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Abstract: The robotic grinding system for a thin-walled workpiece is a multi-dimensional coupling
system composed of a robot, a grinding spindle and the thin-walled workpiece. In the grinding
process, a dynamic coupling effect is generated, while the thin-walled workpiece stimulates elastic
vibration; the grinding spindle, as an electromechanical coupling actuator, is sensitive to the elastic
vibration in the form of load fluctuations. It is necessary to investigate the electromechanical coupling
dynamic characteristics under the vibration coupling of the thin-walled workpiece as well as the
vibration control of the robotic grinding system. Firstly, considering the dynamic coupling effect be-
tween the grinding spindle and thin-walled workpiece, a dynamic model of the grinding spindle and
thin-walled workpiece coupling system is established. Secondly, based on this established coupling
dynamic model, the vibration characteristics of the thin-walled workpiece and the electromechanical
coupling dynamic characteristics of the grinding spindle are investigated. Finally, a speed adaptive
control system for the grinding spindle is designed based on a fuzzy PI controller, which can achieve
a stable speed for the grinding spindle under vibration coupling and has a certain suppression effect
on the elastic vibration of the thin-walled workpiece at the same time.

Keywords: robotic grinding system; thin-walled workpiece; dynamic model; electromechanical
coupling dynamic; vibration control

1. Introduction

High surface finishes are usually required for manufactured components with func-
tional surfaces [1]. Due to the surface quality of the workpieces produced by rough
processing, casting and printing are not sufficient for functional applications, so some
post-processing by grinding or a similar process is usually needed to improve the surface
quality and mechanical properties [2,3]. There are different surface-finishing processes for
different workpiece requirements, such as burnishing, which is also known as roller bur-
nishing, and ball burnishing, grinding, shot peening and traditional hand polishing [1,4,5],
as well as some non-conventional manufacturing technologies, such as laser polishing,
electrochemical machining, linear friction welding and electro-discharge machining [6-9].

For a certain period of time, many finishing processes operational in the industrial
field mainly relied on traditional handmade or conventional machine tool processing; it can
be seen that the existing polishing modes, whether the traditional manual mode or uncon-
ventional mode, display a working efficiency and working space that are not conducive to
the flexibility necessary for machining production, especially for large-scale and complex
structures. In recent years, the automation and intelligence of the manufacturing process
have been an irresistible trend to adapt to the requirements of the processing environment,
working space and related flexibility [10,11]. Compared with the machining equipment
within these existing polishing modes, a robot conveys the advantages of higher flexibility,
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a larger workspace and a lower cost, which is, obviously, especially appropriate for the
machining of large structures with complex shapes, such as aerospace structures, high-
speed rail bodies and wind blades. In recent years, robotic grinding has attracted increasing
attention from industry [11-14]. However, the lower stiffness of the robotic grinding system
in the machining process, which is mainly caused by the articulated links and flexible joints,
easily stimulates the coupling vibration, which has remained an essential issue affecting
the stability of robotic machining, especially for the thin-walled workpiece [12,13].

To improve the machining stability and surface quality, some scholars studied the
influence of the process parameters on the surface quality of polishing [5-7,15,16] as well as
the working stiffness optimization and machining accuracy compensation through posture
optimization [17-20]. Moreover, research indicated that support fixtures are essential
to ensure the stability of the milling process, affecting the surface and deflection of the
workpiece [21-24]. However, this is a challenge for the support fixtures of a complex
workpiece, particularly regarding flexible structures, for which the local stiffness of the
part is affected and may even result in an additional deformation that amplifies the cutting
instability. On the other hand, it is known that the machining chatter also has an important
influence on the machining surface quality, so some optimization approaches and control
strategies of robotic machining chatter were also proposed [25-28]. These optimization
methods mainly focus on the machining spindle unit.

As shown in Figure 1, the robotic grinding system is a multi-dimensional coupling
system composed of the robot, the grinding spindle and the workpiece, and there is a
complex dynamic coupling effect between the subsystems. It should be pointed out that
the robotic machining process is a dynamic process, and the dynamics of the system have a
decisive influence on the polishing quality and stability. Some researchers have investigated
the dynamic characteristics and control strategies of the robotic machining system [29-32];
however, these studies mainly focus on the robot body separately, while the dynamic
coupling effect in the system is not fully considered. In the grinding process, the force
interaction between the grinding spindle and the workpiece is generated by the grinding
wheel, and the thin-walled workpiece, which has a lower stiffness, stimulates the time-
varying elastic vibration under the moving grinding force [33-36]. On the other hand, the
grinding spindle is a typical electromechanical coupling unit, in which the electromagnetic
parameters are coupled with the mechanical parameters [37]. According to the schematic
diagram shown in Figure 1, the stator converts the input electric energy into a rotating
magnetic field, and the interaction between the stator magnetic field and the rotating
magnetic field produces a driving torque that can drive the rotor. In this case, the dynamic
interaction force and elastic vibration of the thin-walled workpiece significantly affect the
dynamic characteristics of the grinding spindle [26,38,39]. There is a dynamic coupling
effect between the spindle and the thin-walled workpiece.

