis industrial robot does not have parallel links, an improved D-H coordinate
system that uses more parameters is not used.

On the other hand, in the existing standard D-H coordinate system, there are also
two different establishment methods. The first is that the origin of the coordinate system

0, , is unified with the joint i; the corresponding second is that the coordinate system

0, , is unified with the joint i—1. Due to the problem of the tree structure, the first coor-

dinate system will be ambiguous when dealing with it. Considering the diversity of in-
dustrial robots, the second method of establishing a system was chosen after a compre-
hensive comparison. The first method of establishing a system is described in detail below,
and the MATLAB model effects corresponding to the two coordinate systems are given.
The establishment method of the connecting rod coordinate system 0.X,y,z; is

shown in Table 1.

The coordinate system fixed on the robot base (link 0) is coordinate system {0}. This
coordinate system has the property of being invariant and can be used as a reference. The
reference coordinate system {0} itself is not specially set, but considering the subsequent
calculation, the reference coordinate system {0} is set to coincide with the coordinate sys-
tem {1}. For the revolute jointn, &, issetto 0.

According to the coordinate system establishment criteria described in this paper, the

connecting rod coordinate system of the six-axis industrial robot is solved, as shown in
Figure 1.
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Table 1. Method for establishing a D-H coordinate system.

Origin 0i Zi _axis i _axis Vi axis

When the axis of joint i intersects with If the joint axis i intersects i+ 1, it

the axis of joint i + 1 , the intersection is perpendicular to the plane where

point is taken the joint axis i andi+ 1 are located
When the axis of joint i is out of plane
with the axis of jointi + 1, take the inter- L .
_ . Coincides with .
section of the common perpendicular of Determined by the

the axis of joint
the two axes and the axis of joint i ; )

When the axis of joint i is parallel to the links i and i+ 1, its direction is
axis of joint j + 1, take the intersection of from i to i+ 1
the common perpendicular of the axis of
joint i and the axis of joint i + 1 with
the axis of joint i

On the common perpendicular of the  right-hand rule

X3
X4
3 24
03
I Y4 04
23 d4 . d6 xe
// @ @ Z6
X5
06
X2
Y5 Y6
Y2 " P 05
©
02 Z5
z22
Z1(20)
Y1(Y0)
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5) X1(X0)
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Figure 1. Industrial robot connecting rod coordinate system.

The link coordinate system of the industrial robot contains 4 parameters. They are
defined as follows:

Z.

X . . z,
I axis, the distance from “! to “i;

1. Link length K along the
2. The torsion angle % of the connecting rod: the angle from it to i around the
X, .
I axis;
3. Link offset di: along the Zi axis, the distance from Yit to Y ;

. , . X, X, zZ, .
4. Joint angle “':the angle of rotation from “#! to "7 around the ~! axis.
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For a rotary joint, due to its joint characteristics, it is considered that the definitions
of its link length & , link torsion angle % and link offset 9 are unified, and the joint

angle 6 is a joint variable.

Considering the established six-axis industrial robot model, the model parameters
need to be calculated according to the specified connecting rod parameter calculation
method.

For the six-axis industrial robot model shown in Figure 1, the corresponding link D-
H parameters are calculated, as shown in Table 2. Through the D-H parameters of the
industrial robot in the table, the configuration of the connecting rod of the industrial robot
can be described, which can provide calculation support for the subsequent kinematics
analysis and provide importable related parameters for the subsequent kinematics and
dynamics simulation.

Table 2. D-H parameters of industrial robots.

Link\Parameters a., a, d, 6,
1 0 0 0 0,
2 a -7/2 0 6,
3 a, 0 0 0,
4 0 /2 d4 ‘94
5 0 -/2 0 o
6 0 /2 dy o,

i1
i is defined as: According to the description method of homogeneous transfor-
i-1
mation of robotic transformation matrix, Uy can be obtained according to the principle
from left to right:
c0, —s0, 0 a.

i i-1
sOca,, cOca,, -sa,_, -—so,_d,

"= (1)

sOsa,, cfsa,, ca., cad,
0 0 0 1

The parameters corresponding to each joint are brought in, and the motion transfer
matrix of each joint is solved as follows:

¢ -5 0 0 c, —s, 0 0 ¢, —s; 0 a,
o= s, ¢ 00 7= 0 0 1 0 7= s ¢ 00
0 0 10 -s, —¢, 0 0 0 0 1 O
0 0 0 1 0 0 01 0 0 0 1
2
¢ -5, 0 0 ¢ —s; 0 0 ¢ S¢ 0 0 @
5, |00 -1 —d,|, |0 0 1 0, |0 0 -1 —d
= = =
s, ¢ 0 0 -s; —¢; 0 0 s ¢ 0 0
0 0 0 1 0 0 01 0 0 O

s, =sin@,,c, =cos b,
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After obtaining the transformation matrix of the connecting rod coordinate system,

the kinematic equation of the industrial robot is derived. The overall transfer matrix is
0

