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Abstract. A system’s dynamic behavior and vibration mechanism during interaction with a workpiece are the
key factors for the stability control of the robotic grinding operation. This paper investigates the vibration cou-
pling effect and grinding force control of the elastic component grinding system (ECGS), which is a multi-
dimensional coupling system conveying a dynamic interaction between the elastic component and the grinding
device during the grinding process. An elastic constraint model with equivalent stiffness is constructed to de-
scribe the dynamic disturbance effect of the elastic vibration of the elastic component. Then, the rigid–flexible
coupling dynamic model of the ECGS is established. And the elastic vibration behavior of the elastic compo-
nent and the grinding force fluctuation characteristics under the vibration coupling are analyzed for revealing the
coupling relationship between the elastic vibration and the grinding force. Finally, through the pneumatic servo
control, the grinding force adaptive controller is designed to realize the compensation control of the grinding
force under the vibration coupling of the elastic component. The effectiveness of the control strategy is verified
by the virtual prototype co-simulation experiment and the real prototype experiment.

1 Introduction

Compared with conventional manual grinding and machine
grinding methods, robotic grinding is characterized by high
flexibility and low cost, and it has significant advantages in
the manufacturing and processing of large workpieces. For
robotic grinding, deburring (Zhang et al., 2006; Song and
Song, 2013; Villagrossi et al., 2018), polishing (Dai et al.,
2022; T. Zhang et al., 2020a; J. Z. Xu et al., 2019) and other
contact processing operations, the constant force control is
one of the key problems that should be solved.

In order to realize the constant force control of robotic
machining, there are two methods that are mainly used at
present (Huang et al., 2017). One is active control where the
force control is realized through the robot body. The other is
passive control where the robot is responsible for the trajec-
tory control when the end device realizes the contact force
control by adding a flexible joint to the robot end. For the
active control method, there is a coupling effect of the force
control and the position control, which increases the control

difficulty. Aiming at curved surfaces, Tian et al. (2016a, b)
investigated the modeling and controller design of a robotic
automatic polishing system, and the constant force control
was realized. Ding et al. (2019) studied the influence of the
system stiffness on the force-tracking performance and real-
ized stable force and accurate position control through the
position adaptive stress-position hybrid control algorithm.
Dong et al. (2020) proposed a hybrid position/force control
method based on the internal joint torque controller, which
realized precise force control of the robot in actual surface
polishing. Based on the hybrid force/position control strat-
egy, H. Zhang et al. (2020) proposed a multi-source parame-
ter gravity compensation algorithm to identify the unknown
parameters of the robot grinding system and realized the
active force control. X. Xu et al. (2019, 2021) introduced
a force/position control method to reduce the overcut and
undercut phenomena in robot belt grinding of the turbine
blades, and mixed force control was achieved.

Passive compliance control can reduce the dependence
on the robot body and realize the decoupling of the force
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and position control, which has been widely investigated in
robotic machining in recent years. Zhao and Shi (2013) de-
signed a pneumatic flexible polishing mechanism and pro-
posed a dual-mode switching compound adaptive control
strategy to realize the high-precision control of polishing
force. Du et al. (2015) designed a flexible end effector with
integrated force sensor for automatically polishing the curved
parts; then the polishing contact force control was realized
with the designed adaptive anti-saturation integral separa-
tion fuzzy-PI (proportional–integral) controller combined.
Mohammad et al. (2018, 2019) proposed a kind of auto-
polishing force-controlled end actuator, which can control
the polishing force by controlling the expansion and con-
traction of the hollow voice coil actuator. Chen et al. (2019)
designed a novel intelligent end effector, with a force sen-
sor and an eddy current damper integrated, for controlling
contact force and suppressing spindle vibration. Based on
pneumatic artificial muscles and a four-bar connection mech-
anism, Wang et al. (2021) designed a novel end effector for
suppressing the vibration of a thin-walled workpiece during
the grinding operation. Ding et al. (2021) proposed a con-
stant force mechanism based on the combination of a folded
beam and a bistable beam mechanism, and the effective con-
trol of the deburring contact force of the workpiece is real-
ized. Zhou et al. (2021) designed an electrically driven linear
end effector to achieve the adaptive stress control and the
position-tracking control for polishing based on the adaptive
impedance controller. J. Wang et al. (2022) designed a paral-
lel robot with a pneumatic constant-force actuator to demon-
strate the feasibility of the constant-force control.

