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Abstract: This article proposes an innovative joint vibration suppression method for six-
axis collaborative robots. A permanent magnet synchronous motor (PMSM) and harmonic
reducer are considered as a whole system in the design. A novel active disturbance rejection
control (ADRC) scheme has been implemented by applying vibration suppression measures
to the low-speed end of joint reducers. The mechanism of vibration generated by robot
joints was analyzed. A vibration model for harmonic reducers was built. A new extended
state observer model was designed to analyze the position disturbance data of two encoders
in robot joints. Vibration signals were extracted and input into the ADRC algorithm to
suppress joint vibration. A six-axis robot experimental platform was built and used to
explore the changes in robot vibration trajectories under different speed conditions by
applying the ADRC algorithm. The experimental results clearly show that the fluctuation
amplitude of the trajectory of the robot has been reduced. The experimental results clearly
show that by applying the new vibration suppression algorithm, the amplitude, vibration
velocity, and acceleration of the robot at low speed have decreased 0.533 mm, 10.12 mm/s,
and 0.49 mm/s?, respectively, and at the same time, the velocity stability of the PMSM has
been improved. This article accurately evaluates the vibration suppression performance of
the ADRC algorithm at different speeds of robots, effectively suppressing the vibration of
robot joints.

Keywords: vibration suppression; robot joints; extended state observer; ADRC

1. Introduction

Robots are widely used in various industries, freeing people from heavy, dangerous,
and harsh working environments. In industry 4.0, robots are dedicated to performing
complex and dangerous tasks, such as automated, high-temperature, full-time, and long-
duration assembly line work [1]. With the further development of computer technology,
artificial intelligence technology, sensing technology, and control technology, the robotics
industry has entered the fast lane of development. Reference [2] proposed a robot system
based on a serial manipulator for picking up and placing, classification, and other object
operation tasks. Due to mechanical mechanisms and control strategies, vibration problems
are inevitable in robot systems during actual operation. Robot vibration not only affects
the performance and stability of robots, but also has significant impacts on production
efficiency, product quality, working environment, and personnel safety. Robot vibration
can cause the following problems: (1) Affect the positioning accuracy and control stability
of the robot [3]. (2) Increase the torque ripple of robot joints [4]. (3) Reduce production
efficiency. (4) Cause fatigue and damage to the components and structures of robot systems,
and shorten the lifespan of robots.
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In order to improve the control performance of robots, researchers have conducted
lots of research on robot vibration suppression technology. Gong established residual
vibration dynamic equations for four types of mobile robots considering the concentrated
mass based on the finite element method (FEM) and Timoshenko’s spatial beam element
(SBE) model, which are used to suppress the residual vibration of robots [5]. Sancak et al.
proposed a new method that can suppress the out-of-plane vibration of planar CDPRs
without affecting their in-plane positioning control, using a switching stiffness control
algorithm to suppress robot vibration [6]. Maki et al. studied the elastic vibration model
of torsional motion of chain-like structure linkages based on multi-rigid body dynamics
and established a control method based on optimized control gain design to suppress robot
elastic vibration by controlling input redundancy [7]. Yang proposed a dynamic flexible
force control strategy to address the vibration and over-grinding phenomena in robotic belt
grinding systems. The vibration was suppressed by controlling the dynamic flexible contact
force with the robot [8]. Sun proposed a position control scheme for flexible joint robots
based on online gravity compensation, designed a nonlinear state feedback controller,
and analyzed the overshoot on the motor side and residual vibration on the link side [9].
Park et al. studied the method of applying iterative learning to the first axis to suppress
time-varying nonlinear residual vibrations [10]. Sancak et al. proposed a switching stiffness
vibration control method by decoupling robot dynamics [6]. Zhang et al. found that the
resonant/antiresonant phenomenon is effectively reduced by increasing the viscosity of
the ER damper [11].

At present, the methods for suppressing robot vibration mainly focus on improving
the mechanical structure of robots, optimizing the trajectory of robot bodies, and optimizing
the motion control algorithms of robots. However, these methods still have shortcomings
as follows:

(1) The parameters of dampers or structural optimization are fixed, making it difficult
to cope with dynamic load variations or complex environments (such as changes in
temperature and humidity).

(2) Although mechanical vibration absorbers can achieve broadband vibration suppres-
sion, their adjustment range is limited by the physical properties of the materials and
cannot adapt to high-frequency abrupt vibrations.

(3) Model-based active control, such as input shaping algorithms, requires an accurate
robot dynamics model. However, the nonlinear and time-varying characteristics of
robot systems can easily lead to changes in the model.

(4) There is a discrepancy between laboratory environments and real-world scenarios.
Most studies validate their methods in ideal conditions, such as constant-temperature
and electromagnetic interference-free environments, without considering the multi-
variable and multi-disturbance characteristics of industrial sites.

