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Abstract

The attitude control error of the robot end-effector directly affects the manufacturing accuracy. The study aims to
develop a real-time measurement method of the industrial robot end-effector attitude in the field environment for
improving the control accuracy of robot attitude.

In this paper, an attitude measurement method of robot end-effector based on the inertial technology was proposed.
First, an inertial measurement system was designed, and the measurement parameters and installation errors were
calibrated. Then the inertia measurement principle of robot end-effector attitude was explored, and the robot end-
effector attitude measurement was realized with the fourth-order Runge—Kutta algorithm. In addition, the influence
of the data processing algorithm and sampling frequency on the attitude accuracy was analyzed. Finally, a test
platform was built to experimentally explore the proposed inertial measurement method.

The inertial measured data were compared with the data obtained with the laser tracker. The measurement accuracy
of the inertial measurement method reached 0.15°, which met the accuracy requirements of real-time measurements
of robot end-effector attitude in the manufacturing field.

The method proposed in this paper is convenient and can realize the real-time attitude measurement of industrial
robot. The measurement results can compensate the attitude control error of the robot end-effector and improve the
attitude control accuracy of the robot.

1. Introduction

Industrial robots are one of the key equipment for intelligent manufacturing and are increasingly widely
applied in industrial fields, especially in the field of high-precision applications, the end-effector needs
to achieve more accurate control [1]. Many factors affect the robot end-effector accuracy. Manufacturing
and installation errors can be precalibrated. In the motion process, the deformations caused by temper-
ature, forces, and vibrations are random errors, which should be compensated through obtaining the
attitude of the robot end-effector through external measurement equipment in real time [2]. Therefore,
the real-time measurement of the robot end-effector in the motion space is significant.

The robot end-effector attitude measurement had been extensively explored, and a variety of mea-
surement methods had been proposed. Qu and Zhang [3] explored the attitude representation of KUKA
robot end-effector and proposed a method for measuring the end attitude of KUKA industrial robot
based on a laser tracker. Ambarish et al. [4] utilized a single ball bar to obtain local pose information to
identify robot parameters, but only the robot joint angles could be obtained with the method. Park et al.
[5] obtained the attitude evaluation results of dual-arm robot with the laser tracker and tested the dual-
arm robot. Chen et al. [6] carried out the measurement with two laser transmitters and multiple laser
receivers and calculated the horizontal angle and pitch angle of the receiver relative to the horizontal
plane of the two transmitters based on the geometric relationship between the beams, the rotation speed
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of the transmitter, and the time difference between the received beams. Han [7] designed a six degrees of
freedom (6-DOF) position and attitude measurement system based on a cable displacement sensor and
proposed a 6-DOF pose measurement model based on 7-SPS (The platform has seven branch chains,
each of which consists of one mobile pair P and two spherical pair S.) redundant parallel mechanism.
With the laser technology, Li and Huang [8] realized the static and dynamic attitude measurement of
the carrier and quickly obtained the output attitude data. Sato et al. [9] completed the calibration of all
the parameters of a parallel robot with the aid of a double-ball bar. Cechowicz [10] proposed an attitude
estimation method based on low-cost strap-on Micro-Electro-Mechanical System sensors.

Liu et al. [11] used an optical tracking system to improve the accuracy of a robot for high-accuracy
applications such as riveted drilling and precise assembly. Gharaaty et al. [12] proposed a dynamic cor-
rection method based on an optical coordinate measuring machine to measure the position and attitude
online. After filtering out the noise in measurements, the method improved the accuracy of industrial
robots. Jeon et al. [13] combined the measurement results of the vision sensor, the accelerometers,
and the gyroscopes through the multidimensional kinematic kalman filter, which could recover the
inter sample values and compensate for the measurement delay of the vision sensor, and provide the
state information of the end-effector fast and accurately. Mansoor et al. [14] proposed a method with a
low-cost IMU composed of three-axis accelerometers, gyroscopes, and magnetometers. Limited by the
precision of used sensors, the final attitude accuracy was not high, the attitude error remained within
+1°, the attitude of the real-time trajectory of the end-effector was not measured and the real-time
performance of the proposed method was not verified. Roan et al. [15] used low-cost accelerometers
and gyroscopes to estimate the joint angles of the manipulator, providing an effective angle measure-
ment method that can replace the high-precision encoder of the low-cost manipulator. But the real-time
performance was not good enough, and the angle estimation strategy had a mean error of 1.3°.

The commercially mature testing units mainly include 3D scanner and dynamic measurement system
developed by NDI Company of Canada based on vision principle [16], the industrial robot testing system
[17] developed by American Dynalog Company based on the mechanical test principle, and the laser
tracker measurement system of Leica Company.

Measurement methods based on laser trackers, coordinate measuring machines, and visual inspection
systems require professional measurement laboratories. It is difficult to realize real-time measurements
in the manufacturing field due to the influences of installation location and occlusion. The scalability
and portability of the above measurement methods cannot be further improved. By contrast, the iner-
tial measurement unit (IMU) is small and portable and can be easily installed. The IMU is installed on
the measured object. The spatial position and attitude can be obtained by measuring and solving the
angular velocity and acceleration in three orthogonal directions. It is not limited by the measurement
site and environment and can be directly installed at the end of the robot to measure the attitude in real
time in production sites. In this paper, a method of robot end-effector attitude measurement method was
proposed based on inertial measurements. In addition, an inertial measurement system was designed,
and the measurement parameters and installation errors were calibrated. The inertia principle of the
robot end-effector attitude was explored. The influence of the data processing algorithm and sampling
frequency on the attitude accuracy were analyzed, and results were compared with the real-time mea-
surement results of the laser tracker. The experimental results showed that the measurement accuracy
of the inertial measurement method can reach 0.15°, which met the accuracy requirements for real-time
measurements of robot attitude in the manufacturing field.