¢, and the expression of is:

n, 0, 4, Py
07;:0];17227237;47;5];: n, o, a, Pp, )
h, 0, 4, Pp;
0 0 0 1
n,=—s.(c,s, +s,(c,c,c; —¢,8,8;)) —c.(cs (8,5, —c,(c,c,¢5 —C,8,8,)) + 85 (c,C
n, =8.(c,0, +5,(8,5,8; —,638))) + ¢ (c5 (0,8, — €, (5,5,55 = €,35,)) = 55(¢, 8558, +
n, = 8,5,(¢,8; +¢58,) — ¢ (85(cyc5 — 5,8;) +¢,c5(¢,8; +¢558,))
0, = 85(C5 (5,8, =€, (6,0,¢5 = €,8,8;)) +55(€,6,85 + €,635,)) = € (48, +5,(€,65¢5 -
0, = cs(c,¢, +5,(5,5,8, = €,¢35,)) — 55 (¢5(c,¢, — €, (515,55 — €,655,)) — 55(€,855, +
0, = 856(85(C,C5 = 5,8;) +€,65(C,85 +5,63)) +¢8,(¢,85 + 5,¢5)
a, = ¢5(€,6,85 +€,635,) = 85(818, —€,(€,6,65 = €,8,53))
a, =ss5(c;5, — ¢ (55,5, = €,038))) + ¢5(C,8,55 + 38,5, @

a, = c5(¢,¢5 = 5,8;) = ¢,85(C,85 + 5,¢5)
P, =(3¢,6,)/5=(3s5(s,8, =€, (16,65 =€,5,83))) / 25+ (3c5(i6,85 +¢1635,)) 1 25+
(16s,¢,c,)/ 25+(16¢,cy5,) /25
. =03c,8,)/ 5+ (3s(c;5, —c,(5,5,5;, —5,6,6;))) / 25+ (Bcs(s,¢,8; +5,635,)) / 25+
(16s,s,¢,)/ 25+(16¢;s,5,) /25

p. =(16c,c,)/25-3s,)/5—=(165,5,)/ 25+ (3cy(c ey —5,8,)) /25—

(Bc,s5(cys; +¢58,)) /25

2.2. Numerical Method of Velocity
To obtain the theoretical velocity value of the placement position, we first have to
study the relevant knowledge of robotics. To calculate the velocity value of the precise
position, we first need to calculate the velocity of the robot connecting rod, that is, the
velocity transfer formula between connecting rods.
i+l i+l i i i
T, = +Ri( vV, + @, X PM) )

i+l

j+1
where v,

., isthe velocity of the i +1 connecting rod relative to the {i + 1 } coordinate

system, 'v. is the velocity of the origin of the coordinate system {i} relative to the coor-
dinate system {i}, 'w, is the angular velocity of the connecting rod i relative to the co-
ordinate system {i}, MR. is the rotation transformation matrix from the coordinate sys-

tem {7} to the coordinate system {i + 1 }, is the first three order matrix of "'T, and 'P,, is

the distance of the i + 1 connecting rod relative to the ith connecting rod.

By introducing the parameters of each link into the expression, a theoretical solution
for the speed of each link can be obtained. In the actual sensor layout, the speed of each
measuring point is not the same, so it needs to be specific to each measuring point to cal-
culate its corresponding speed. Therefore, based on the calculation formula for connecting
rod speeds given by robotics, according to the distance between each point and adjacent
joints, the speed calculation method of a specific measuring point is given. First, the ve-
locity of each joint or connecting rod relative to its coordinate system {i + 1 } is calculated
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according to the formula. Then, the velocity of the point relative to the coordinate system
{i + 1} is calculated according to the distance from the point to the joint. The calculation
formula of the velocity of the point relative to the coordinate system {i + 1 } is as follows:

i+1 i+1 i+1

+Vp: +Vf+1"' +w].+1><d (6)
where, M"p is the velocity of the sensor point p relative to the coordinate system {i + 1 },
"y, is the velocity of the origin of the coordinate system {i + 1 } relative to the coordi-

nate system {i + 1}, "'w,,

is the angular velocity of the connecting rod i + 1 relative to
the coordinate system {; + 1 }, and d is the distance of the sensor point relative to the origin
of the coordinate system {i + 1 }