The core component of a robot is the robot joint module, as shown in Figure 1, which

mainly includes a permanent magnet synchronous motor (PMSM) and harmonic reducer.
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Figure 1. Robot joint structure.
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As shown in Figure 1, a high-speed encoder is installed on the motor side of the joint
module, and the measured motor angle is 6y. A low-speed encoder is installed on the side
of the harmonic reducer, and the angle of the harmonic reducer is measured as 6,. The
reduction ratio of the harmonic reducer is N. In an ideal state, the output angle of the motor
shaft and the output angle of the harmonic reducer can be described as

0o = N %6, (1)

Equation (1) shows that by controlling the motion angle 6y of the PMSM, the motion
angle 6, of the harmonic reducer can be controlled, thereby controlling the motion trajectory
of the robot.

The power of robot joints comes from the PMSM. In the control process, the traditional
control strategy is to control the motion accuracy of the PMSM, thereby controlling the
trajectory of the robot. Due to the fact that the operating angle of the motor is only a
360-degree data loop, the robot needs to read the R values of its joints when powered on
to obtain its static posture and prevent collisions after operation. The main contribution
of this article is to study the laws of 6, and 6y, extract the vibration disturbance signals of
robots, and implement a new method for vibration suppression in the robotics industry.
In cases where the resonant frequency of the control system is unknown, the ADRC can
provide an effective and practical motion control solution [12].

From the perspective of control algorithms, there still exist underexplored gaps in robot
vibration suppression research, which involve profound challenges in control strategies,
algorithm design, and system modeling. Robot systems involve multiple nonlinear factors,
such as variations in joint damping and the aging of harmonic drives. The interaction of
these factors complicates the model. Traditional modeling methods, which are usually
based on linear assumptions, fail to accurately capture these nonlinear characteristics. The
parameters of nonlinear systems may vary with time or operating conditions and are
difficult to measure accurately. To address this issue, an ADRC controller is designed in
this article for the vibration suppression of robot joints. The core idea is to estimate and
compensate for both internal and external disturbances of the system through the ESO,
thereby reducing the dependence on an accurate model. Compared with traditional meth-
ods, the ADRC has the advantage of robustness, which does not require precise modeling
and is very useful for dealing with the nonlinear parameter variations in robot vibrations.

The ADRC is an advanced control method that does not rely on an accurate system
model and can actively estimate and compensate for disturbances, thus demonstrating
unique advantages in robot vibration suppression. Robot systems involve multiple non-
linear factors that are difficult to model precisely. Therefore, the ADRC theory regards all
nonlinear factors and disturbances within and outside the system as “total disturbance”
(such as the disturbance variations in friction force and other forces you mentioned) and es-
timates and compensates for them in real time to reduce the dependence on model accuracy.
The core is the design of the ESO: the parts that are not modeled, the nonlinear friction,
external disturbances, etc., are all regarded as total disturbance, and the total disturbance
value is estimated in real time through the state observer.

This article is a further extension and implementation of the theory of ADRC, with
the core being the implementation of a new ADRC control strategy through the feedback
signals from the two encoders of the robot joints, combined with the control theory of
PMSMs and the harmonic reducer model. This article is not aimed at the ADRC of the
PMSM, but regards the PMSM and harmonic reducer as a whole research object to achieve
the vibration suppression of robot joints.



Appl. Sci. 2025, 15, 5476

40f21

2. Mathematical Model of Robot Joint Module
2.1. Structure of Harmonic Reducer

As shown in Figure 2, the harmonic reducer is mainly composed of three components:
wave generator, flexible gear, and rigid gear [13].

P

Flexible gear o

Figure 2. Harmonic reducer structure.

According to the working principle of harmonic reducers, the meshing effect be-
tween the flexible gear and the wave generator can be represented by Fourier series as
follows [14,15]:

[ee)
kfc(t) = kfc + Zkl COS(27'(l'fcf+1,L7i) 2)
i=1
where f. is the characteristic frequency of the meshing stiffness of the harmonic reducer, i
is the order of the Fourier series, k; is the amplitude corresponding to each Fourier series,
y; is the phase corresponding to each Fourier series, and k. is the meshing stiffness of the
harmonic reducer under constant load. In the robot joint module, the wave generator is the
input part of the harmonic reducer, driven by a PMSM, with an elliptical shape and a center
offset. Therefore, the wave generator generates a periodic fluctuation during rotation. In
the OXY coordinate system with the harmonic reducer as the origin, the meshing function
between the flexible gear and the wave generator can be expressed as follows:

kwfx<t) = kxO + . 224:6 kxi COS(ZTEif” + lpxi)
i=24,6...