2. Principle of Inertial Measurements
2.1. Coordinate system establishment and attitude description

In this paper, we used the KUKA KR6 R700 six-axis industrial robot as the measurement research
object. Its working range is 706 mm, the load range is 6 kg, and the repeated positioning accuracy
is <+0.03 mm. The end-effector attitude of an industrial robot is defined as the rotation relationship
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Figure 1. Rotation relationship diagram of an industrial robot.

between tool coordinate system and robot base coordinate system. The geodetic coordinate system, robot
base coordinate system, robot tool coordinate system, and inertial measurement coordinate system are,
respectively, defined as O-XYZ, O,-X,Y,Z; 0,-X,Y,Z,, and O5-X,YAZa. The inertial measurement
system is mounted at the end of the robot and overlaps with the tool coordinate system, as shown in
Fig. 1.

The base coordinate system is consistent with the geodetic coordinate system. The tool coordinate
system is a coordinate system with the tool central point of the industrial robot end-effector as the coor-
dinate origin. The transformation relationship between the robot tool coordinate system and the base
coordinate system is determined by the three angles A, B, and C, which, respectively, indicate the rota-
tion angles on the Z-axis, Y-axis, and X-axis for the purpose of determining the attitude of the robot at
any point in the robot workspace.

According to the Euler—Angle transformation relation, the rotation matrix of the robot tool coordi-
nate and the base coordinate is

cosAcosB cosAsinBsinC—sinAsinC  cos AsinBcos C+ sinA sin C
Rzyx (A,B,C)=| sinAcosB sinAsinBsinC+cosAcosC sinAsinBcos C —cosAsin C

—sinB cos Bsin C cos Bcos C

ey

Using a set of Euler Angles to describe the transformation relationship between two coordinate sys-

tems is simple and easy to understand, but there are a lot of trigonometric function operations when

using the angular velocity and acceleration information measured by IMU to solve the matrix. The

quaternion method has the small computational complexity in the attitude calculation and is applica-

ble to the whole attitude calculation, which cannot be well implemented with the Euler Angle method.

Based on the characteristics of flexible attitude and low dynamic range of industrial robots, the quater-

nion method is selected to describe their attitudes [18-20]. According to the angular acceleration values

of each axis output by the gyroscope, the quaternions are calculated and updated in real time with the
quaternion differential equation. The quaternion is as follows:

-, » . >

q=qo+q i +q j +q¢:Kk 2
where q is attitude quaternion, g, g, ¢», g3 are real numbers, and i, j, k are three orthogonal unit
vectors.
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According to the updated quaternion variables, attitude rotation matrix that was measured by inertial
measurement system can be obtained as follows [21]:

G+a—a—a 219 — q09s) 2(q193 + 9092)
R@=| 2Aqg+99) ¢-—G+G—¢ 299 —q0q) A3)
2(q193 — 9092) 2(q295 + qoq1) CIS - CI% - qg + ‘I§

where n is the base coordinate system O,-X;Y,Z,, and b is the inertial measurement coordinate system
OA_XAYAZA.

2.2. Fourth-order Runge—Kutta algorithm
2.2.1. Fourth-order Runge—Kutta algorithm
Runge—Kutta method is a single-step algorithm widely applied in engineering. It does not require
analytical linearization of discrete control equations and can perform local error control and adaptive
time-stepping [22]. Therefore, in this paper, the fourth-order Runge—Kutta algorithm is used in the
calculation. By approximating the solution of the differential equation with the slope, the slopes of mul-
tiple points in the integral interval are predicted and weighted as the basis for the next point. In this
way, a more accurate numerical integral calculation is constructed. Due to the noncommutability error
of rotation, Runge—Kautta algorithm is suitable for the middle-low speed attitude motion [23]. For the
application of inertial measurement of industrial robot, which usually moves at middle-low speed, the
fourth-order Runge—Kutta algorithm can be used to calculate the attitude [24-26].

The steps of the algorithm are described as follows:

1. Assuming that the function y is sufficiently smooth, the first-order differential equation is

y=fxy) “4)

2. Taylor expansion of the function y(x;,) at X; is

hz
¥ (i) =y R (6 3) + o oy 4+ 0 () ®)

3. When the order is larger than 2, the calculation of the higher order differentiation of the func-
tion is complex. The approximate formula can be constructed with the linear combination of
the function values of f(x, y) at some points. In this paper, with the fourth-order Runge—Kautta
algorithm, the slope values at four points in [x;, x;;;] are calculated and then weighted as the
average slope. Then, the fourth-order Runge—Kautta formula is constructed. This method has a
fourth-order accuracy, and its error is O(h°).

Vi1 is expressed as:
Vi =Yi + oK + oKy + ;K5 + 4K, ©6)

where K|, K,, K3, K, are the function values at four different points, and they are shown as
Ky = hf (xi, i)
K, = hf (x; + axh, y; + b1 K,)
K =hf (x; + ash, y; + b3, K, + b3 K))

Ky =hf(x; +ash, y; + by K, + by K, 4+ b3 K3)

where ¢, ¢,, ¢3, Ca4, Ay, Q3, s, a1, b3y, b3y, bay, bay, by are undetermined coeflicients.
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K,, K3, and K, are, respectively, expressed as the power series of / at point x; and then substituted
into linear equations. Then the obtained formulas are compared with the Taylor expansion of y(x;,;) at
point x;. When the coeflicients of A, on the right sides of the obtained formulas and Taylor expansion
are the same, a set of special solutions composed of a;, b, and c; are obtained:

a=a3=Dby =by=1/2

by =by =byp =0

a,=bi=1 @)
cr=c;=1/6
c=c;=1/3
Substituting the calculated coefficients into Eq. (6), y;, is expressed as
yi+1=yi+g(K1+2K2+2K3+K4) (8)
where
Ky =f(xi, y1)

Ko (54 Lo+ 20)
Ki=f (xi + 151’}71“}‘ %h)