Finally, the velocity in the base coordinate system is obtained through the corre-

sponding transfer matrix. The coordinate transfer formula is as follows:
0 0 i+1
Vp = RHI vp (7)

Among them, Ovp is the velocity of sensor distribution point p relative to the base

coordinate system, OR.H is the rotation transformation matrix from the coordinate system

{i + 1} to the base coordinate system, and is the first three order square matrix of 0717 o
On the other hand, the flexible joint of the industrial robot and the vibration defor-
mation of the manipulator material affect the actual speed of the placement. Therefore, a

mechanical simulation analysis of the manipulator is needed.
2.3. Simulation Analysis of Industrial Robot

Sensor placement is an a priori problem in the case of only analyzing data; for exam-
ple, they are obtained through finite element models [25]. Considering that before the op-
timization of the sensor location, there are many measuring points available for the actual
industrial robot, to determine a more reasonable initial layout scheme, a modal simulation
of the industrial robot is carried out to analyze its deformation under the influence of vi-
bration. The parameters of the industrial robot are shown in Table 3. The modal simula-
tion of the model is carried out using ANSYS Workbench software. The first six modal
shapes of the model are shown in Figure 2.

Table 3. Parameters of the industrial robot with the model.

Number of Repeat Positioning Range of
Project Type Driving Mode .
) P Axes & Accuracy Motion
R499~
Parameter = RB13 6 AC servo 0.07 mm
R1404 mm
o | Freri
i
1

0.000 1.000 (m) 0.000 0.500 1.000 (m)
0250 0750 0250 0750

C) (b)
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Figure 2. The first six modes of industrial robot: (a) 1st order mode shape, (b) 2nd order mode shape,
(c) 3rd order mode shape, (d) 4th order mode shape, (e) 5th order mode shape, and (f) 6th order
mode shape.

The simulation parameters are as follows: 254,880 divided nodes, 150,163 divided
units, and the bottom of the base are set as the fixed support.

The maximum natural frequencies and relative amplitudes of the first six orders of
the whole machine are shown in Table 4.

Table 4. The first six natural frequencies and amplitudes.

Order 1 2 3 4 5 6
natural frequency/Hz 12.6 20.0 30.0 70.3 116.7 338.3
Maximum relative ampli- 0.11 0.09 0.10 0.12 0.15 0.14

tude/m

The results of the modal analysis are as follows:

First-order vibration: The natural frequency is 12.6 Hz, and the maximum amplitude
is 0.11 M. The deformation mainly shifts along the X -axis and rotates around the Z -
axis. The closer to the end, the greater the amplitude.

Second-order vibration: The natural frequency is 20.0 Hz, and the maximum ampli-
tude is 0.09 M. The deformation mainly moves along the y -axis and rotates around the
X -axis. The closer to the end, the greater the amplitude.

Third-order vibration: The natural frequency is 30.0 Hz, and the maximum ampli-
tude is 0.10 M. The main deformation is the torsion of the main arm around the y -axis,
with a large amplitude at the elbow and end.

Fourth-order vibration: The natural frequency is 70.3 Hz, and the maximum ampli-
tude is 0.12 M. The main deformation is that the end of the main arm swings around the
Z -axis, and a larger amplitude is concentrated in the elbow and forearm.
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Fifth-order vibration: The natural frequency is 116.7 Hz, and the maximum ampli-
tude is 0.15 M. The main deformation is the rotation of the arm and elbow around the Z
-axis, and a larger amplitude is concentrated in the elbow.

Sixth order vibration: The natural frequency is 338.3 Hz, and the maximum ampli-
tude is 0.14 M. The main deformation is that both ends of the jib swing around the y -

axis, and a larger amplitude is concentrated at the two ends and the middle of the forearm.

According to the simulation results of the modal analysis, there is a large amount of
vibration deformation at the forearm, elbow, and related joints of the manipulator. When
considering the initial location, the end of the forearm and elbow should be considered.
Therefore, the initial placement of the sensor is selected as shown in Figure 3.

/ (8) 9 11 13
0 |

5 O SO -
r/_‘

O s 10 12 14
i“
L2
9

(
v. A

Figure 3. Selection of initial sensor placement.

o)

2.4. Optimal Sensor Placement Based on Bayesian

In the existing practical working environment, the sensor placement of industrial ro-
bots relies more on work experience. There is no complete theoretical system to guide the
sensor placement of industrial robot running state monitoring, which cannot effectively
improve the efficiency and accuracy of domestic robot fault diagnosis and predictive
maintenance. Moreover, the sensor placement data of industrial robots is too noisy, can
easily result in large data processing, and is unable to achieve effective data collation.
Therefore, it is necessary to quantify the advantages and disadvantages of the sensor lay-
out, reduce the number of points, and find the optimal placement scheme through theo-
retical analysis.