Considering the influence of the machining parameters and structural parameters,
some research has been conducted on the dynamic characteristics” analysis and the opti-
mization design of the motorized spindle unit [40-43]. However, this research is mainly
carried out for the motorized spindle separately, while the dynamic coupling effect of
the workpiece is not fully considered, especially the elastic vibration of the thin-walled
workpiece, which will significantly affect the grinding force. In fact, according to the
electromechanical coupling principle of the robotic grinding system, the elastic vibration
stimulated by the thin-walled workpiece has an important influence on the dynamic re-
sponse characteristics of the grinding spindle. Reciprocally, the dynamic responses and
grinding force of the grinding spindle further affect the elastic vibration of the thin-walled
workpiece, which leads to a complex dynamic coupling effect between the grinding spindle
and the thin-walled workpiece. It is necessary to reveal the electromechanical coupling
dynamic characteristics of the grinding spindle and thin-walled workpiece coupling system,
which is the basis of the vibration suppression of the robotic grinding system.



Actuators 2023, 12, 37

30f17

grinding spindle

thin-walled workpiece

wheel

grinding T

Figure 1. Composition diagram and coupling relationship of robotic grinding system for thin-
walled workpiece.

On the other hand, elastic thin-walled workpieces are typical flexible structures, and
their vibration control has always been the focus of attention. There has been a lot of
research on the vibration control of flexible structures, the most representative of which is
the active control strategy based on intelligent materials, such as piezoelectric intelligent
actuators [44—46], magnetorheological intelligent actuators [47,48], etc. In this case, the
flexible structure becomes an intelligent structural system. However, this method is based
on intelligent actuators that inevitably change the structure form, which is difficult to
implement for robotic grinding processing conditions. Some studies were also conducted
to suppress the chatter of the robotic machining system through machining posture opti-
mization [49,50], auxiliary support [22,23,51], etc. Based on the dynamic coupling effect
between the grinding spindle and the thin-walled workpiece, this paper attempts to realize
the vibration suppression of the thin-walled workpiece through adaptive control of the
grinding spindle in the machining process.

In this paper, the core goal is to reveal the electromechanical coupling dynamic char-
acteristics of the robotic grinding system, by considering the vibration coupling effect of
the thin-walled workpiece, and, according to the dynamic coupling mechanism, the speed
adaptive control of the grinding spindle as well as the vibration suppression of the thin-
walled workpiece are carried out. The manuscript is organized as follows. In Section 2, the
dynamic model of the coupling system is established. In Section 3, the electromechanical
coupling dynamic characteristics of the robotic grinding system are analyzed based on the
established coupling dynamic model. In Section 4, a speed adaptive control system for
the grinding spindle is designed based on a fuzzy PI controller. In Section 5, the paper is
concluded with a brief summary.
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2. Dynamic Model of the Coupling System

According to the coupling relationship of the robotic grinding system, as shown in
Figure 1, and considering the vibration coupling effect of the thin-walled workpiece, the
dynamic model of the coupling system is established, as shown in Figure 2.

Figure 2. Dynamic model of the coupling system.

As shown in Figure 2, the grinding force can be quadratically decomposed into grind-
ing components in the x, y and z directions along the grinding wheel, namely, tangential
grinding force F;, axial grinding force F; and normal grinding force F,. Among these
grinding components, the normal component F;, is the main parameter in the constant force
grinding. As shown in Figure 1 and according to the coupling relationship between the
grinding spindle and the thin-walled workpiece, which has been indicated in the previous
analysis, the elastic vibration of the thin-walled workpiece directly causes fluctuation of
the grinding depth a;, as well as the grinding force, influencing the dynamic characteristics
and stability of the robotic grinding system in an important way. Therefore, this paper
focuses on the effect of normal component F,, and investigates the dynamic coupling rela-
tionship between the grinding spindle and the thin-walled workpiece, which can provide a
theoretical basis for the subsequent control of the grinding system.