kupy (1) = kyo + i:2246 kyi cos(27tifu + i) 3)

kwft(t) = ki + ' Y. kycos(2mify, + )
i=246...
where ky £y (t), ko fy(t), kusi(t) are the coupling effect of the x direction, y direction, and
rotation direction, f; is the rotational frequency of the PMSM, #,;, Pyi, Py are the phases
corresponding to Fourier series, kyo, kyo, ki are the direct components, and ky;, ky;, ki
are the amplitudes, respectively. The equation is a periodic function with the rotational
frequency of the double-wave generator as the fundamental frequency. The dynamic
equation of the wave generator can be described as

MypXe + CoxXew + KpxXyw = _kwfx(t) (xw - xf) - wa(jcw - xf)
MYy, + CoyYy + KwyYw = —kwfy(t)(yw - yf) — Cay (Ve — yf)
B + Cotb + keotboo = Tmotor (£) — koo (1) (B0 — 05) —

cat (0 — 05)

where 1y, is the quality of the wave generator, cyy, cuy, Cwt are the damping of the wave
generator in the x direction, y direction, and rotation direction, respectively, kux, kwy, kuwt
are the stiffness of the wave generator in the x direction, y direction, and rotation direction,
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respectively, xy, xy are the vibration displacement of the wave generator in the x and
y directions, y» and y are the vibration displacements of the flexible gear in the x and
y directions, 6, and 6y are the vibration displacements of the rigid gear in the x and y
directions, and Tyt (t) is the output torque of the PMSM of the joint module. The dynamic
equation of the flexible gear can be described as

m]rXf + Ckaf +kfoCf = kwfx(t)(xw - Xf> + Cfx(xw — Xf>
+kfc(t) (dfcl - dch) cos(wnt - afc) + Cfc(dfcl - dfc2) cos(wnt - D‘fc)
mgy s+ ey +kpyyr = Kapy (1) (Yo — Yr) + cpy (Yo — ¥y)
+kfc<t) (dfcl - df_cZ) sin(wnt — “fc) + Cfc(dfcl - dch)'Sin«‘{nt - “fc)
mef + cfth + kfth = kwﬂ(t)(ew - Gf) +_Cft(6w — Gf)
_kfc(t)(dfcl + dch) - Cfc(dfcl + dfc2)

)

where i is the mass of the flexible gear, cfy, cf, and cy; are the damping of the flexible
gear in the x, y, and rotation directions, k Fxr k Fyr and k £t are the stiffness of the flexible gear
in the x, y, and rotation directions, ay, is the relative displacement angle of the gear mesh,
wy is the rotational speed of the PMSM, dy and dy, are the displacement values on the
equivalent action of the gear, and the expressions are

dfel = —(xf — x¢) cos(wpt — ocfc) — (yf — Y sin(wpt — tXfc)
+(6, — GC)Cft + efel(t)

ez = (x5 — x0) cos(awnt — age) + (v — o) sin(wnt — az)
+(6, — QC)Cft + Efez(t)

(6)

where ef,1(t) and ef () are the displacement error forces of gear meshing.
The dynamic equation of a rigid gear can be described as

MeXe + CexXe +kexXe = —Kye(t) Cos_(w"t - ape)(dper — dgea)
—Cfc Cos(wnt - ‘Xfc)(dfcl - dfcl)
mcyc + Ccyyc + knyC = _kfc(t> Sin'<wnt - “fc)(dfcl - dch) )
—Cfc Sin(wﬂt - “fc)(dfcl - dfcl)
mcéc + Cctéc + ketbe = Tour(t) + (dfcl + dch)kfc + (dfcl + dfc2)cfc

where m, is the mass of the rigid gear, ccx, ccy, and c.; are the damping of the rigid gear in
the x, y, and rotation directions, respectively, and kcy, k¢, and k. are the stiffness of the
rigid gear in the x, y, and rotation directions, respectively.

2.2. Dynamic Response Analysis of Robot Joint Module

In the structure of the robot joint module, vibration mainly comes from the unstable
contact between the flexible gear and the wave generator, the periodic variation in the tooth
contact force between the flexible gear and the rigid gear, and the elastic deformation of
the flexible gear [5]. As described in (4), the vibration of the flexible gear is mainly in the x
direction, y direction, and rotational direction. This is mainly caused by factors such as the
fluctuation of the tooth contact force between the flexible gear and the rigid gear, and the
fluctuation of the driving torque.

The vibrations in these three directions may interact with each other, forming complex
vibration patterns. In the study of robot vibration, y direction vibration is easy to measure,
so further analysis is needed for the y direction vibration in (4).
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According to (4), the dynamic equation of the flexible gear in the y direction is

mey g+ cpyls + kY g = Koy (8) (o —y) + ey (9 = ¥y)

. ~ ~ . (8)
+kfc(t><dfc1 - dfcz) sin(cwpt — D‘fc) + Cfc(dfcl - dch) sin(wpt — D‘fc)

Substituting (6) into (7) and classifying the nonlinear damping change as an unknown
perturbation quantity for processing, one can have

meye+cryy s+ ks = (eper () — epea(t)ege(t) sin(wnt — age) 9)
mey e+ ey +kpyr = (Yr — ye)kpe(t)[cos 2(wnt — ay) — 1] (10)
meye+cpyYs+kpys = o = Yp)kosy(t) (11)