Ki=f(x;+h,y; + K3h)

2.2.2. Inertial measurement attitude update and solution

With the fourth-order Runge—Kutta method, the attitude is solved. First, a quaternion differential equa-
tion needs to be established. Then, according to the strapdown inertial navigation theory, the quaternion
differential equation is obtained as:

é]o 0 — Wy - a)y —, 9o
(:Il 1 Wy 0 _a)z y, ql
. |=5 ©)
q> 2 Wy w; 0 — Wy q>
Q3 @, _a)y Wy 0 q3

where w,, w,, w, are, respectively, the angular velocities measured in X-, Y-, and Z-axes of the inertial
measurement coordinate system by the gyroscope. Two matrices are, respectively, set as follows:

q(®) = [90> 915 42> 93]

0 - —ol) -l
M, (1) = w, (1) 0 —w (1) (1)

w(t) w1 0 —w,(1)

o) —o() ol 0

M,,(?) is the angular velocity matrix at time ¢.
Then, the quaternion differential equation can be written as

1
Q= EMQ ®-q ) (10)
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According to Eq. (9), K;(i = 1 — 4) is obtained as
K =3IM, () q (1)

K =M, (t+ %) [q (1) + &.T] o
Ky=1IM, (1+ %) [q )+ £T]

Ki=3M, (t+T) [q (1) + K:T]

where T is the sampling interval.
According to the fourth-order Runge—Kutta formula, the inertial measurement attitude quaternion is
updated as

T
q(t"‘T):(I(t)—Fg[K1+2K2+2K3+K4] (12)

Substituting the inertial measurement attitude quaternions into Eq. (3), the robot end-effector attitude
rotation matrix R:(q) measured by the inertial measurement system can be obtained.

2.3. Other algorithms

In the inertial measurement, we commonly used attitude updating algorithms that include incremen-
tal Picard algorithm, Rotation Vector method, Digital Integration algorithm, and Accurate Numerical
Solution method [27]. Picard algorithm and Rotation Vector method were applied to calculate the atti-
tude by using the same measurement data in order to analyze the characteristics and applicability of the
attitude updating algorithm and compared the results with fourth-order Runge—Kutta algorithm. Picard
algorithm is essentially a monad rotation vector algorithm, which is suitable for low speed motion. The
Rotation Vector method can be used to solve the high-speed motion due to the nonommutativity error
was compensated in the updating process. However, when the sensor output is not an angular increment,
such as calculating with the angular velocity output by the gyroscope will cause a larger error.

2.3.1. Picard algorithm
The basic process of incremental Picard algorithm is as follows:
First, the quaternion differential equation (Eq. 10) can be solved by Picard series:

q (i) = e/ Mg (1) (13)
Making A® = [/*' M, (1)dt
0 _wsz _w)blby _wzbz O - AQV - Aey — A@Z
et C()be 0 a)zbz - a))blby A 9)6 0 A 92 —A Gy
AG= / b —w? 0 b dr= AO, —AO 0 A6
Tk wnby a)nbz wnbx y z X
o b, - 0 AG,  AG, —A6, O

nby

where AO,A0,A6, are the angular increments of the industrial robot in the three axes during the
timing sampling; ), @’ @’ are the three axial angular velocities of industrial robot in the inertial
measurement coordinate system.

Making Taylor expansion of Eq. (13) and sorting out it can obtain:

AB sin 4
q (ty1) = ICOST‘FA@ A0 q () (14)

where A6 is the angular increment, including A6, A6,A8.; qis quaternion variable, 7 is the time constant,
A O is the coeflicient matrix, and I is unit matrix.
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The corresponding quaternion variables can be obtained from the angular increment of indus-
trial robot at each moment. Then the next moment quaternion can be obtained by iterating through
formula (14). Finally, the quaternion attitude rotation matrix can be obtained.

2.3.2 Rotation vector method

The rotation vector indicates that the dynamic coordinate system rotates in space around the initial fixed
coordinate system attached to the rigid body. This rotation relationship is expressed by an equivalent
rotation vector, and it is equivalent to a dynamic coordinate system rotating an angle around the direction
of an equivalent rotation vector. The equivalent rotation vector can be solved through angular increment
and then updates the direction cosine matrix or quaternion by the equivalent rotation vector.

First, according to the rotation of the coordinate system to obtain the relationship between the
equivalent rotation vector and the attitude change quaternion:

q(ti1) = q(%) ® q(h)
rs 3 - (3 15
q(h) =cos (%) + % sin <%> (15
where q(#,) is the attitude quaternion from #, to #,, q(h) is the attitude change quaternion between
these two moments: t;~f; 1, h = tip — b, 8 is the equivalent rotation vector, ® denotes quaternion
multiplication.

Since attitude update only pays attention to the rotation vector in the time from the start moment to
the end moment, the approximate rotation vector differential equation in engineering can be derived:
= b 1 — b 1 —> — b
S =af,+5 0 xa)nb—}-ﬁcbx(d) anb) (16)

=
where @ denotes an approximate rotation vector, w?, is the angular velocity of the gyroscope in the
three axes, including ], @}, @, ; n is base coordinate system 0,-X,Y,Z,, and b denotes the inertial
measurement coordinate system Ox-XsYaZ,.

Supposing that the equivalent rotation vector caused by angular position change in time [#, 7] is
® (h), sampling n times at the same time interval can obtain n angle increments. Taking n =4 as an
example, the four-subsample formula of the rotation vector is

736
D (h) = A, + Ab, + Abs + A6, T oy (A6 x AB:+ MGy x A +-

334 526 526 1
915 (AG; x AB; + AB, x Ab,) + A@l x A, + 945 — Af, x Ab;s 17
ABO,AB, AO; AB, are the angular increment of the rotation vector in four subtime periods.