In order to analyze the coupling behavior between the grinding spindle and the
thin-walled workpiece, an Euler—Bernoulli beam is used to characterize the thin-walled
workpiece, and the transverse vibration z(x,t) of the thin-walled workpiece is mainly
considered. To establish the vibration equation of the thin-walled workpiece, the moving
grinding force can be expressed as the J function of F,.

f(x,t) = Fi0(x — vt) 1)

where v, is the grinding feed speed, and F;, is the normal component of grinding force. In
general, F, is 1.5~3 times of F;, which is specifically related to the abrasive particles and the
workpiece materials [52,53]. Referring to the material properties, hardened steel is selected,
F,/F;is1/0.49 = 2.04, which can be rounded to 2; thus, it can be defined that F,, is 2 times
of F; in this paper.

In general, the grinding force is related to the workpiece material, tool material, ma-
chining parameter, machining temperature and other factors, and, of these factors, the
machining parameter is the most important factor affecting machining force. Meanwhile,
according to the cutting theory, there is an exponential relationship between the grinding
force, which can be determined by the machining parameters and characterized with empir-
ical formulas, and the different grinding materials and grinding conditions; the correlation
coefficient is different [54,55]. To study the electromechanical coupling dynamic charac-
teristics of the robotic grinding system, the grinding parameters and grinding conditions
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in this paper refer to the surface grinding conditions in the literature [53]; in this case, the
grinding force can be defined as

F, = 28282 x (“po)o'%(nsr)_1'06(vw)0'44 )

According to the empirical formula, the grinding force is a constant mean value when
the machining parameters are given. Considering the dynamic coupling effect of the
thin-walled workpiece, the transverse vibration z(x,t) of the thin-walled workpiece directly
causes the fluctuation of grinding depth 4, and, in this case, the grinding force can be
further expressed as

F, = 28282 x (ay0 — 2(x, £)) " (ngr) 7% (0, )04 3)

where 4, denotes the ideal grinding depth, n; denotes the output speed of the grinding
spindle, and r is the radius of the grinding wheel. Equation (3) directly represents the
coupling effect between the transverse vibration of the thin-walled workpiece and the
grinding force.
The generalized force F; in the modal coordinates can be described as
1 1

R0 = [ fG0gix)dx = F, | 6(x = out)pi(x)dx = Fugi(owt) )

where ¢;(x) is the ith mode shape function of the thin-walled workpiece.

Considering the fixed constraints at both ends of the thin-walled workpiece, the modal
function can be described as [45]

cosh A; — cos A;

¢i(x) = cosh B;x — cos B;x — SinhA; — sin A,

(sinhB;x — sin B;x) 5)

where A; = B;1, and B; satisfies.

wi:ﬁ%\/g: [(i+§)ﬂ2 Ali=345) ©

where [ is the length, E is the elastic modulus, I is the moment of inertia of the section, p is
the density, and A is the cross-sectional area of the workpiece.

The vibration equation of the thin-walled workpiece in the form of the generalized
coordinates under the grinding condition can be obtained as

. E  ¢i(vet) . .
qi—i—wiqu-:ﬁ’i: ’M‘j F,(i=1,23,--+) ?)

where M,; is the mass of the ith mode and can be expressed as

!
M; = [ pAgH(x)dx ®)
According to the Duhame integral [45], the solution can be obtained as
(1) = il /t<p-(v T)sinw;(t — T)dT + g; cosw-t—i-@sinw-t )
qi Mw: Jo w i qio i w; i

where g0 and g;o represent the initial displacement and initial velocity in generalized
coordinate form, respectively.
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According to the principle of mode superposition [56], the vibration equation of the
thin-walled workpiece can be expressed as

z(x,t) = X ¢i(x)qi(t)

A/ﬁl;i $i(x) [fot ¢i(v0,T) sinw;(t — T)dT + g9 cos w;t + %’ sin w;t

(10)

Tr2le

It can be seen from Equation (10) that there is an intuitive coupling relationship
between the elastic vibration of the thin-walled workpiece and grinding force. On this
basis, the dynamic characteristics of the grinding spindle under vibration coupling can be
further analyzed. In the subsequent solving process, the mode superposition term takes
the first three orders.

According to the electromechanical dynamics method, the electromechanical coupling
dynamic model of the grinding spindle can be established. Based on the electromechanical
coupling relationship shown in Figure 1, there are seven generalized coordinates in the
system, namely, the electromagnetic system contains six generalized coordinates, including
stator current ia, ip, ic and rotor current i, 7, i, while the mechanical system contains a
generalized coordinate, namely, the angular velocity of the grinding spindle ws, as shown
in Table 1.