The right-hand term (yu — y¢)ky gy (t) in (10) reflects the magnitude of the excitation
force on the flexible gear and is a nonlinear equation. As described in (3) and (4), variables
Yw and y¢ describe the vibration displacement of the flexible gear in different directions,
and kyf, (t) is the meshing function of the flexible gear in the y direction. In fact, it is
impossible to accurately obtain the actual data of y,, and y¢ in (11), nor can it obtain the
accurate data of the nonlinear equation k(). From the analysis of the force on the
flexible gear, the force (yw — ¥ f)kwfy (t) includes the synthesis of the load disturbance force
on the flexible gear and various vibration disturbance forces.

Let fi(t) + T(t) = (yw — Y )kwry(t), where fi(t) is the vibration impact force of the
flexible gear itself, and T(t) is the load disturbance force acting on the flexible gear. It is
approximately equivalent to the combined force of the load disturbance force and various
vibrations. The reason that this combined force is used will be further explained in the
6.1 (t) experimental waveform in Section 3. Therefore, one can have

meys+cpyyy+kpyr = fi(t) + T() (12)

where f;(t) + T(t) is the total excitation force of the flexible gear, which is related to the load,
mass, damping, stiffness, vibration displacement of the flexible gear, including the load
disturbance force and vibration impact force of the flexible gear, and is a nonlinear function.

In vibration analysis, the robot joint module can be considered as a whole. By extend-
ing (11), the general form of the vibration equation can be written as

my(t) +cy(t) + ky(t) = f(t) + Tioaa(t) (13)

where m is the mass of the joint module, c is the damping of the joint module, k is the
stiffness of the joint module, and y(t) is the displacement. y(t) is the vibration velocity.
Ti0aq(t) is the vibration acceleration. Tj,,;(t) is the load disturbance force of the joint
module, and f(t) represents the vibration impact force of the joint module, which can be
measured by installing vibration sensors on the robot joint module. However, this method
has some inconveniences [10].

3. ADRC Control of Robot Joint Module

In order to reduce the vibration of robot joint modules, the following methods can
be considered [16]: (1) adjust the frequency of the external force, (2) increase the damping
of the robot system, (3) adjust the stiffness of the system, and (4) optimize the control
algorithm, such as the adaptive control, fuzzy control, or predictive control, to reduce
vibration. This article uses the ADRC algorithm for vibration suppression, and the control
structure is shown in Figure 3 [17], including the tracking differentiator (TD), linear state
error feedback (LSEF), and extended state observer (ESO).
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Figure 3. Disturbance rejection control model.

3.1. Vibration Disturbance Model of Joint Module
3.1.1. Extraction of Vibration Signals

As shown in Figure 1, two encoders are installed on the robot joint module. The
reduction ratio is N.

For the convenience of vibration analysis, a simplified model is adopted for the
mechanical part of the joint module, as shown in Figure 4, whose forces are manifested as
the meshing vibration and elastic deformation between gears. Then, the following equation
is introduced.

Be1(t) = 6p(t) — NO,(t)
we1 (1) = wo(t) — Nwy(t) (14)
a,1(t) = ag(t) — Na,(t)

where 6 (t) is the motor angle, wy(t) is the motor speed, ag(t) is the motor angular acceler-
ation, 6,(t) is the harmonic reducer angle, w,(t) is the harmonic reducer speed, a,(t) is the
harmonic reducer angular acceleration, and 6,1 (¢) is the difference between the theoretical
and actual positions of the robot joint module.

Figure 4. Simplified model.

Then, one can have
ao(t) = 0o(t)

a,(t) = 6,(t)

From (14)—(16), it can be concluded that

{ we1(t) :Héel(t) (17)
ap1 (t) = 0,1(t)

When the rigidity of the robot joint module is sufficiently high and there is no vibration
disturbance, 6y(t) — N6, (t) = 0, 6,1 (t) = 0. The angle output of the PMSM is completely
synchronized with the angle output of the harmonic reducer. When considering the
existence of gear deformation and load vibration, the joint module exhibits a nonlinear
output of 6,1 (t) during rotation. A sampling interval of 1 millisecond and collected data
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from the two encoders of the joint module are selected to generate 6,1 (f) data, as shown in
Figure 5. The horizontal axis represents time, and the vertical axis represents 6, (), which
is the angle error value, in arcseconds.

250
200

150
100 Normal waveform

v

Vibration waveform

Static waveform

v

50
.0
-50
-100
-150
-200

Angle error(arc-seconds)

Time(s)

Figure 5. Intense vibration waveform.