After the rotation vector was calculated, the corresponding attitude change quaternions could be
obtained according to the Eq. (15). Then the corresponding attitude rotation matrix can be obtained
according to the attitude change quaternions.

Aiming at the application scenarios of industrial robots work in middle-low speed situations and
the characteristic that the output of the inertial sensor is angular velocity, we adopt the fourth-order
Runge—XKautta algorithm to solve the attitude.

3. Design of the Inertial Measurement System
3.1. Selection of gyroscope and accelerometer

In this paper, the gyroscope [28] and accelerometer [29] were used to measure the angular velocity and
linear acceleration at the end of an industrial robot. Gyroscope can be divided into mechanical gyroscope
and optical gyroscope according to the principle. In this paper, the optical fiber gyroscope is selected to
measure angular velocity. It is an improved type of laser gyroscope. Due to the use of optical fiber ring
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Table I. HT-120 main performance indicators.

Test Typical Maximum
Number project Unit value value
1 Zero offset °/h 0.2 0.3
2 Starting time min 5 10
3 Bias stability(constant °/h 0.008 0.01
temperature)(100s
smoothness)
4 Bias repeatability °/h 0.008 0.01
5 Zero bias temperature °/h 0.2 0.3
sensitivity(1°C/min ambient
temperature)
6 Random walk coeflicient °/h!”2 0.0008 0.001
7 Scale factor LSB/(°/s) 180,000 175,000—185,000
8 Scale factor nonlinearity ppm 20 20
9 Scale factor repeatability ppm 20 50
10 Dynamic operating range °/s +500 _
11 Bandwidth (-3db) Hz 500 1000
12 Size mm 120+ 120 % 39
13 Weight g 900
14 Working temperature °C —40—-60

Figure 2. Fiber-optic gyroscope HT-120.

the optical path difference during rotation is greatly increased, so as to improve the detection accuracy.
Accelerometers are divided into pendulum and non pendulum accelerometers according to the principle.
We used the quartz flexible accelerometer in this paper. The quartz material can effectively reduce the
influence of temperature and the material performance is stable, which is conducive to the improvement
of accuracy.

The selected single-axis fiber-optic gyroscope (HT-120) is shown in Fig. 2. The measurement is based
on Sagnac effect principle. The gyroscope has the advantages of high zero-bias stability, minimal random
walk coefficient, high accuracy, and resistance to temperature change and electromagnetic interference.
Its main performance indicators are shown in Table I.

The selected quartz flexible accelerometer (JHT-1-A) is shown in Fig. 3. When the sensor moves, the
internal detection unit position is changed. The position change is converted into the current change and
then amplified. The acceleration can be measured to calculate the current value. Its main performance
indicators are shown in Table II.

The acceleration components and angular velocity components on the X-axis, Y-axis, and Z-axis of
the industrial robot end-effector were measured with three single-axis accelerometers and fiber-optic
gyroscopes, respectively. According to the size and wiring method of the selected inertial device, an
inertial device connector was designed to orthogonally install the gyroscope and accelerometer onto
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Table I1. Accelerometer JHT-1-A main performance indicators.

Test Technical
Number project Unit requirements
1 Range g >20
2 Offset mg <3
3 Scale factor mA/g 1.24+0.2
4 Quadratic nonlinear coefficient ug/g’ <10
5 Offset temperature coefficient ug/°C <15
6 Scale factor temperature coefficient ppm/°C <30
7 Offset long-term repeatability ug <20
8 Scale factor long-term repeatability ppm <20
9 Quadratic nonlinear coefficient long-term repeatability ~ ug/g? <10
10 Inherent frequency Hz <800
11 Test temperature °C —40~4125
12 Impact g, ms 150 g, 5 ms, 1/2sin
13 Vibration g, Hz 5 g (20—2000 Hz)

Figure 3. Accelerometer JHT-1-A.

Figure 4. Installation diagram of inertial components.

the end of the industrial robot. Therefore, an inertial measurement system was formed to collect the
motion parameters of the robot end-effector. In order to ensure the rigidity and the proper weight of the
connector, the connector was composed of six aluminum alloy square plates with six mounting holes
and locating holes (Fig. 4).

The constructed inertial measurement system was installed on the flange at the end of the industrial
robot with screws. The attitude measurement system platform is shown in Fig. 5. Since the accelerom-
eter outputs a weak voltage signal and its central frequency is 3 kHz, it can be known that the sampling
frequency of the single channel of the acquisition card is more than 6 kHz at least according to the
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Figure 5. Attitude measurement system.

sampling theorem. The fiber-optic gyroscope outputs digital signals and adopts RS422 serial port com-
munication mode. The communication baud rate of the acquisition card needs to be matched with the
fiber-optic gyroscope to reach 614.4 kps. Therefore, we chose the USB-6002 analog signal acquisi-
tion card and USB-422/4 digital signal acquisition card of NI company. The signals of the gyroscopes
and accelerometers were synchronously transmitted to the upper computer software which developed
based on LabVIEW platform via the data acquisition card and the actual attitude of the industrial robot
end-effector was obtained after processing with the software.

4. Calibration of the Inertial Measurement System

In order to improve the precision of the attitude measurement system, the calibration method of the
measurement system was explored from two aspects: inertial device calibration and integral calibration.
Device calibration refers to the calibration of the gyroscope or accelerometer in the inertial measurement
system, and various error coefficients of the gyroscope or accelerometer can be accurately calculated
through device calibration. In this paper, the calculated main error items included scale factor error and
zero drift error. The integral calibration of the measurement system mainly focused on the installation
error of the IMU.

4.1. Calibration of the inertial device
4.1.1. Accelerometer calibration
In this paper, the accelerometer was first calibrated roughly and then accurately calibrated to obtain the
more accurate error coefficient. First, three accelerometers were connected orthogonally to each other
and placed on a horizontal plane. Then, the sensitive axis direction of each accelerometer on X-, Y-, and
Z-axes, respectively, pointed to the sky and the earth, and the output voltage of each accelerometer was
collected.