However, the existing research on the force control of a
robotic machining system mainly focuses on the rigid com-
ponents, while research on the elastic components is still
lacking. As we all know, the application of the elastic compo-
nents such as elastic thin-walled structures is more and more
extensive, and the manufacturing and processing of large
elastic components have high requirements for the flexibil-
ity of manufacturing systems. Existing research has shown
that an elastic thin-walled workpiece has the characteristics
of large structure size and low stiffness. And it is easy to
produce elastic vibration during machining, which presents a
challenge for the robotic grinding system (Chai et al., 2017;
Sina and Haddadpour, 2014; Wang and Qin, 2016). With the
helical angle effect of the tool and the dynamic character-
istics of the thin-walled parts considered, Jin et al. (2016)
proposed a method to obtain three-dimensional stable blades
for the vibration control of the elastic thin-walled parts. By
optimizing fixture and cutting parameters, Wang et al. (2018)
reduced the elastic deformation of the thin-walled workpiece
during machining and improved the machining accuracy of
the thin-walled elastic workpiece. Aiming at the chatter-
ing of the microscale thin-walled parts in high-speed micro-
milling, Jia et al. (2021) established the milling force model,
which provides a basis for selecting cutting parameters to
achieve stable cutting. Jiang et al. (2022) designed a mag-

netorheological damping fixture to suppress the system vi-
bration generated during the semi-active machining of thin-
walled parts for aerospace. Liu et al. (2023) established a
coupling dynamic model of the grinding system and investi-
gated the dynamic coupling effect between the elastic com-
ponent and the grinding spindle. Obviously, it is obtained
from the above literature that the robotic grinding system is
a multi-dimensional coupled system, and the vibration cou-
pling effect of the grinding system, especially for the elastic
components, should be further investigated, which is signifi-
cant for the grinding force control.

In this paper, the vibration coupling characteristics and
grinding force control of the elastic component grinding sys-
tem (ECGS) are studied. By establishing the dynamic cou-
pling model of the ECGS, the fluctuation characteristics of
the grinding force under the vibration coupling of the elastic
components were analyzed, and the dynamic coupling be-
havior of the system was revealed. On this basis, the constant
control of the grinding force under vibration coupling was
realized. The sections of this paper are arranged as follows.
In Sect. 2, the rigid–flexible coupling dynamic model of the
ECGS is established. In Sect. 3, the vibration characteristics
of the elastic components as well as the grinding force char-
acteristics of the system under vibration coupling are studied.
In Sect. 4, a grinding force adaptive controller is designed.
And the virtual prototype co-simulation experiment and the
real prototype experiment are carried out in Sect. 5 for ver-
ifying the effectiveness of the proposed controller. Finally,
Sect. 6 gives a brief summary.

2 Rigid–flexible coupling dynamic model

As shown in Fig. 1, the robotic grinding system is composed
of the robot, the designed pneumatic servo grinding device
and the workpiece, which is a typical multi-dimensional cou-
pling system. And the pneumatic servo grinding device in-
cludes the cylinder, the pneumatic grinder, the pressure sen-
sor and connecting attachments. In the grinding system, the
grinding force is a key factor that influences the grinding sta-
bility and quality. To realize the decoupling control of the
grinding force and the position, the grinding device is re-
sponsible for the grinding force control, while the robot real-
izes the grinding trajectory. The elastic component studied in
this paper, which has low stiffness, is easy to excite a time-
varying elastic vibration during the grinding process and af-
fects the grinding force. In this case, the dynamic coupling
relationship between the elastic component and the grind-
ing device is significant for the grinding force control of the
robotic grinding system.

To study the dynamic interaction between the elastic com-
ponent and the grinding device during the grinding process,
an elastic beam component (EBC) is employed to character-
ize the elastic component, and an equivalent stiffness elastic
constraint model is established. It is assumed that the EBC is
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Figure 1. Structure composition of the robotic grinding system.

Figure 2. Rigid–flexible coupling dynamic model of the ECGS.

continuously distributed with linear constraint springs along
the grinding direction, and the equivalent stiffness of the con-
straint spring is expressed as k(x), which changes with the
grinding position. In this case, the rigid–flexible coupling dy-
namic model of the ECGS is established as shown in Fig. 2.