2.4.1. Bayesian Estimation of Motion Joint Position

Whether the running state of the industrial robot can be better expressed is an im-
portant index for measuring the sensor placement of the industrial robot, and the joint
motion state of the industrial robot is the main component of the running state of the ro-
bot. First, according to the operational characteristics of the industrial robot, an appropri-
ate event is established, and the corresponding probability distribution is given. Then,
assuming that the running joint of the industrial robot in the current stateis 7 and the
running joint is the event A, the uncertainty of event A4 is quantified by the probability
distribution, which is updated according to the data measured by the sensors arranged on
the industrial robot. If the sensor arranged on the industrial robot can detect the motion
of the position due to the motion of joint 7, it can detect the number of the moving joint,
and then it can correctly judge event A . Therefore, the optimal sensor placement
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problem can also be understood. The sensor placement we determined can make the best
estimation of event 4 (the number of joints in motion).

Since the model of the industrial robot has been established in the previous chapter,
and the theoretical calculation formula of industrial robot speed has been given, now sup-
pose that the distance from the manipulator to the origin of the base is taken as the coor-
dinates of sensor placement, and a reasonable initial sensor layout is determined accord-
ing to the simulation results in Section 2.2. The corresponding acceleration sensor is ar-
ranged at each position to obtain the acceleration of the point, and then the acceleration is
integrated to obtain the corresponding velocity.

4 (7;5) is the predicted value of the velocity measured at the point § , which is
obtained by calculating the theoretical velocity of § when 7 joint moves? Moreover,
assuming that the prior distribution of event A exists and is known, let the prior prob-

ability distribution be p(r). Then, when the measured value V, of the sensor is known,

the posterior distribution p(r|V,,s) ofevent A canbe determined. According to the
Bayesian principle, the posterior distribution p(r|V,,s) is proportional to the product
of its prior distribution pP(¥) and likelihood p(V,|r,s) , namely
p(r|V.,s)«< p(r)ep(V, |r,s). The likelihood equation represents the probability that
the measured value y comes from the real moving joint 7 after a given sensor place-
ment S . Since there is an error between the real measured value and the theoretically

calculated value, assuming that the erroris & (), the relationship among them is as fol-
lows.

V, =V (r;s)+ée(s) ®)

The principle of maximum entropy is a criterion for selecting the distribution of ran-
dom variables whose statistical characteristics are most consistent with objective condi-
tions. It is an effective criterion for selecting the distribution of random variables with
maximum entropy. In the discrete case, the entropy of the equiprobability model is the
maximum, but the detection of the joint motion state of the industrial robot is not an equi-
probability model. Therefore, the discrete model does not meet the requirements. Multi-
variate Gaussian distribution is the most natural expression of random variables in igno-
rance. When the mean and covariance are constant, the random variable with a normal
distribution has maximum entropy. Therefore, it can be assumed that the error of the

above formula conforms to the definition and that €(S) obeys a multivariate Gaussian

distribution with a mean value of 0 and a specific covariance matrix. Therefore, according
to the error formula between the theoretical velocity and the real velocity, the likelihood

function p(V,|r;s) of the real velocity should obey the multivariate Gaussian distri-

bution with the mean value of V' (7;8) and the specific covariance matrix, which is ex-
pressed as follows:

PUALT ——— T A () B
27)" det(T) 2

2.4.2. Optimal Sensor Placement for Industrial Robots Based on Information Gain

The optimal sensor placement problem is to find the sensor position that can obtain
the most information about the joint position. The information gain can be measured by
the Kullback-Leibler divergence between the prior distribution and the posterior distri-
bution.
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u(s V) = [ pr1 V) 2D g, (10
% p(r)

The utility function is maximized by determining the optimal sensor placement, de-
fined as the expected value of the Kullback-Leibler divergence over all possible measure-
ments.