Take the X-axis pointing to the sky as an example—the error equations are:

g= Bx + SxVxl + ExyVyl + Exzvzl
0=B,+E,Vy +8,Vy +E.Vy
0 = BZ + Equl + EZ_VVyl + Sszl (] 8)
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Figure 6. Accelerometer calibration experiment.

where

g—Acceleration of gravity;

B;(i = xyz)—Accelerometer zero offset;

S;(i = xyz)—Accelerometer scale factor;

V(i =xyz,j =1 — 6)—Output voltage of each accelerometer in X-, Y-, and Z-axes, respectively, at
six positions obtained through rough calibration; j = 1—6, respectively, indicate six cases: X-axis points
to the sky; X-axis points to the earth; Y-axis points to the sky; Y-axis points to the earth; Z-axis points
to the sky; and Z-axis points to the earth;

E;(i=xyz,] =xyz, i #J) Installation error factor.

Three equations for each coordinate axis were established, and six attitudes were selected for the
measurements. The coefficient term was solved by the least square method so as to obtain the rough
calibration results.

B x0 B y0 B Z20
Sx() E yx0 szO
Eva S y0 E 2y0

Esz E yz0 Sz()

where the subscript “0” represents the result of the rough calibration of the accelerometers.

On the basis of rough calibration results, the accurate calibration was performed after the accelerom-
eter group was placed on the precision turntable. Figure 6 shows an experimental device for accurate
calibration. The X-, Y-, and Z- axes were adjusted according to the four directions: vertically upward
direction, the oblique direction along the angle of 45° with the horizontal plane, vertically downward
direction, and the oblique direction along the angle of 135° with the horizontal plane. The output voltages
of 12 attitudes were measured.

The square of gravitational acceleration is equal to the vectorial summation of the square of the
acceleration in each axis under static conditions:

g =A+A+ A (20)

19)

where
A,A,A,—Each axial acceleration.
Taking the X-axis as an example, the square sum of the left and right sides of Eq. (18) is calculated as

g =A+ A+ A
= (B\' + SXV_XI + Exyv_yl + EXZV_ZI)Z + (By + nyv_xl + SyVyl + B‘yz‘/_zl)2

+ (B.+ ELVy + E,V, 4+ 5.V,)° @1)
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Table II1. Accelerometer error term coefficient calibration result.

Accelerometer for each axis  Scale factor (mA/g)  Zero offset (mg)

X axis 1.35 2.248
Y axis 1.37 0.429
Z axis 1.28 0.209

where

Bi(i = xyz)—Each accelerometer zero offset;

E;(i =xyz,j = xyz, i #j)—Accelerometer installation error of each axis;

Vij (i=xyz,j =1 — 12)—The average value of the output voltages of each accelerometer in X-, Y-,
and Z-axes at 12 positions obtained after accurate calibration.

Substituting 12 groups of average voltage values (V;) of measurements into Eq. (21) gives:

fi= B+ SV +EVy +EVa) 4+ (B, 4+ EVo +E,V, +5.V,) =g =0
(22)

_ _ . [ - — 2
f12 = (BA + vaxlz + E,\}'V)‘IZ + Exzvzl2) +-- 4 (Bz + szvxl2 + Ezyvylz + Szvzlz) - g2 =0

Then, the nonlinear equations were solved with the Newton iteration method. The results of rough
calibration, as the initial value, were submitted into the above equations. Then through Taylor expansion
of Eq. (22), the following equations are obtained:

fi=fi By, -+ S)+3f' (B —B)+-~-+8—f1 (5. —S0)=0
1 —J1 X0 s z0 a Bx B X x0 a S:, S0 z 20
(23)
fia=fi» (B S)—}—812 (B, — B )_}_..._’_% (S.—S,) =0
12=J12 X0 + + + 3920 aB/\ By X x0 BSZ S0 z 20

The optimal solution was approached gradually by multiple iterations, and finally the error coefficient
was controlled within a certain range. In order to reduce the interference of random noise in the data
collection process, sufficient sampling time should be guaranteed for the data collection in each attitude
and more testing attitudes should be selected. The calibration results of the accelerometer error term
coeflicient are shown in Table III.

4.1.2. Scale factor calibration of the gyroscope

The single-axis fiber-optic gyroscope was installed on a high-precision turntable in such a proper way
that the sensitive axis was parallel to the spindle of the turntable in the initial position (Fig. 7). The high-
precision turntable was controlled to rotate around the spindle at a certain angular rate. An improper
input angular rate might cause the nonlinear output, thus leading to the inaccurate calibration result. The
angular rate used in this paper was between 10°/s and 100°/s. In order to eliminate the influence of the
earth rotation on the motion of the turntable, it is necessary to control the turntable to rotate integral
circles in each motion. Otherwise, the horizontal component of the earth rotation would increase the
error. During the experiment, it was necessary to precisely control the turntable in order to ensure the
accuracy of gyroscope calibration results. The calibration results of the gyroscope scale factors are
shown in Table IV.

4.2. Installation error compensation of the inertial measurement system

In this study, the inertial measurement system was composed of three single-axis accelerometers and
three single-axis fiber-optic gyroscopes. It is necessary to ensure that the sensitive axes are orthogonal to
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Table IV. Fiber-optic gyroscope scale factor cal-
ibration result.

Gyroscope Scale factor
X axis 177,734.742
Y axis 177,725.956
Z axis 177,699.873

Figure 7. Fiber-optic gyroscope calibration experiment.

each other during the installation process. However, due to the manufacturing error of the connector and
the installation error of the inertial component group, it is difficult to ensure that the sensors are perfectly
orthogonally installed at the center of the industrial robot end-effector. Therefore, it is necessary to
calibrate the whole inertial measurement system and compensate its installation error.