Based on the force analysis at the grinding position, one
can obtain

M
d2z

dt2
+C

dz
dt
+Kz= P1A1−P2A2−Ff−Fp, (1)

where M is the equivalent mass of the grinding device; C =
Cp + 2c is the equivalent damping of the grinding device,
where Cp is the viscous damping coefficient of the cylinder
and c is the damping coefficient of the rubber;K =Kp+2kt
is the equivalent stiffness of the grinding device, where Kp
is the equivalent stiffness coefficient of the cylinder and kt
is the stiffness coefficient of the spring; P1 is the pressure of
the rodless chamber of the cylinder, A1 is the stressed area
of the rodless chamber of the cylinder; P2 is the pressure of
the rod chamber of the cylinder, A2 is the stressed area of the
rod chamber of the cylinder; Ff is the friction force on the
cylinder; Fp is the output force of the cylinder; and z is the
displacement of the cylinder.

According to the force balance relationship, the grinding
contact force at the grinding position can be expressed as

Fc = Fp − k (x)z (x, t) , (2)

where z(x, t) is the transverse vibration displacement of the
EBC at the grinding point, which is equal to the output dis-
placement of the cylinder.

According to Eq. (2), in order to analyze the grinding con-
tact force, the vibration displacement and the equivalent stiff-
ness of the EBC at the grinding position should be deter-
mined.

As shown in Fig. 2, the grinding contact force can be
divided into the tangential grinding force (Ft), axial grind-
ing force (Fa) and the normal grinding force (Fn) along the
three directions of the grinding grain X, Y and Z. During
the grinding process, the normal grinding force is the main
parameter that needs to be considered in the constant force
control of grinding. The concentrated force acting on the
point (vwt) of the EBC is the normal grinding force. Then,
the transverse force acting on the EBC can be shown as

f (x, t)= Fnε (x− vwt) , (3)
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where vw is the grinding feed speed, and ε(x− vwt) is the
unit pulse function. In general, the normal grinding force is
1.5–3 times more than the tangential grinding force, which is
specifically related to the abrasive particle and the workpiece
material (Yin and Zhou, 2017; Li et al., 2016). In this paper,
it is selected that Fn/Ft = 2.

Referring to the grinding parameters and surface grinding
conditions in the literature (Yin and Zhou, 2017; D. Wang et
al., 2022; Zhang et al., 2014), the normal grinding force in
this paper is defined as

Fn = CF a
α
p0v

β
s v

γ
ω = 28282

(
ap0

)0.86(vs)−1.06(vw)0.44, (4)

where CF is the cutting proportion constant; ap0 is the ideal
grinding depth; vs is the grinding plate linear speed.

Based on the dynamic model and the coupling relation-
ship, the transverse vibration displacement of the EBC will
cause the fluctuation of the grinding depth, and in this case,
the normal grinding force can be expressed as

Fn = 28282×
(
ap0+ z (x, t)

)0.86(vs)−1.06(vw)0.44. (5)

The generalized force in modal coordinates of the EBC can
be described as

Fi (t)=

l∫
0

f (x, t)Yi (x)dx = Ft

l∫
0

δ (x− vwt)Yi (x)dx

= FnYi (vwt) , (6)

where Yi(vwt) is the value of the ith mode shape function of
the EBC at x = vwt .

Considering the machining method of the EBC with fixed
ends, the modal shape functions of the EBC can be described
as (Qiu et al., 2021)

Yi (x)=coshβix− cosβix

−
coshλi − cosλi
sinhλi − sinλi

(sinhβix− sinβix) , (7)

where λi = βi l, wherein l is the length of the EBC and βi is
the constant coefficient which is related to the boundary con-
ditions. The natural frequency of the EBC can be described
as

ωi =
λ2
i

l2
c = β2

i

√
EI

ρA
=

[(
i+

1
2

)
π

l

]2
√
EI

ρA

(i = 3,4,5, . . .) , (8)

where E is the elastic modulus of the EBC, I is the moment
of inertia of the section of the EBC, ρ is the density of the
EBC, and A is the cross-sectional area of the EBC.