U=, futs. V)= [uts V0 19= jp(rm,s)ln%p(ms)drdz an

In the evaluation function, P(¥) is a known distribution p(r|V,,s) and

p(V,|s) are unknown distribution, so it is necessary to use the Bayesian principle to

transform the evaluation function.
According to the Bayesian formula, the relationship between two conditional proba-
bilities can be obtained

P(A| B)= P(B| A)* P(A)/ P(B) (12)
According to this formula p(r|V,,s)=p(V, |r,s)* p(r,s)/ p(V,,s), event A
and sensor layouts are assumed to be independent events.
pr|V,s) _pUlrs)*p(r,s)  pWilrs) _ plr.s)
p(r) prypV,s)  p,s)/ p(s)  plls)
p(V,|r,9)* p(r)
pls)

Through the transformation of the above formula, the evaluation function is rewrit-
ten as follows:

(13)

p(r|V,syp(V;|s)= *p|9)=pl |r.9)*p(r)  (14)

U=, s 1= [uts. 1ot 19= p(V|rs)p<r)m”;(VV' Sy )

|
t

In the current evaluation function, P(7) is a known prior distribution, p(V,|r,s)
has been mathematically expressed by the multivariate Gaussian distribution, and only
the distribution of p(V,|s) is unknown. When the probability distribution

p(V,|r,s) of measured velocity is known, the mathematical expression of p(V, |s)

distribution is obtained by integrating the joint variable 7 [26].

p(; 1) = [ p(V, | r,9) p(r)dr

=3 () p(p@, 17.5))

k=1

(16)

where ]Vr is the number of joint positions.

When 1 :L- . 9]\/;, the integral of R s approximated by point ¥ " The evalua-

tion function is rewritten as follows:

|7,5)

Us)~ Zp ) P01t "( s

——=dV, 17)
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Monte Carlo sampling can be used to estimate the above evaluation function.

U(s) ~ Zzp(”[lnpww $)=In(p(V," | )] as)

i=1 j=1

where is the number of initial layouts of vibration sensors.

Thus far, the sensor placement evaluation function that can be expressed by a known
mathematical formula has been obtained, which can be recorded as follows:

N NV

U(s) = ZZ"“ din p(7 | #,5) - In(Y. pr 77 | #o9)] 9)

i=1 j=1 V k=1

t

After obtaining the evaluation function, the theoretical derivation of the sensor opti-
mal placement model was completed. Then, the initial placement points need to be im-
ported to calculate the corresponding optimal placement. In practical applications, due to
the large number of sensor locations, it is unrealistic to calculate the evaluation function
of all kinds of combinations of different numbers. While it is not easy to obtain the optimal
global solution by using optimization algorithms such as genetic algorithms, the number
of optimizations needs to be given, that is, the super parameters. In this case, a more effi-
cient method should be considered for multi-point optimization.

Since the evaluation function of the optimization system has been given, and the data
collection of sensors can be considered independent of each other, the heuristic sequential
sensor placement method is considered, and the evaluation function is used to arrange
the sensors iteratively, one sensor at a time. Firstly, the maximum evaluation function
value of each initial location is obtained under the real speed and theoretical speed, and

the corresponding initial location is the best location s, of the first sensor. By using the
heuristic sequential placement method, the first sensor’s optimal placement s, and the
remaining initial sensor placement are combined to obtain the placement combination
(8,,5;) . The maximum evaluation function values of different combinations of distribu-

tion points are calculated, respectively, and the corresponding combination of distribution
points is the optimal combination of distribution points, and the second sensor’s optimal
placement s, is obtained, then, s, and s, are combined with the remaining points

to obtain the distribution point combination (s,S,,S;). The maximum evaluation func-
tion values of a different combination of sensor points are calculated, respectively, and
the corresponding combination (s;,5,,5;) of sensor points is taken as the optimal combi-

nation of sensor points to get the third optimal combination of sensor points, and the third
sensor optimal distribution point 3 is obtained. The above steps are repeated until the
optimal number of sensors reaches the preset number or the difference between the cur-
rent evaluation function value and the previous evaluation function value is less than the
set threshold; then, the optimal sensor points are obtained.

2.5. Constraint Equation

After the initial selection of the optimal layout is completed through the optimal lay-
out model, considering the structural characteristics of the industrial robot, it is necessary
to further optimize the completed optimal layout by using the redundancy index to use
the minimum number of sensors to represent the overall state of the industrial robot. The
most common method is to carry out an overall modal analysis and calculate the MAC
matrix (modal confidence matrix) of different points. The maximum value of the off-diag-
onal elements in the MAC matrix is minimized as the constraint function of the subse-
quent optimization algorithm. Finally, the global optimization algorithm is used to find
the optimal layout. The calculation formula of the MAC matrix is as follows:
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(67¢,)
MAC, = ———— (20)
" (#0)(44)

where ¢,, 4 - are the ith and jth order vectors of the modal matrix. The off-diagonal
elements of the MAC matrix represent the intersection angles of corresponding modal

vectors i and J are the values of degrees of freedom corresponding to the ithand J

th mode shapes of N sensors, respectively. The smaller the off-diagonal elements of the
modal confidence matrix, the better the independence of the calculated mode shapes and
the better the effect of the sensor configuration. On the contrary, the greater the correlation
of the calculated mode shapes, the worse the effect of the sensor configuration.