The installation error calibration steps of the inertial measurement system were introduced as follows:

1. Install three single-axis accelerometer sensors orthogonally onto the inertial component connec-
tion device and connect them to the data acquisition card USB-6002;

2. Fix the inertial component connection device onto the industrial robot end-effector;

3. Select the tool coordinate system in the manual mode of the industrial robot (the origin of the
coordinate system is the center point of the end flange of the industrial robot), control the robot
to move linearly along the X-, Y-, and Z-axes of the tool coordinate system and measure the
voltage output values of the accelerometers in real time;

The direction of each coordinate axis of the industrial robot in the inertial measurement system
coordinate system can be expressed with its unit vector:

T
[axl — Gxo Gy1 — Ay 71 — azO]

— T
€ap = [erbx €2xby erbz] = > > >
\/(axl — ay)” + (@ — ay)” + (ay — ay)

T
[a0 —ap ap—ap a, —ay]

\/ (an —ayo) + (ay, — ay0)2 + (an — ay)’

—> T
€y = [ezybx €2yby e2ybz]

T
[ax3 — Qy ay.’a - ayO az — az()]

\/ (as — ax0)2 + (ay3 - aw)z +(as — az0)2

— T
€2p = [ezsz €2:by ezm]

(24)

where

€24, €2y5€2,,—Direction vectors of the robot tool coordinate X-, Y-, and Z-axes in the inertial
measurement coordinate system,;

awayao—The acceleration values in the three axis directions before the robot moves;
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a,ay a,;—The accelerometer readings after the robot moves along the X-axis;
apaya,—The accelerometer readings after the robot moves along the Y-axis;
agsayaz;—7The accelerometer readings after the robot moves along the Z-axis.
Therefore, the rotation matrix from the tool coordinate system to the inertial device coordinate system

can be obtained as
T

Rl; = [e2xA €4 €2 ] 25
where b is the inertial measurement coordinate system O,-XYsZ4, and 2 is the robot tool coordinate
System Oz-XzYzZz.

Through the transformation of the matrix, the installation error of inertial measurement system can
be compensated. In this way, the installation error of the whole measurement system is corrected and
finally the attitude matrix R of the industrial robot is obtained as

R=R'R} (26)

By comparing Eq. (1) and R, the attitude angles A, B, and C of the robot end-effector are

A = arctan Z—:

B = arctan —=1 27

NAatRacT
C = arctan
r33

where r; is the element of row i and column j in the attitude matrix R.

5. Attitude Measurement Experiment

5.1. Repetitive experiment

To verify the repeatability precision of the inertial measurement system, eight points in the motion space
of the robot were selected as the testing points. Under 50% of the rated load of the industrial robot, the
end of the robot was controlled to move at a speed of 50% for 30 times. The attitude measurement data
of point P; in 30 times are shown in Table V.

The mean attitude of point P, was calculated as (0.136°, 59.980°, 0.079°), and the uncertainties
were, respectively, o, = 0.015°, o = 0.006°, and o = 0.008°. The measurement results showed good
repeatability and met the repeatability requirements of the robot attitude measurement.

The attitude measurement results at points P, to Pg are shown in Table VI. The measurement uncer-
tainty is less than 0.026°, indicating that the measurement repeatability at different positions in the
measurement space is consistent. The measurement repeatability of each point is satisfactory.

The difference between the attitude data measured with the inertial measurement system and the
theoretical data was less than 0.140°. It was mainly caused by measurement errors and control errors of
the robot. In this study, in order to analyze the measurement error of inertial measurement system, the
measurement data of the inertial measurement system were compared with the data of the high-precision
measuring instrument, Leica laser tracker [30,31].

5.2. Measurement comparison experiment with laser tracker

In the measurement comparison experiment, the laser tracker coordinate system and the robot base
coordinate system should be transformed into the global coordinate system. However, the coordinate
system transformation error would be necessarily introduced in the transformation. In this paper, the end
attitude of the robot was measured with a laser tracker and then the attitude measurement accuracy could
be compared without solving the coordinate system transformation matrix. The method is introduced
below.

First, the reflective target ball of the laser tracker was fixed at the center of the flange, and the robot
base coordinate system was selected as the reference for programing. The robot was controlled to move
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Table V. Attitude measurement results of P;.

Number Attitude angle (°) Number Attitude angle (°)

A B C A B C
1 0.152  59.980 0.062 16 0.121  59.991 0.084
2 0.164 59.973 0.078 17 0.118 59.993 0.076
3 0.124 59971 0.093 18 0.161 59.974 0.071
4 0.111  59.979 0.082 19 0.125 59.973 0.068
5 0.147 59.977 0.078 20 0.147 59.984 0.079
6 0.138 59.985 0.087 21 0.152  59.983 0.084
7 0.144 59.991 0.082 22 0.134  59.979 0.092
8 0.123  59.978 0.083 23 0.151 59.989 0.076
9 0.157 59.973 0.078 24 0.112  59.987 0.083
10 0.142  59.984 0.082 25 0.135 59.972 0.092
11 0.141 59.975 0.078 26 0.141  59.991 0.067
12 0.153 59.972 0.071 27 0.116  59.975 0.066
13 0.147 59.981 0.082 28 0.122  59.976 0.075
14 0.126  59.977 0.091 29 0.131 59.983 0.071
15 0.134 59.986 0.088 30 0.124  59.976 0.073

Figure 8. Spatial analyzer software measurement diagram of robot’s two coordinate systems.

50 cm, respectively, along the X-, Y-, and Z- axes of the base coordinate system, and a series of discrete
points along each coordinate axis of the base coordinate system could be obtained by using the laser
traCKeT: Xpui Vixis Zbxis Xbyi> Ybyis Lbyis Xbzis Vozis Tbzie

Then the robot tool coordinate system was selected as the reference for programing. The robot was
controlled to move 50 cm, respectively, along the X-, Y-, and Z-axes of the tool coordinate system, and
a series of discrete points along each coordinate axis of the tool coordinate system could be obtained
with the laser tracker: Xpi, Yiuis Zuis Xiyis Yiyis Ziyis> Xicis Vizis Zuci

The distribution of the data measured by the laser tracker moving along the axes in different
coordinate systems is shown in Fig. 8.