The vibration differential equation of the EBC in gener-
alized coordinate form under grinding condition can be ob-
tained as

q̈i +ω
2
i qi =

Fi

Mi

=
Yi (vwt)
Mi

Ft (i = 1,2,3, . . .) , (9)

where qi and Mi are the ith mode coordinate and the ith
mode mass of the EBC, respectively. Mi can be expressed as

Mi =

l∫
0

ρAY 2
i (x)dx. (10)

According to Duhamel’s integral, by substituting Eq. (10)
into Eq. (9), the solutions of qi can be obtained as

qi (t)=
Fn

Miωi

t∫
0

Yi (vwτ ) sinωi (t − τ )dτ + qi0 cosωi t

+
q̇i0

ωi
sinωi t, (11)

where qi0 and q̇i0 represent the initial displacement and ini-
tial velocity in generalized coordinate form, respectively.

According to the mode superposition principle (Rao,
2011), the vibration displacement equation can be expressed
as

z (x, t)=
n∑
i=1

Yi (x)qi (t)

=

n∑
i=1

FnYi (x)
Miωi

t∫
0

Yi (vwτ ) sinωi (t − τ )dτ

+ qi0 cosωi t +
q̇i0

ωi
sinωi t. (12)

According to the elastic constrained model of the ECGS as
shown in Fig. 2, the disturbance effect of the elastic vibra-
tion of the EBC on the grinding contact force is characterized
by constraint spring with variable equivalent stiffness, which
changes with the grinding positions. In order to determine the
equivalent stiffness of the EBC at the grinding positions, it is
assumed that the two ends of the EBC are fixed constraints.

As shown in Fig. 3, under the action of the normal grinding
force, according to the static equilibrium conditions of the
EBC, the reaction forces of the supports can be expressed as RA =

Fnb
2

l2

(
1+ 2a

l

)
,

RB =
Fna

2

l2

(
1+ 2b

l

)
,

(13)

where a is the length of AC section of the EBC, and b is the
length of BC section of the EBC.

Then, the bending moments of the AC section and the BC
section can be expressed as M1(x)= Fnb

2

l2

(
1+ 2a

l

)
x1,

M2(x)= Fna
2

l2

(
1+ 2b

l

)
x2−Fn(x2− a),

(14)

where x1 is the AC section variable; x2 is the BC section
variable.

Mech. Sci., 15, 123–136, 2024 https://doi.org/10.5194/ms-15-123-2024



Y. Liu et al.: Vibration coupling characteristics and grinding force control of an ECGS 127

Figure 3. Force analysis diagram of the EBC.

By integrating Eq. (14), the angle equation and the deflec-
tion line equation of AC section can be obtained as θ1(x)= Fnb

2

2EIl2

(
1+ 2a

l

)
x2

1 +
C1
EI
,

Y1(x)= Fnb
2

6EIl2

(
1+ 2a

l

)
x3

1 +
C1

2EI x1+
D1
EI
,

(15)

Similarly, the angle equation and the deflection line equation
of BC section can be got as
θ2(x)= Fna

2

2EIl2

(
1+ 2b

l

)
x2

2 −
Fn

2EI x
2
2 +

Fnax2+C2
EI

,

Y2(x)= Fna
2

6EIl2

(
1+ 2b

l

)
x3

2 −
Fn

6EI x
3
2 +

Fna
2EI x

2
2 ,

+
C2x2+D2

EI
,

(16)

According to the continuity conditions and boundary condi-
tions, one can obtain{
θ1(a)= θ2(a),
Y1(a)= Y2(a); (17){
θ1(0)= θ2(l),
Y1(0)= Y2(l); (18)

By substituting Eqs. (15)–(16) into Eqs. (17)–(18), the de-
flection of the EBC can be shown as

ω(x)=

 −δ
(

3
(
x
a

)2
− 2

(
x
a

)3) 0≤ x ≤ a,

−δ
(

3
(
l−x
b

)2
− 2

(
l−x
b

)3)
a ≤ x ≤ l,

(19)

where δ = 2Fn
3EI

a3b2

(3a+b)2 is the maximum deflection of the EBC
under stress.

According to Hooke’s law, the equivalent stiffness of the
EBC can be expressed as

k(x)=
Fn

ωmax
=

3EI
2

(3a+ b)2

a3b2 , (20)

where ωmax = δ is the maximum deflection of the EBC under
the normal grinding force.

According to Fig. 3, it is obvious that a = x and b = L−x,
by substituting them into Eq. (20), the equivalent stiffness of
the EBC can be further shown as

k(x)=
3EI

2
(3x+L− x)2

x3(L− x)2 . (21)

Table 1. Parameters of the dynamic simulation model of the ECGS.