Therefore, the maximum value of the off-diagonal elements of the modal confidence
matrix can constrain the evaluation function. In addition, to ensure the unity of dimen-
sions, it is necessary to standardize the constraint value and evaluation value, respec-
tively, and z-score standardization can eliminate the influence of dimensions. The final
objective function value can be obtained by subtracting the standardized evaluation value
and the constraint value. The objective function is expressed as follows:

N, My i N,
U(s) = Normalize() Z$[ln pH 1 F )= p(r)p(V | ¥*,5)]) - Normalize(M) 1)
i=1 j=1 v, k=1

t

where V. is the maximum value for off-diagonal elements for each layout.

3. Experiment
3.1. Verification Method for Layout

Because the sensor layout of an industrial robot has not formed a complete theoretical
system, the judgment basis of the sensor layout should be given according to the above
probabilistic method. The flow chart of the layout verification method is shown in Figure
4.

1. According to the given initial position, sensors are arranged in the corresponding
position of the real industrial robot;

2. Set the joint speed of the industrial robot as a fixed speed, make the industrial robot
move accordingly, and collect the acceleration of sensor distribution in the process of
motion;

3. The acceleration signal is processed to get the velocity of each point, and the proba-
bility of motion from each joint is calculated by using the probability model;

4. Compare the probability of each joint with the real motion joint to determine whether
the maximum probability corresponds to the real motion joint. If so, it is considered
that the sensor layout can obtain the whole machine state.
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Figure 4. Flow chart of the layout verification method.
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In this paper, two types of experiments are conducted for industrial robots with and
without models, and each type of experiment acquires a series of measured experimental
data through multi-channel sensors and calculates the data pre-processing and sensor op-
timization layout through MATLAB for the measured experimental data. Algorithm 1 is
the pseudo code for the sensor-optimized layout algorithm.

Algorithm 1: Optimal sensor placement based on Bayesian and Constraint equation

O 00 N O O &~ W DN

Y G S
91 = W N = O

Input: the measured velocity V, and the predicted velocity - (ris) of the sensor.

Output: optimal sensor placement s_best.
rm=23;
ifsn=1do
fori=1torn do
forj=1toledo

compute p(ij);//according to Equation (16).

end
end
fori=1torndo
forj=1toledo
compute U(i,j);//according to Equation (19)
end
end
fori=1torndo
compute Us(i);//sum U(i,j)

end
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

s_best = s(max(Us));
else
sn=sn+1;
fori=1torndo
forj=1toledo
compute p(ij);//according to Equation (16)
end
end
fori=1torndo
forj=1tole do
compute U(i,j);//according to Equation (19)
end
end
fori=1torndo
compute Us(i);//sum U(ij)
end
s_best = snew(max(Us));
fori=1torndo
compute n_best;//according to Equation (21)
end
s_best = s_best(n_best);//optimal sensor placement
end
//rn—number of joints;
//s—1initial Sensor placement;
//sn—number of sensors currently optimized;
//le—number of sensors in the initial layout;
//p(ij)—the likelihood function;
//U(i,j) —the sensor placement evaluation function according to Equation (19);
//Us(i) —sum of regression values of each sensor coordinate;
//[snew —the new sensor placement based on heuristic sequential sensor placement;

//n_best—the optimal number of sensors according to the change of the objective function;

3.2. Verification of Optimal Sensor Placement for Industrial Robots Based on the Simulation
Model

To verify the effectiveness of the sensor placement method proposed in this paper,
we carry out a single joint motion verification experiment for a six-axis industrial robot.
The experimental scene is shown in Figure 5.
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Figure 5. Industrial robot with the simulation model.

To obtain the real speed, we combined the measured acceleration with the theoretical
speed as noise. Moreover, because the frequency of the real collected signal is generally
high, it is not advisable to reduce all acceleration points to one dimension. At the same
time, bringing all acceleration points into the calculation will lead to too much calculation.
Therefore, an appropriate dimension reduction method is needed to process the original
signal. Considering the signal preprocessing method of the vibration signal, we select the
typical time-domain characteristics of the vibration signal. The time-domain characteris-
tics of the input vibration signal are taken as the input of the probability model for calcu-
lation. The selected features should reflect the amplitude and fluctuation characteristics
of the signal. Therefore, the selected time-domain characteristics include mean value, root
mean square value, absolute mean value, skewness, kurtosis, and variance. Divide the
above-mentioned original signals into two groups, take 40,000 sampling points for each
group of original signals, calculate the time domain signal characteristics of the two
groups of signals, respectively, and combine the real speed with the time domain charac-
teristics’ overall input. The input is shown in Figure 6.
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Figure 6. Data characteristics of motion data: (a) data characteristics of the first joint, (b) data char-
acteristics of the second joint, and (c) data characteristics of the third joint.