Linear fitting was performed with the six sets of discrete point data, and its space linear equations
were obtained by regression fitting so as to get the unit vectors in the X-, Y-, and Z-axes of the base
coordinate system and the tool coordinate system. The robot tool coordinate system is defined as O,-
X,Y,Z, and the robot base coordinate system is defined as O;-X;Y,Z;. It is assumed that the unit vectors
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Table VI. P,—P; attitude measurement results.

Measuring Theoretical
point value (°) Mean of measurement (°) Difference value (°) Uncertainty (°)
A B C A B C A B C A B C

1 0.000 60.000 0.000 0.136 59.980 0.079 0.136 —0.020 0.079 0.015 0.006 0.008
2 22.000 6.000 6.000 22.073 6.090 5.112 0.073 0.090 0.112 0.017 0.017 0.018
3 12.500 77.000 47.000 12.579 77.062 47.091 0.079 0.062 0.091 0.022 0.019 0.023
4 0.500 90.000 1.500 0.474 89.984 1.640 —0.026 —0.016 0.140 0.018 0.014 0.015
5 30.000 76.000 45.000 30.034 75.985 45.094 0.034 —0.015 0.094 0.013 0.014 0.013
6 45.000 60.000 30.000 45.104 59.978 30.040 0.104 —0.022 0.040 0.026 0.009 0.011
7 60.000 60.000 30.000 59.975 59.980 30.043 —0.025 —0.020 0.043 0.011 0.008 0.012
8 82.000 78.000 48.000 82.133 77.984 48.069 0.133 —0.016 0.069 0.017 0.016 0.019

y26¢
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Table VII. Experimental results comparison.
Measuring Inertial
point measurement system Laser tracker Difference
A B C A B C A B C

P, 0.143° 59.979° 0.075° 0.084° 59.947° 0.047° 0.059° 0.032° 0.028°
P, 21.952° 6.051° 4.983° 22.023° 6.059° 5.032° —0.071° —0.008° —0.049°
P, 12.443° 76.946° 47.144° 12.433° 76.927° 47.123° 0.010° 0.019°  0.021°
P, 0.479° 89.950° 1.237° 0.377° 90.026° 1.318° 0.102° —0.076° —0.081°
Py 82.112° 78.023° 48.103° 82.019° 77.952° 48.142° 0.093° 0.071° —0.039°

of the coordinate axis of the robot base coordinate system measured with the laser tracker are v,, v,, and
v.. The unit vectors of the coordinate axes of the robot tool coordinate system are n, 0, and a.

The projection of n, o0, and a in the robot base coordinate system can form the robot end-effector
attitude matrix measured by the laser tracker. The attitude matrix Ry, obtained from the laser tracker is
expressed as

Toy Yo i
Ro=|ry, 7, T, (23)
Tiay  Fry  Tis
where
rLy, Zu Ty, =n.vy Ty Zu
v, v, | [v.|
0V, 0V, 0-v
Ty = W Fipy = i Py = W (28)
rLzlzm rL32=u ”1433:ﬁ
V.| v, [v.|

According to the coordinate transformation sequence of the robot, the attitude angle of the robot
end-effector can be obtained through formula (27).

Five spatial poses in the robot motion space were selected, and the attitude of the industrial robot
end-effector was measured with the laser tracker. The measured results were compared with those of the
inertial measurement system to verify the precision and accuracy of the inertial measurement method.
The measurement results of the laser tracker and inertial measurement system are shown in Table VII.
Therefore, the measurement results are in good agreement with the results of external high-precision
measuring equipment.

5.3. Comparison of solution results of different algorithms

In order to analyze the accuracy of the fourth-order Runge—Kutta algorithm, fourth-order Runge—Kutta
algorithm, Picard algorithm, and Rotation vector method were, respectively, used to solve the measure-
ment data of point P, in Section 5.1, and these results were compared with the attitude measured by the
laser tracker. The accuracy of different algorithms was analyzed, and the comparison results of point P,
are shown in Table VIIIL.

From Table VIII, it can be seen that for the angle A and angle B, fourth-order Runge—Kautta algo-
rithm has the smallest average error and uncertainty, followed by rotation vector method and the error
of Picard algorithm is the largest. For the angle C, rotation vector method has the smallest average
error and uncertainty, followed by fourth-order Runge—Kutta algorithm, and the Picard algorithm is the
largest. The difference of error between the fourth-order Runge—Kutta and the rotation vector method

https://doi.org/10.1017/50263574721002010 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574721002010

2926 Li Rui et al.

Table VIII. The error comparison of the three algorithms.

Methods Attitude (°) Error (°) Uncertainty (°)
A B C A B C A B C
Laser tracker 0.008 59.999 —0.006
Fourth-order 0.136 59.980 0.079 0.128 —0.019 0.085 0.016 0.009 0.010
Runge—Kutta
algorithm
Picard algorithm 0.860 59.627 0.102 0.852 —0.372 0.108 0.077 0.065 0.012
Rotation vector 0.374 59.805 0.076 0366 —0.194 0.082 0.045 0.029 0.009
algorithm

is 0.003°, and the difference of uncertainty is 0.001°.With comprehensive considering, using the fourth-
order Runge—Kautta algorithm to update and solve the attitude has the advantages of easy calculation and
small calculation error in the inertial measurement of robot, which can meet the accuracy requirements
of robot attitude measurements.

5.4. Measurement experiments of the motion trajectory and attitude of the robot

The inertial measurement system was used to measure the attitude of the industrial robot’s continuous
motion trajectory, and the trajectory attitude measurement experiment was designed. Four spatial points
Py, P,, P;, and P, were selected to form a robot trajectory, and the trajectory is shown in Fig. 9.