Table 1. Generalized coordinates of the grinding spindle.

Electromagnetic Subsystem Mechanical
G lized
szre;?nlaztis Stator Rotor Subsystem
=1 j=2 j=3 j=4 j=5 j=6 j=7
6 i ] - - - - 0
Cj in i ic la iy i Wsg
Q; ua up uc Ua up Uc Tu

In this paper, the electromechanical coupling dynamic equation of grinding spindle is
established by the Lagrange method [57]. The Lagrangian-Maxwell equation of the system
can be described as

d [ oL oL  oF
& % _87@+87;:Qj (11)
J J
where ¢; and Q; are the generalized coordinates and generalized force of the grinding
spindle, respectively, as shown in Table 1; Fp is the system dissipation; and L denotes the
Lagrangian function of the system and can be described as

L=T-V (12)

where T and V denote the kinetic energy and elastic potential energy of the spindle system
of the spindle system, respectively.

The kinetic energy of the spindle system includes the magnetic energy of the electro-
magnetic system and the kinetic energy of the mechanical system and can be described as

1 o1
T=W+Ec= 533 Lunimin + 5 Jws’ (13)

m n

where m, n = A, B, C, a, b, ¢; W is the kinetic energy of the electromagnetic system; Ey is the
kinetic energy of the mechanical system; L;;;, is the mutual inductance between winding m
and winding n (when m = 1, it is self-inductance); and the rest are mutual inductance. | is
the moment of inertia of the system, and w; is the angular velocity of the grinding spindle.
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J

+ Ryws = T, — Liys

To simplify the analysis, the elastic potential energy of the spindle system can be
ignored, as it defines V = 0.

For the grinding spindle unit, the system dissipation includes the electromagnetic
system dissipation F. and the mechanical system dissipation Fy,, which can be expressed as

1 . . ) 1 . . . 1
FR=F+F;,= ERS (1A2 + ZB2 + lCz) + ERV (la2 + lbz + lcz) + Ewasz (14)
where R; is the stator resistance, R, is the rotor resistance, and R, is the viscous damping
coefficient of spindle.
The motion equation of the mechanical system is
(iafa + igip + icic) sin @ + (iady + ipic + icia) sin(0 + 37) } (15)
+(ipic + ipia + icip) sin(0 — 37)

where w; is the angular velocity of the rotor winding and conveys the relationship with
the spindle speed as ws = % ; Tr is the load torque, which is related to the grinding
force T;, = %Fnr; Ly;s is the mutual inductance of the stator winding; and 6 is the angle
between the stator winding and the rotor winding, namely, the Angular displacement of
the spindle rotor.

It can be seen from Equations (10) and (15) that there is a direct coupling relationship
between the transverse vibration z(x,t) of the thin-walled workpiece, the grinding force
F, and the spindle speed ns. Based on this, the electromechanical coupling dynamic
characteristics of the grinding spindle under vibration coupling can be analyzed.

3. Dynamic Characteristics of the Coupling System

It can be seen that Equation (15) is a typical electromechanical coupling dynamic
equation, and its analytical solution is difficult to obtain. In order to analyze the vibration
characteristics of the thin-walled workpiece and the dynamic response characteristics of
the mechanical and electrical coupling of the grinding spindle under vibration coupling,
MATLAB Simulink software is used to build the dynamic simulation model of the coupling
system of the grinding spindle and thin-walled workpiece (Figure 3). As shown in Figure 3,
the dynamics simulation model consists of three modules, namely, the grinding spindle unit
dynamics solving module, grinding force solving module and thin-walled parts dynamics
solving module. The spindle speed obtained from the spindle unit module is input to
the grinding force solving module, the grinding excitation is calculated and applied to
the thin-walled parts dynamics solving module, the vibration displacement of the elastic
thin-walled parts is obtained and input to the grinding force solving module, and the
grinding force is input to the grinding spindle dynamics solving module. Thus, in this case,
the coupling characteristics of the system dynamics can be analyzed. The grinding spindle
is driven by an Ac asynchronous motor, and in order to simplify the solution process and
focus on analyzing the coupling relationship of the system, the relatively small influence of
the viscous damping of the spindle drive system is ignored during the simulation analysis.
The related parameters of the dynamic simulation model are shown in Table 2. During the
simulation, the initial displacement ;o and initial velocity ;o in generalized coordinate
form are assigned as 0.001 and 0, respectively.