Figure 5 shows the waveforms of the joint module during the normal operation, vibra-
tion, and static state, which approximate the synthesis of the load deformation displacement
data and vibration displacement data. By combining (13), (14) and (17), one can have

m“éel(t) + C“éel (t) + k“Gel(t) = f(t) + Troaa(t) (18)

where Tj,,4(t) represents the load disturbance force of the joint module, f(t) represents the
vibration impact force of the joint module, and « is an undetermined coefficient that needs
to be adjusted through an ADRC controller.
The latter half of Figure 5 shows that in a static and vibration-free state, 01 (t) =0and
981 (t) = 0in (18) describe the vibration acceleration and velocity. Therefore, (18) is further
decomposed into
{ Tioaa(t) = .I.axeel(t) ) (19)
f(t) = mabe (t) + cabe (t)

It should be noted that (19) simplifies the force situation of the joint module, such as
linear and time invariance, and ignores some possible nonlinear and time-varying effects,
such as the nonlinearity of tooth contact and the time variation in the stiffness and damping.

3.1.2. Vibration Model Analysis of Robot Joint Module

In (19), it is necessary to determine the parameters of the damping ratio and stiff-
ness. The derivation of these two parameters is based on second-order linear differential
equations and used to describe the dynamic response of joint module vibration [18].

According to (13), the robot joint module model can be described using a simplified
second-order differential equation

my () +cy(t) + ky(t) = u(t) (20)

where m is the mass, ¢ is the damping coefficient, k is the stiffness coefficient, and y(f) is
the displacement response of the system. By conducting static loading experiments and
dynamic response experiments on harmonic reducers, data for k and ¢ can be obtained
separately [19,20].

The above differential equation can be converted into a standard second-order differ-
ential equation form

§0+ i)+ Sy = Lue) @
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3.2. ESO Design

The ESO is a key component of the ADRC algorithm. The main function of the ESO is
to estimate the internal state and total disturbances of the system in real time, including
model uncertainty and external disturbances.

3.2.1. Mathematical Model of PMSM

When factors such as magnetic saturation, hysteresis damage, and eddy current losses
are ignored, the stator voltage equation of the PMSM in a dq coordinate system can be

described as [21] ‘
Ug = Reig — weLgig + Lg%t )

. . di

ug = Rsig + welygig + wer + ng

The electromagnetic torque equation is

3 .
o = Snp¥rig (23)
The equation of motion is
dw
5 =T = Tiowd (24)

where 1, and u, are the d axis and g axis components of the stator voltage, iy and iq are the
d axis and g axis components of the stator current, 1, is the number of pole pairs, ¢ is the
rotor magnetic flux, w, is the rotor electrical angular velocity, and w, = npwy. wp are the
motor angular velocity, ] is the moment of inertia, T, is the electromagnetic torque, and
Tjoaq is the load torque [22,23].

When considering the disturbance term and damping term, (24) can be rewritten as

dw N -~
o =T~ Tioas — d (1) (25)

where d (t) is the estimated disturbances that include the damping disturbances, vibrational
impact disturbances, and sudden load variations, among others.

These disturbances encompass nonlinear factors and exhibit time-varying character-
istics, making precise modeling challenging. Consequently, the ADRC theory treats both
internal and external nonlinearities and all kinds of disturbances including the frictional
forces and other force disturbances you mentioned as a unified “total disturbance,” which
is estimated and compensated in real time, thereby reducing reliance on model accuracy.

The core procedure primarily involves the design of an ESO: it treats unmodeled
dynamics, nonlinear friction, external disturbances, etc., as total disturbance and provides
real-time estimation of the total disturbance through the state observer.

3.2.2. Speed Loop ESO Design

According to the motor motion equation, with wy, 6y, and 6,; as state variables, the
state equation of the robot integrated joint module is written as

6o = wo

wo = f(t) + fu(t) + boT¢

F(t) = mabey (1) + caby (t)

fu(t) = =boTieaa(t) — boB(wo — o) + nn(t)

(26)

where 6 is the motor angle, wy is the motor speed, B is the motor damping, « and by are
the ESO parameters, 6,1 (t) is the difference between the theoretical and actual positions
of the robot joint module, m is the mass of the joint module, c is the damping of the joint
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module, @y is the estimated speed, n,(f) is other unmodeled dynamic terms, f(t) is the
vibration disturbance, and f; (t) represents other unknown disturbances [24].

The unknown disturbance f, (t) includes the torque disturbance term of the load, other
unmodeled dynamic terms 7, (t), and the mismatch between the estimated speed value @y
and the actual motor speed value. This mismatch is related to the assembly accuracy of
the encoder and the delay in data communication transmission. This article used a Nikon
photoelectric encoder, which uses the 485 communication protocol and a communication
transmission delay time of 40 ps. The higher the motor speed, the greater the disturbance
of the communication transmission delay on speed calculation.

The ESO is used to observe the velocity signal in (26), the unknown disturbance term
fn(t) of the robot joint module is expanded to a new state variable as follows.