1000
800
P, P,
600
400
200 P
E; 3
0
1000
800 1000
600 800
400 dn
200 200

00
Figure 9. Motion trajectory of the robot.

Under the 50% rated load of the robot, the robot was controlled to move along the trajectory at 50%
of the speed without delaying or stopping in the whole motion trajectory. The variations in the angular
velocity in each coordinate axis collected by the inertial measurement system are shown in Fig. 10.

Figure 10 shows the original inertial measurement data collected during the robot movement. When
an industrial robot moves in a straight line, its angular velocities are uniformly distributed, and a sudden
change occurs at the inflection point of the motion trajectory. By analyzing the synchrony of angular
velocity mutation in the direction of each coordinate axis, it can obtain that whether the synchronization
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Table IX. The comparison of results at different frequencies.

Frequency 20 83 100 150 300 500
(Hz)
Error (°) A 0.186 0.122 0.119 0.147 0.173 0.184
B -0288 —-0.113 —-0.108 —-0.116 —0.129 —0.152
C 0.279 0.098 0.095 0.119 0.127 0.151
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Figure 10. Angular velocity curve of the robot moving along the planned trajectory in each axis

direction.

of data acquisition of the measurement system meets the requirements, so to avoid the attitude calculation
error caused by data asynchrony. According to the measurement data, it can be seen that the deviation
of angular velocity change in three axes is less than 12 ms (one period), which meets the requirement
of multisensor data acquisition synchronization.

The above analysis showed that the angular velocity of industrial robot was uniformly distributed
when the robot moved along a straight line. The angular velocity remained unchanged unless it moved
to the inflection point of the trajectory. The angular velocity conformed to the laws of robot kinematics.
Moreover, the angular velocity of each coordinate axis of the measurement system was changed at the
same time, so the synchronization of the measurement system was good. The measured results reflect
the real-time situation of the end angular velocity in the robot’s continuous motion.

Through data processing with the method proposed in this paper, the variation of robot attitude angle
was obtained (Fig 11). It can be seen from Fig. 11 that attitude angle A has a large range of variation,
while the relative variation ranges of other attitude angles B and C are small. The measured results are
consistent with the attitude change of the robot command trajectory.

To verify the real-time trajectory attitude measurement performance of robot motion, the real-time
trajectory attitude data of the robot end-effector were obtained and compared with the laser tracker
results at different sampling frequencies. RSI is the robot communication interface and can realize the
data exchange with the external system, and the sampling period was set to 12 ms.Therefore, the inertial
measurement system set the same sampling frequency for attitude measurement. The sample frequency
of HT-120 gyroscope could up to 500 Hz. In order to verify the real-time performance of inertial mea-
surement under different sampling frequencies, sampling frequencies were selected as 500, 300, 150,
100, 83, and 20 Hz for analysis. The selected motion trajectory is shown in Fig. 9, and the comparison
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Figure 11. Angle curve of each attitude of the robot moving along the planned trajectory.
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Figure 12. Comparison of inertial measurement results and laser tracker measurement results.

results of laser tracker measurement data and inertial measurement results are shown in Figs. 12 and 13.
The comparison of inertial measurement results at different frequencies is shown in Table IX.
According to Table IX, it can be seen that the three attitude angle errors were less than 0.150° when
the sampling frequency is set to 83 and 100 Hz, respectively, the error was less than 0.120° at 100 Hz.
The error will become larger as the sampling frequency increases when sampling frequency is larger
than 100 Hz. The maximum error was 0.173° at 300 Hz, and the error increased to 0.184° at 500 Hz.
However, if the sampling frequency is set too small, the error is also increasing, it is over than 0.250°
at 20Hz.The reason is that when the sampling frequency sets low, occurs the aliasing phenomenon,
then causing partial signal missing. Increasing the sampling frequency appropriately can improve the
measurement accuracy. The selection of sampling frequency needs to consider the robot motion speed,
communication period, and other factors in the experiment, setting the sampling frequency too high also
results in the low synchronization and accuracy of real-time measurement. In this study, by comparing
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Figure 13. Measurement error of each axis.

the difference between the results of 83 and 100 Hz, it is less than 0.040°, and considering with the
communication period of the robot (12 ms), we selected the sampling frequency as 83 Hz.

The average errors between the attitude measurement results on the three axes and the real-time trajec-
tory attitude of the robot end-effector were, respectively (0.122°, —0.113°, 0.098°) and corresponding
uncertainties were, respectively o, = 0.015, o3 =0.013, and o, =0.009. The angle data of the laser
tracker measurement results were consistent with the inertial measurement calculation results (Fig. 12),
and the error was less than 0.150° (Fig. 13). The method presented in this paper can be used to measure
the change of the end attitude of industrial robots in real time, with fast measurement speed and good
real-time performance, and can accurately reflect the real-time measurement results of attitude angle
and angular velocity.

6. Conclusion

In order to improve the on-line attitude measurement accuracy of industrial robots in real time, based
on the principle of inertial measurement, an attitude updating method for industrial robots was pro-
posed in this paper. Then an attitude inertial measurement scheme of industrial robot was explored
and designed and an attitude measurement system for industrial robots was developed. In addition, the
errors of accelerometer and fiber-optic gyroscope inertial devices were calibrated and corrected and a
compensation method of the installation error of the inertial measurement system was proposed.

The influence of the data processing algorithm and sampling frequency on the attitude accuracy
was analyzed, and the real-time attitude measurements of single-point and continuous motion trajectory
were experimentally explored in this study. The experimental results were compared with the real-time
measurement results of the laser tracker, and the absolute error is within +0.15°, which verified the
correctness of the inertial measurement method. It is shown that the method in this paper could meet
the accuracy requirements for real-time measurements of robot attitude in the manufacturing field.
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