Parameters Value

Diameter of grinding wheel d 0.35 m
Speed of grinding wheel n 12 000 r min−1

Grinding depth ap0 0.05 mm
Feed speed vw 0.05 m s−1

Length of beam l 0.5 m
Width of beam b 0.02 m
Height of beam h 0.002 m
Elastic modulus of beam E 2.1× 1011 Pa
Expected force of grinding Fa 15 N

Substituting Eqs. (12) and (21) into Eq. (2), one can obtain

Fc = Fp −
3EI

2
(3x+L− x)2

x3(L− x)2

n∑
i=1

Yi (x)qi (t) . (22)

Equation (22) shows the grinding contact force equation at
different grinding positions with the vibration coupling of the
EBC considered. It is intuitively seen that there is a coupling
relationship between the vibration of the EBC and the grind-
ing contact force.

3 Vibration coupling characteristic

In order to investigate the vibration coupling characteris-
tic of the EBC during the robot grinding process, the dy-
namic simulation model of the ECGS is built in MAT-
LAB2018/Simulink as shown in Fig. 4, which mainly
includes the vibration-displacement-solving module, the
equivalent-stiffness-solving module and the grinding-force-
solving module. During the simulation process, it is assumed
that the expected grinding contact force is 15 N, and the sim-
ulation parameters are shown in Table 1.

Figure 5 shows the vibration response of the EBC with
different thicknesses; it is seen that the EBC exhibits obvious
vibration in the grinding process and presents time-varying
characteristics with the change of the grinding points. The
vibration amplitude reaches the largest value near the middle
position of the EBC. And the thinner the EBC, the larger the
vibration amplitude.

Figure 6 shows the grinding contact force characteristics
of the EBC with different thicknesses under vibration cou-
pling. It is seen that the grinding contact force of the EBC
fluctuates significantly during grinding and has time-varying
characteristics with the change of the grinding positions,
which is obviously different from that of the rigid compo-
nent. At the same time, the fluctuation amplitude of the grind-
ing contact force increases with the decrease of the work-
piece thickness.

Figure 7 shows the grinding contact force characteristics
of the EBC with the same structural parameters and differ-
ent materials. In order to analyze the influence of the ma-
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Figure 4. Dynamic simulation model of the ECGS.

Figure 5. Vibration characteristics of the EBC with different thicknesses: (a) h= 1 mm; (b) h= 2 mm; (c) h= 3 mm; (d) h= 4 mm.
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Figure 6. Grinding contact force characteristics of the EBC with
different thicknesses.

Figure 7. Grinding contact force characteristics of the EBC with
different elastic modulus.

terials, grey cast iron, malleable cast iron and carbon steel
were selected, and their corresponding elastic modulus val-
ues are 1.13× 1011, 1.55× 1011 and 2.10× 1011 pa, respec-
tively. The results show that the EBC material has a certain
influence on the grinding contact force characteristics, and
the fluctuation amplitude of the grinding contact force in-
creases with a decrease of the elastic modulus.

According to the above analysis, the EBC has obvious
elastic vibration during the grinding process, and there is a
certain coupling relationship between the elastic vibration
and the grinding contact force. Therefore, it is necessary to
consider the vibration coupling of the EBC to compensate
the grinding contact force during the grinding process.

4 Grinding force control strategy

4.1 Pneumatic servo equation

In this section, based on the coupling relationship of the
grinding system and the pneumatic servo control of the
grinding device, the grinding contact force control under the
vibration coupling is studied.

During the analysis, the influence of the friction force in-
side the pneumatic servo system is ignored. By performing a
Laplace transform on Eq. (1), one can obtain

Ms2Z (s)+CsZ (s)+KZ (s)=

P1 (s)A1−P2 (s)A2−Fp (s) . (23)

Based on the Sanville flow formula (Tressler et al., 2002), the
mass flow formula of a proportional valve port is

qm = µAtPu

√
2
RT

8

(
Pd

Pu

)
, (24)

where At = πDxv is the opening area of the valve port,
wherein D is the spool diameter and xv is the spool dis-
placement; Pu is the absolute pressure at the intake port of
the proportional control valve; Pd is the absolute pressure
of proportional adjustment of the air outlet; R is the ideal gas
constant; T is the thermodynamic temperature of the gas; and
µ is the flow coefficient. And the express of 8(Pd/Pu) can
be shown as

8

(
Pd

Pu

)
=



√
k
k+1

(
2
k+1

) 2
k−1 0≤ Pd

Pu
≤ 0.528,√

k
k−1

[(
Pd
Pu

) 2
k
−

(
Pd
Pu

) k+1
k

]
,

0.528≤ Pd
Pu
≤ 1,

(25)

where k is the gas isentropic index.
It is assumed that there is a linear relationship between

the spool displacement and the input voltage, then the spool
displacement can be represented as

xv =Kuu (26)

where Ku is the gain coefficient of the proportional valve, u
is the input voltage.