6o = wo

wo = f() + fult) + boT¢
f(t) = mabe (1) + cab,q1(t)
fn(t) = hn(t)

(27)

where h,(t) is the derivative of an unknown perturbation term.
The standard form of the third-order ESO based on (26) and (27) is written as

e1n = z1n — 0o

Zin = Zon — P1nllin

Zon = Zan + fu + bo Ty — Bane1n
2'371 - _ﬁ?meln

(28)

where ey, is the angle error value, z1,, is the estimated value of 6y, zp,, is the estimated value
of wy, z3,, is the estimated value of the unknown disturbance term f,,, and by, B1,,, B2, and
B3y are the parameters of the ESO [25].

3.2.3. Mathematical Stability Analysis of ADRC

The theoretical basis of ADRC mainly comes from the work of Professor Han, who
first proposed the core concept of an ESO but did not provide strict mathematical proof. In
the subsequent studies of scholars, the convergence of an ESO has been further proved. For
instance, Zhao et al. studied the relationship between the stability of the ESO bandwidth
and the system cut-off frequency, and for the first time established the convergence theory
of an ESO based on frequency-domain analysis and the Lyapunov method [26,27].

The design of an ESO can usually be expressed as

€1 =21 —X1

z1 =22 — P1e

Zy = 23 — ﬁzeln + bou
z3n = —PBanin

(29)

When the bandwidths of an ESO satisfy wy > 3w,, w, is the cut-off frequency, the
estimation error satisfies

. 1
Lim |z;(#) —x;(8)| <= O(;é

) (30)

where z; is the estimation of the system state and disturbance, x; is the input signal, e; is the
estimation error, and O(x) is the upper bound of the estimation error proportional to the
negative power of wy. The disturbance suppression conditions in the stability analysis are

(1) = |z — d(t)] <=¢ (31)
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where d(t) is the total perturbation estimation residual, d(t) is the perturbation value, € is
the perturbation suppression accuracy threshold, and wy is positively correlated with the
ESO bandwidth.

3.2.4. LSEF Design

The design requirement of LSEF is that the expected e;,, should be as close to zero as
possible in both steady-state and dynamic processes. The forward channel error of LSEF
is defined as e; sgr, which is the error between the given speed value and the estimated
speed value

eLSEF = W — Zon (32)

where wj is the given command value for the rotational speed.
The equation of state is

CLSEF = Wy — Zon = Wo — (zan + fu + bo TS — Banein) (33)

where 4; is defined as the command value for the given angular acceleration of the motor,
which is obtained through TD based on the given speed command wj. The difference
between the speed acceleration command and the disturbance command is used for feed-
forward control, to suppress vibration disturbances during the dynamic process of the
speed loop, thereby improving system performance.
That is
ag = @y (34)

Combining (35) and (36), LSEF is designed as

TF = kPS(wg - Z2n) +kis f(wé - Z2n)dt - (‘18 - (fn +f))
e bO

(35)

where kps and k;s are the proportion and integration coefficient of the LSEF controller,
respectively [28,29].

3.3. ADRC Control Strategy

According to (27), (29) and (31), the ADRC block diagram is designed as shown
in Figure 6.

Figure 6. ADRC block diagram.

Figures 7-9 show the simulation experiments, where the red and blue lines represent
the joint speed fluctuation and current fluctuation values of the FOC algorithm and ADRC
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algorithm, respectively. The simulation results show that after adding the ADRC algorithm,
the speed fluctuation at 100 rpm of the joint is reduced by 60%, the speed fluctuation at
1000 rpm is reduced by 40%, and the torque current fluctuation is reduced by 50%.

10 —— FOC
—— ADRC

- WW W ) "W | ]' / l" iy n» ‘“m

Angle error (arc-seconds)

1.9 2.0 2.1 2.2 2.3 2.4 2.5
Time (s)

Figure 7. Torque ripple comparison of 6,1 (t) at the speed of 100 rpm.

A w N Z‘Sic
vk

Time (s)

Figure 8. Torque ripple comparison of 6,1 (t) at the speed of 1000 rpm.

— FOC
—— ADRC

N &

Current fluctuation (A)

o

6 7 8 9 10 11 12
Time (s)

Figure 9. Comparison of torque current fluctuations.

4. Comparison and Analysis of Experimental Results

4.1. Experimental Setup and Methods
4.1.1. Robot Integrated Joint Module and Collaborative Robot

In order to verify the correctness of the proposed algorithm, a platform was built as
follows. Figure 10 shows the collaborative robot used in the experiment. The electrical
parameters are listed in Table 1.

Figure 11 shows the installation of a laser target ball on the end of the machine, and
the use of a laser tracker to collect trajectory velocity fluctuations. At the same time, a
vibrometer was installed at the end of the robot to record vibration data.
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Figure 10. Collaborative robot for testing.

Table 1. Joint parameter.