Figure 4 shows the vibration response of the thin-walled workpiece under the grinding
condition. It can be seen that the thin-walled workpiece shows obvious vibration in the
grinding process and exhibits dynamic time-varying characteristics for moving grinding
loads that vary with their grinding point, and the amplitude near the midpoint is the
largest, which is obviously different from the ideal situation ignoring the elastic vibration
of the thin-walled workpiece.
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Figure 3. Dynamic simulation model of the coupling system.

Table 2. Parameters of dynamic simulation model.

Parameter Value
Diameter of grinding wheel d 0.35m
Speed of grinding wheel n 1500 r/min
Grinding depth 4, 0.05 mm
Feed speed vy, 0.05m/s
Length of beam ! 0.5m
Width of beam b 0.02m
Height of beam h 0.002 m
Density of beam p 7850 kg /m?
Elastic modulus of beam E 2.1 x 10! Pa
Rated power Py 3000 W
Rated voltage U 380V
Power Frequency f 50 Hz
Resistance of stator winding R; 1.7980 O)
Resistance of rotor winding R, 1.5880 O)
Mutual inductance of the stator winding Ljs 0.2580 H
Moment of inertia | 0.0067 Nm?
Number of magnetic poles 1, 2

According to the above analysis, the elastic vibration of the thin-walled workpiece has
an important influence on the fluctuations of the grinding depth and grinding force, which
will affect the dynamic response characteristics of the grinding spindle directly. In order to
analyze the electromechanical coupling dynamic characteristics of the grinding spindle with
the vibration coupling of the thin-walled workpiece, the output speed, electromagnetic
torque and rotor current waveforms of the grinding spindle are shown in Figures 5-7,
respectively. In the simulation process, the load begins to be applied at 1 s. Under the
grinding load starting from 1 s, the spindle speed decreases while the electromagnetic
torque and rotor current increase correspondingly, and this trend keeps a balance with
the load torque. At the same time, the electromechanical coupling dynamic response
characteristics of the grinding spindle are obviously different from the ideal constant load
situation, when ignoring the vibration coupling, specifically the vibration coupling that
enhances the fluctuations of the output speed, electromagnetic torque and rotor current. The
results demonstrate the electromechanical coupling dynamic response characteristics of the
grinding spindle under the vibration coupling of the thin-walled workpiece, which causes
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certain errors for the dynamic analysis and subsequent control, ignoring the vibration
coupling effect of the thin-walled workpiece.
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Figure 4. Vibration response of thin-walled workpiece in the grinding process.
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Figure 5. Speed characteristic curves of the grinding spindle with vibration coupling of thin-
walled workpiece.
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Figure 6. Electromagnetic torque curves of the grinding spindle with vibration coupling of thin-
walled workpiece.
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Figure 7. Rotor current curves of the grinding spindle with vibration coupling of thin-
walled workpiece.

4. Speed Adaptive Control of Grinding Spindle

According to the above analysis, in the grinding process, the thin-walled workpiece
exhibits elastic vibration, while the grinding spindle conveys speed fluctuations. In other
words, there is a certain coupling relationship between the elastic vibration and the speed
fluctuations. In this section, according to the coupling relationship, a speed adaptive
control system of the grinding spindle is designed based on the fuzzy PI controller to
realize disturbance suppression of the speed fluctuations of the grinding spindle and the
elastic vibration of the thin-walled workpiece.

The designed speed adaptive control system is shown in Figure 8. The design of the
proposed fuzzy adaptive PI control strategy is composed of the combination of a fuzzy
controller and a PI controller, which is more flexible and stable compared with a traditional
PI control. The fuzzy adaptive PI controller takes error e and error change rate ec as input
variables and Ak, and Ak; as output variables. The fuzzy domains of e and ec are [-3,3],
and the membership function is shown in Figure 9. The membership function is shown
in Figure 10. The fuzzy subsets of the input and output language variables Ak, and Ak;
are negative large, negative medium, negative small, zero, positive small, middle and
above board, which are denoted by NB, NM, NS, Z, PS, PM and PB, respectively. The
fuzzy rules of Ak, and Ak; are shown in Tables 3 and 4, respectively, which are obtained
from previous engineering experience and experiments. The output surfaces of Ak, and
Ak; obtained from this rule are shown in Figures 11 and 12, respectively. As can be seen
from Figures 11 and 12, Ak, and Ak; are obtained by the joint action of e and ec, and the
surface is close to continuous and changes smoothly, which indicates that the designed
fuzzy adaptive PI controller has good dynamic performance.