The signal features of the three joints in motion are input into the probability model
program. The optimal layout evaluation is calculated circularly, and the corresponding
redundancy is calculated. The optimal layout order is [0.7,1.47,0.7, 0.8, 1.18, 0.8, 1.56, 1.47,
1.37,1.37,1.18,0.8, 0.5, 0.5, 0.2, 0.2].

By observing the distribution of objective function values, as shown in Figure 7, and
considering the problem of the degree of freedom of the industrial robot, ten sensors are
selected to be arranged. The optimal sensor layout is [0.7, 1.47, 0.7, 0.8, 1.18, 0.8, 1.56, 1.47,
1.37, 1.37]. The corresponding objective function value is 2.4. The empirical layout and
uniform layout are shown in Figure 8.

Objective function value

Number of sensors

Figure 7. Objective function value for Industrial robot with the simulation model.
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(©

Figure 8. Three kinds of layouts for Industrial robot with the simulation model: (a) optimal layout,
(b) empirical layout, and (c) uniform layout.

According to the process shown in Section 3.1, the second and third joint motions are
judged by probability, respectively, and the optimal layout, empirical layout, and uniform
layout are selected for comparison.

According to the results in Figure 9, in the layout verification experiment with the
simulation model, the empirical layout and the optimal layout have a higher discrimina-
tion effect. In the judgment results of the third joint motion, the empirical layout shows a
better discrimination effect than the optimal layout. In general, both empirical layout and
optimal layout have good performance in the layout verification experiment with the
model. However, due to the complex process of model simulation and kinematic analysis,
this method cannot be applied to large-scale industrial scenes.
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Figure 9. Probabilistic verification of three layouts: (a) Probability verification of the second joint in
motion, (b) Probability verification of the third joint in motion.

3.3. Optimal Sensor Placement Method and Verification of Industrial Robots without Simulation
Models

In the implementation process of the sensor layout optimization method, first, the
kinematics and dynamics simulation analyses are carried out based on the simulation
model and DH parameters, and the theoretical speed is taken as the theoretical value of
the probability model. The subsequent optimization is carried out through the error dis-
tribution. However, in the actual scene, in some cases, the simulation model of the indus-
trial robot is not easy to obtain, and the calculation process based on simulation analysis
is more complex, which is not suitable for the scene that needs to conclude sensor place-
ment quickly. Therefore, based on the defects of the above placement method, a sensor-
optimal placement method that discards the simulation model is considered.

Considering that the calculation of theoretical velocity is due to the quantization of
the error distribution in the new layout method, the acceleration signal collected by the
sensor is directly taken as the real value. Because of the uniform motion of each joint, the
theoretical acceleration value of each layout point is 0, so the error of the two is the real
acceleration signal collected by the sensor. According to the maximum entropy principle,
the acceleration signal collected by the sensor includes the interference of the theoretical
acceleration value with the environmental noise and its structure, in which the environ-
mental noise and its structure interference can be regarded as random variables; that is,
the error also conforms to the multivariate Gaussian distribution. Hence, the subsequent
optimization process is the same as above. The industrial robot without the 3D model
used in the experiment is also a six-axis industrial robot, as shown in Figure 10.
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Figure 10. Industrial robot without simulation model.

Divide the original signals into two groups, take 40,000 sampling points for each
group of original signals, and calculate the time-domain signal characteristics of the two
groups of signals. The results are shown in Figure 11.

The signal features of the three joints in motion are input into the probability model
program. The optimal layout evaluation is calculated circularly, and the corresponding
redundancy is calculated. The optimal layout order is [1.56, 1.37, 1.18, 0.8, 0.8, 1.47, 0.7,
1.18,0.8,1.37,0.2,1.47,0.7,0.5, 0.5, 0.2].
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Figure 11. Data characteristics of motion data: (a) data characteristics of the first half of the first joint,
(b) data characteristics of the second half of the first joint, (c) data characteristics of the first half of
the second joint, (d) data characteristics of the second half of the second joint, (e) data characteristics
of the first half of the third joint, and (f) data characteristics of the second half of the third joint.