The gas flow increment model and the cylinder chamber
flow model of the rodless chamber and the rod chamber for
the cylinder under ideal state can be obtained as (T. Zhang et
al., 2020b){
Qm1 (s)=K1U (s)+K21P1 (s) ,
Qm2 (s)=K3U (s)+K41P2 (s) ; (27){
Qm1 (s)= 1

RT0

V1
k
sP1 (s) ,

Qm2 (s)= 1
RT0

V2
k
sP2 (s) ;

(28)

where K1 is the voltage amplification factor of the rodless
chamber, K2 is the pressure amplification factor of the rod-
less chamber, K3 is the voltage amplification factor of the
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Figure 8. Grinding force adaptive controller diagram.

Figure 9. Simulation model of the grinding force adaptive controller for the ECGS.

rod chamber, K4 is the voltage amplification factor of the
rod chamber, V1 is the volume of the rodless chamber, and
V2 is the volume of the rod chamber.

It is assumed that the inlet pressure of the gas pipe is equiv-
alent to the outlet pressure of the servo valve. With Eqs. (27)
and (28) combined, one can obtain{

P1(s)
U (s) =

RT0kK1
V1s

,
P2(s)
U (s) =

RT0kK3
V2s

.
(29)

Substituting Eq. (29) into Eq. (23) with Fp(s)= 0, the trans-
fer function between the piston displacement of the cylinder
and the input voltage of the proportional valve can be got as

Z (s)
U (s)

=
b0

a3s3+ a2s2+ a1s
, (30)

where a1 = (Kp + 2kt )V1V2, a2 = (Cp + 2c)V1V2,
a3 =MV1V2, b0 = RT0k(K1A1V2−K3A2V1) and
Kp = 4kP1A1/l.

Similarly, by substituting Eq. (29) into Eq. (23) with
U (s)= 0, the transfer function between the cylinder piston
displacement and the cylinder thrust can be expressed as

Z (s)
Fp (s)

=
1

Ms2+Cs+K
. (31)

If the input load force value of the pneumatic system is equal
to the output force value of the pneumatic system and the di-
rection of the force is opposite, the transfer function between
the cylinder thrust and the input voltage of the proportional
valve can be expressed as

Fp (s)
U (s)

=

(
Ms2
+Cs+K

)
b0

s
(
a3s2+ a2s+ a1

) . (32)

Equation (32) directly reflects the relationship model be-
tween the control amount of the grinding device and the
cylinder thrust. Substituting Eq. (32) into Eq. (2), the grind-
ing contact force of the elastic component can be obtained
as

Fc =

(
Ms2
+Cs+K

)
b0

s
(
a3s2+ a2s+ a1

) U (s)− z (x, t)k (s) . (33)

It is seen that there is a coupling relationship between the
grinding contact force and the pneumatic servo system under
the vibration coupling of elastic components. In this case,
the compensation control of the grinding contact force can
be realized through the pneumatic servo control.

In order to effectively control the output force of the cylin-
der, the pneumatic servo system should be stable. Based on
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Figure 10. Simulation results of adaptive control of grinding contact force under vibration coupling of the EBC: (a) S= 3000 r min−1;
(b) S= 6000 r min−1; (c) S= 9000 r min−1; (d) S= 12 000 r min−1.

Eq. (32), the characteristic equation of the pneumatic servo
system can be obtained as

a3S
3
+ a2S

2
+ a1S+ a0 = 0 (an > 0, n= 1,2,3) . (34)

According to Hurwitz’s stability criterion, the Hurwitz deter-
minant of the pneumatic servo system can be expressed as

H =

 a2 a3 0
a0 a1 a2
0 0 a0

 . (35)

By substituting the relevant system parameters, one can ob-
tain that det(H )> 0 (n= 1,2,3). It is seen that the pneu-
matic servo system is stable.