Item Parameters Unit
Rated speed 1500 rpm
Rated current 19.4 A
Rated torque 3.32 N-m
Phase resistance 0.25 ohms
Phase inductance 49 mH
Back electromotive force 13.6 Vrms/krpm
Encoder resolution 20 bit
Harmonic reducer transmission ratio 1:81
Rated torque of harmonic reducer 107 N-m
Peak torque of harmonic reducer 169 N-m
Positioning accuracy 25 arcseconds

Figure 11. Laser tracker and vibrometer.

4.1.2. Experimental Results and Analysis

The vibration of robot motion trajectory is usually caused by the velocity fluctuation of
one of the joints. During the experiment, six joints of the robot were made to work together
to move along a straight path, and the following data were recorded for comparison
and reference:

(1) Robot trajectory jitter waveform.

(2)  Velocity waveform of robot joint module PMSM.
(3) B () data waveform.

(4) The vibration peak data read by the vibrometer.
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The rationality of vibration suppression is verified by controlling the fluctuation value
of 6,1 (t) through these four related data. It was found that the velocity fluctuation of
the second joint was significantly higher than that of the other five joints. Therefore, this
experiment will focus on comparing and analyzing the vibration data of the second joint.

In order to investigate the influence of different trajectory velocities on vibration, two
trajectory velocities were selected to compare the effects of adding the ADRC algorithm,
namely 50 mm/s and 300 mm/s.

A. Experimental results of 50 mm/s

Figure 12 shows the speed fluctuation of the robot trajectory running at a speed of
50 mm/s. The horizontal axis in the figure represents the time coordinate in seconds, and
the vertical axis represents the velocity value of the trajectory captured by the laser tracker
in millimeters per second.
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Figure 12. Velocity waveform of 50 mm /s trajectory. (a) Trajectory waveform using vector control

algorithm. (b) Local waveform diagram of trajectory using vector control algorithm. (c) Robot
trajectory waveform using ADRC algorithm. (d) Local waveform of trajectory using ADRC algorithm.

As shown in Figure 12a,b, when using the vector control algorithm, the maximum
trajectory velocity fluctuation occurs during the transition of the robot from uniform speed
to deceleration, with a trajectory fluctuation value of plus or minus 20 mm/s. Figure 12¢,d
show the significant improvement in trajectory fluctuations of the robot joint module after
applying the ADRC algorithm, with the fluctuation amplitude successfully reduced to plus
or minus 5 mm/s. These data clearly reflect the effectiveness of the ADRC algorithm in
improving robot motion stability.

Figure 13 shows the PMSM velocity waveform of the second joint when the robot
trajectory speed is set to 50 mm/s. The red line in the waveform corresponds to the
speed setting value of the PMSM, while the green line reflects the actual speed value of
the PMSM. When the robot performs linear motion at a speed of 50 mm/s, if the vector
control algorithm is used, the speed fluctuation range of the PMSM is plus or minus
11 revolutions per minute, as shown in Figure 13a. After applying the ADRC algorithm,
the speed fluctuation significantly decreased to plus or minus 5 revolutions per minute, as
shown in Figure 13b.
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Figure 13. PMSM velocity waveform of robot moving at a speed of 50 mm/s. (a) PMSM speed
waveform using vector control algorithm. (b) PMSM speed waveform using ADRC algorithm.
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Figure 14 shows the angle error 6,1(t) waveform exhibited by the second joint of
the robot under the condition that the robot trajectory running speed is set to 50 mm/s.
Specifically, when using the vector control algorithm, the fluctuation range of 6,1 () is plus
or minus 25 arcseconds, as shown in Figure 14a. After applying the ADRC algorithm,
the fluctuation range of 6, (t) was significantly reduced to plus or minus 9 arcseconds, as
shown in Figure 14b. This comparison result demonstrates the superiority of the ADRC
algorithm in reducing angle error fluctuations.
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Figure 14. Waveform of robot moving at a speed of 50 mm/s. (a) Angle error value using vector
control algorithm. (b) Angle error value using ADRC algorithm.

The vibration data are listed in Table 2 for further analysis and research.

Table 2. Comparison of control results for robots running at 50 mm/s speed.

Algorithm Vector Control ADRC
Robot trajectory speed 50 mm/s 50 mm/s
Trajectory speed fluctuation +20 mm/s +5mm/s
Joint PMSM speed fluctuation +11 rpm +5 rpm
Joint angle error 6,1 () 425 arcseconds 49 arcseconds
Amplitude 0.599 mm 0.231 mm
Vibration velocity 9.65 mm/s 4.77 mm/s
Vibration acceleration 0.47 m/s? 0.33 m/s?