By observing the distribution of objective function values, as shown in Figure 12, and
considering the problem of the degree of freedom of the industrial robot, ten sensors are
selected to be arranged. The optimal sensor layout is [1.56, 1.37,1.18, 0.8, 0.8, 1.47,0.7, 1.18,
0.8, 1.37]. The corresponding objective function value is 2.716. The empirical layout and
uniform layout are shown in Figure 13.

Objective function value

Number of sensors

Figure 12. Objective function value for Industrial robot without the simulation model.
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Figure 13. Three kinds of layouts for industrial robot without the simulation model: (a) optimal
layout, (b) empirical layout, and (c¢) uniform layout.

According to the process shown in Section 3.1, the second and third joint motions are
judged by probability, respectively, and the optimal layout, empirical layout, and uniform
layout are selected for comparison.

According to the results in Figure 14, the uniform layout and the optimal layout have
an excellent distinguishing effect, and the empirical layout has a high distinguishing ef-
fect. According to the maximum entropy principle, when the peak power is limited, the
random variable with a finite domain has maximum entropy when it is uniformly distrib-
uted. Therefore, uniform distribution has a good effect when the simulation model is un-
known. In general, for the layout verification experiment without a simulation model, the
optimal layout still has obvious advantages. Considering the calculation process of opti-
mal placement, we take the acquisition of joint state signal as an important basis. The ob-
jective function of optimization is quantified by relative entropy so that the optimal place-
ment can effectively obtain the motion state of the robot.
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Figure 14. Probabilistic verification of three layouts: (a) Probability verification of the second joint
movement, (b) Probability verification of the third joint in motion.

3.4. Result

In the experiment of this paper, a verification experiment of the optimal layout
method of an industrial robot sensor is completed. According to the connection of the joint
motion of the industrial robot, the sensor layout verification method of the industrial ro-
bot is first designed, and the probability of each joint is considered to be compared with
the real moving joint to determine whether the maximum probability corresponds to the
real moving joint, and joint 2 and joint 3 are determined as the judgment kinematic joints
(two joints move in the same plane). For an industrial robot with a simulation model, its
optimal layout is obtained, and the optimal layout, empirical layout, and uniform layout
are used to verify the layout of the industrial robot sensors. It is calculated that the optimal
layout has a probability increase of 0.0244 and a probability decrease of 0.0399 compared
with the empirical layout, respectively. A relatively uniform layout has a probability in-
crease of 0.1869 and 0.0339, respectively. For the model-free simulated industrial robot, its
optimal layout is obtained. Compared with the empirical layout, the optimal layout has a
probability increase of 0.2693 and 0.2630, respectively, and a probability increase of 0.0277
and 0.0255, respectively, compared to the uniform layout. Based on the above experi-
mental conclusions, the effectiveness of the optimal layout method for industrial robot
sensors can be proved, and the applicability of the method in the industrial field is proved.

4. Conclusions

This paper studies the optimal placement method of sensors to obtain better data
sources for the health assessment and fault diagnosis of industrial robots. The work in this
paper can be summarized as follows.

Combining the 6-DOF industrial robot speed calculation formula with Bayesian op-
timization, taking redundancy as the constraint, and finally determining the layout
method of the industrial robot acceleration sensor. Considering the importance of joint
motion state information for the health assessment and fault diagnosis of industrial ro-
bots, we want this layout method to capture joint motion state information to the greatest
extent. To obtain the initial sensor layout, we carry out the modal simulation of the indus-
trial robot model. At the same time, considering the need to calculate the speed of specific
points, the original speed transfer formula of the robot is rewritten, and the speed calcu-
lation formula of specific points is obtained. Considering that the evaluation function can-
not give the number of sensors, the modal confidence matrix is improved by using the
kinematic characteristics of the industrial robot, and the improved modal confidence ma-
trix is used to constrain the evaluation function.

For different experimental objects, verification experiments with models and without
models are carried out. Compared with the current common layout and uniform layout,
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the optimized layout obtained by this method can capture joint state information more
effectively. The effectiveness of the optimal layout is verified by a model-based sensor
optimal layout experiment, which verifies the effectiveness of the optimization method.
The sensor optimal layout experiment realizes the extension of the layout method without
a model. It is also proved that the optimal layout of the sensor depends on the structure
of the industrial robot itself and the real signal collected by the sensor. The layout is eval-
uated by the error between the real signal collected by the sensor and the theoretical cal-
culation value, and redundancy is taken as the constraint function of the layout by using
part of the results of the modal simulation. Finally, the optimal layout objective function
of the industrial robot acceleration sensor is obtained, which can provide better data
sources for health assessment and fault diagnosis of industrial robots.
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