Figure 13 shows the adaptive control effect of the grinding spindle speed under the
coupling vibration of the thin-walled workpiece; it can be seen that the designed fuzzy
adaptive PI controller can realize the stability of the grinding spindle speed under vibration
coupling, which can quickly adjust the speed to an ideal constant speed and improve
the robustness of the grinding system. At the same time, it can be seen from Figure 14
that the vibration of the thin-walled workpiece under speed adaptive control is relatively
attenuated, which indicates that the designed fuzzy adaptive PI controller also has a certain
suppression effect on the elastic vibration of the thin-walled workpiece with a reduction in
vibration amplitude of about 38.5%.
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Figure 8. Speed adaptive control system of grinding spindle under vibration coupling.
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Figure 10. Membership functions of output variables Ak, and Ak;
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Table 3. Fuzzy control rules of AKj,

ec

NB NM NS zZ PS PM PB

NB PB PB PM PM PS Z V4
NM PB PB PM PS PS Z NS
NS PM PM PM PS V4 NS NS
z PM PM PS Z NS NM NM
PS PS PS V4 NS NS NM NM
PM PS zZ NS NM NM NM NB
PB V4 z NM NM NM NB NB

Table 4. Fuzzy control rules of AK;
ec
e

NB NM NS V4 PS PM PB

NB NB NB NM NM NS Z V4

NM NB NB NM NS NS Z V4
NS NB NM NS NS 4 PS PS
Z NM NM NS Z PS PM PM
PS NM NS 4 PS PS PM PB
PM Z Z PS PS PM PB PB
PB V4 Z PS PM PM PB PB

2
: P —
S N
L S
- |

Figure 12. Input-output relation diagram of AK;
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Figure 13. Adaptive control of grinding spindle speed under vibration coupling with thin-
walled workpiece.
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Figure 14. Vibration suppression effect of thin-walled workpiece under speed adaptive control of
grinding spindle.

In order to further verify the results obtained in this paper, a virtual prototype for
experimental verification is conducted. We combined the control strategy and the virtual
prototype model of the elastic thin-walled workpiece in ADAMS to build a co-simulation
experimental system, in which the output grinding force of the control system is applied
to the elastic thin-walled workpiece. At the same time, the vibration displacement of
the elastic thin-walled workpiece is feedback to the control system, to verify the control
effect. The virtual prototype model of the elastic thin-walled workpiece and the constructed
co-simulation experimental system are shown in Figures 15 and 16, respectively, and the
co-simulation experimental results of the speed control of the grinding spindle and the
vibration control of the elastic thin-walled workpiece are shown in Figures 17 and 18, respec-
tively. The co-simulation results of the virtual prototype can also verify the effectiveness of
the control strategy proposed in this paper.
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Figure 15. The schematic diagram of co-simulation experiment based on virtual prototype.
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Figure 16. The co-simulation experimental model of the adaptive control strategy.
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Figure 17. Speed control results of grinding spindle in the co-simulation experiment.
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Figure 18. Vibration control results of elastic thin-walled workpiece in the co-simulation experi-
ment: (left) global; (right) locally enlarged.

5. Conclusions

This paper established the dynamic model of the grinding spindle and thin-walled
workpiece coupling system, and the electromechanical coupling dynamic characteristics of
the coupling system are revealed, which have guiding significance for the vibration control
of the robotic grinding system. The conclusions can be obtained as follows:

(1) the thin-walled workpiece has obvious vibration in the grinding process and exhibits
dynamic time-varying characteristics for moving grinding loads that vary with the
grinding point, which directly cause fluctuations of the grinding depth and grinding
force and affect the dynamic response characteristics of the grinding spindle;

(2) the electromechanical coupling dynamic response characteristics of the grinding
spindle with the vibration coupling of thin-walled workpiece are obviously different
from the ideal constant load condition, ignoring the vibration coupling of thin-walled
workpiece, specifically the vibration coupling that obviously enhances the response
fluctuations of the output speed, electromagnetic torque and rotor current; thus,
ignoring the vibration coupling effect of the thin-walled workpiece causes certain
errors for the dynamic analysis and subsequent control;

(3) the proposed speed adaptive control of the grinding spindle based on the fuzzy
PI controller can realize the stability of the grinding spindle speed under vibration
coupling and has a certain suppression effect on the elastic vibration of the thin-walled
workpiece, with a reduction in vibration amplitude of about 38.5%.
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