B.  Experimental results of 300 mm/s

Figure 15 shows the trajectory fluctuation of the robot when running at a speed of
300 mm/s. Figure 16 shows the speed fluctuation of the PMSM when the robot trajectory
begins to decelerate at a speed of 300 mm/s.
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Figure 15. Velocity waveform of 300 mm/s trajectory. (a) Robot trajectory waveform using vector
control algorithm. (b) Local diagram of trajectory waveform using vector control algorithm. (c) Robot
trajectory waveform using ADRC algorithm. (d) Local waveform of trajectory using ADRC algorithm.

Figure 17 shows the angle error 6,1 (t) waveform exhibited by the robot joints under
the condition that the robot trajectory running speed is set to 300 mm/s. The data are
summarized in Table 3.
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waveform using vector control algorithm. (b) PMSM speed waveform using ADRC algorithm. The
red line is the reference speed and the black line is the actual speed.
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Figure 17. Waveform of robot moving at a speed of 300 mm/s. (a) Angle error value using vector
control algorithm. (b) Angle error value using ADRC algorithm.
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Table 3. Comparison of control results for robots running at 300 mm/s speed.

Algorithm Vector Control ADRC
Robot trajectory speed 300 mm/s 400 mm/s
Fluctuations during trajectory deceleration +11 mm/s +4 mm/s
Joint PMSM speed fluctuation +12 rpm +5 rpm
Joint angle error 6,1 (t) +28 arcseconds +13 arcseconds
Amplitude 0.322 mm 0.311 mm
Vibration velocity 8.32 mm/s 6.86 mm/s
Vibration acceleration 1.19 m/s? 0.52 m/s?

Through the optimization of the ADRC algorithm and the summarization of the
experimental data, the following results can be obtained: The fluctuation values of the
robot trajectory speed, joint speed, and joint angle error can be reduced to a maximum of
20.0%, 53.3%, and 35.3% of their original values, respectively. The vibration indicators of
robot joints, such as the amplitude, vibration velocity, and vibration acceleration, can be
reduced to a maximum of 30.9%, 23.4%, and 24.6% of their original values, respectively.
Compared with the traditional FOC algorithm, ADRC exhibits significant advantages.

In the field of robot vibration suppression, traditional control methods and emerging
algorithms each have their own characteristics. Theories such as input shaping algorithms,
model predictive control, modeling based on the finite element method, and online gravity
compensation all require the establishment of precise mathematical models. However, in
robot control, the presence of nonlinear factors and time-varying disturbances within the
system suppresses the effectiveness of precise model-based control. The ADRC vibration
suppression method, by employing the ESO to regard internal nonlinear variations and
external disturbances as a “total disturbance” and compensate for it in real time, does
not rely on high-precision models. Nevertheless, adjusting the parameters of ADRC is
relatively challenging and depends on experience or trial-and-error methods. When the
application scenarios of robots vary, parameters need to be adjusted online, and currently,
there is a lack of a systematic adaptive mechanism. This is also a difficulty in promoting
ADRC theory. The next step of this research will be dedicated to the integration of artificial
intelligence with ADRC, adopting machine learning algorithms to enable robot joints to
automatically search for the optimal parameters of ADRC.

5. Conclusions

This article proposes a novel vibration suppression strategy, which successfully ex-
tracts vibration disturbance signals by accurately measuring the angle error values of
robot joints, conducting in-depth analysis of the reducer model, and redesigning the ESO.
These disturbance signals are then introduced into the speed loop controller of the PMSM,
effectively reducing the fluctuation of the robot joint angle error values. The experimental
results have verified the feasibility and effectiveness of this method, significantly reducing
the vibration level of the robot and providing a new type of technical support for precise
control of the robot.

As an advanced control method that does not rely on an accurate system model
and can actively estimate and compensate for disturbances, ADRC demonstrates unique
theoretical value and application potential in the field of robot vibration suppression.
In response to the challenge of precisely modeling the complex disturbances in robot
systems, such as nonlinearity, flexibility deformation, and external interferences, this article
employs a unified framework of “total disturbance”. Through the ESO, the unmodeled
dynamics, nonlinear coupling effects, and external disturbances are regarded as external
state variables of the system and are estimated and dynamically compensated for in
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real time. The core advantage of this approach is breaking through the dependence of
traditional control methods on high-precision dynamic models. Even in the presence of
parametric uncertainties and time-varying characteristics in the system, the ESO can still
effectively track the changes in disturbances, thereby significantly enhancing the robustness
of vibration suppression. Experimental and theoretical studies have shown that ADRC is
widely applicable to nonlinear and time-varying robot systems and provides an effective
solution for vibration suppression across different speed scenarios.

The adjustment of the ADRC parameters used in this study is rather difficult. A great
deal of effort was spent on the experiment to adjust the ADRC parameters. Currently,
these parameters are attempted to be adjusted based on the author’s personal practical
experience, which is also the difficulty in the promotion of ADRC theory.

The next research work of this paper will focus on the combination of artificial in-
telligence and ADRC, adopting a machine learning algorithm to enable the robot joint to
automatically find the optimal parameters of ADRC.
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