4.2 Grinding force adaptive controller design

The grinding force adaptive controller for the grinding
contact force of the EBC is designed based on the PID
(proportional–integral–differential) controller and the pneu-
matic servo system. Moreover, the constant control of the

grinding contact force under vibration coupling of the EBC
can be realized through pneumatic servo control. As shown
in Fig. 8, by feeding the actual grinding contact force back
to the grinding force adaptive controller, the constant con-
trol of the grinding contact force of the EBC was realized
by adjusting the voltage of the electromagnetic servo valve.
The variables in Fig. 8 are explained as follows: F0 is the
desired grinding contact force, Kp is the proportional gain
coefficient, Ti is the integral time constant and Td is the dif-
ferential time constant.

In order to verify the effectiveness of the control strat-
egy, MATLAB2018/Simulink was used to build an adaptive
control simulation model for grinding contact force of the
ECGS, which is shown in Fig. 9. And the ECGS parameters
are shown in Table 2.

Figure 10 shows the adaptive control effect of the grinding
contact force under vibration coupling of the EBC. In the
simulation process, the grinding speeds are selected as 3000,
6000, 9000 and 12 000 r min−1. It is seen that the designed
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Figure 11. Co-simulation experimental system for the ECGS.

Table 2. Parameters of control simulation model.

Parameter Value

Air source pressure Ps 0.7 MPa
Atmospheric pressure Pa 0.1 MPa
Cylinder diameter D 0.032 m
Stroke l 0.025 m
Rod diameter Md 0.01 m
Total mass of plant M 5 kg
Ideal gas constant R 287.1 N m (kg K)−1

Temperature T0 298 K
Gas isentropic index k 1.4
Viscous damping coefficient Cp 50 N s m−1

Elastic coefficient of the spring kt 0.2324 N m−1

Rubber damping coefficient c 0.45 N s m−1

Discharge coefficient u 0.628
Gain coefficient of valve Ku 0.2
Coefficient K1 0.1582
Coefficient K2 0
Coefficient K3 0.134
Coefficient K4 0

grinding force adaptive controller can suppress the grinding
contact force fluctuation under the vibration coupling of the
EBC with different grinding speeds; thus, the effectiveness
of the designed control strategy can be verified.

5 Experimental verification

5.1 Virtual prototype co-simulation experiment

In order to further verify the designed adaptive control strat-
egy of the grinding contact force, a virtual prototype model
of the EBC was built to perform simulation experiments.
Combining the designed grinding force adaptive controller
with the virtual prototype model of the EBC, a co-simulation
experimental system of the ECGS was established, as shown
in Fig. 11. In the simulation experiment, the output thrust
and grinding force of the pneumatic servo control system are
applied to the EBC to characterize the force action during
the grinding process of the EBC. Meanwhile, the grinding
contact force of the EBC is fed back to the pneumatic servo
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Figure 12. Results of co-simulation experiment on grinding contact force control with different speeds: (a) S= 3000 r min−1;
(b) S= 6000 r min−1; (c) S= 9000 r min−1; (d) S= 12 000 r min−1.

control system in real time to verify the effect of the grinding
force adaptive controller.

Figure 12 shows the co-simulation experiment results with
different grinding speeds. It is seen that the designed grind-
ing force adaptive controller plays a certain role in suppress-
ing the grinding contact force fluctuation under the vibration
coupling of the EBC, which verifies the effectiveness of the
grinding force adaptive controller.

5.2 Prototype experiment

The experimental system of the ECGS is established for
further verifying the designed grinding force adaptive con-
troller, which is shown in Fig. 13. The industrial robot
(ER10-1600, EFORT Ltd.) is used for the grinding experi-
ment. The model of the pneumatic grinder is TG-6905, pro-
duced by Tai Guan. The model of the data acquisition card is
USB-4704, produced by Advantech Co. The model of the
cylinder is SC32-25S (buffer cylinder). The pressure sen-
sor (DYLF-102, Bengbu Dayang Sensing System Engineer-

ing Co., Ltd.) is used for measuring grinding contact force.
The upper end of the pneumatic servo grinding device is in-
stalled on the industrial robot through the coupling flange,
and the lower end is in contact with the EBC. During the
experiment, the grinding contact force was measured in real
time by the pressure sensor of the pneumatic servo grind-
ing device. The A/D conversion was realized through the
data acquisition card, and then the data were collected and
stored by the designed data collection and processing system
in LABVIEW2020. The material of the EBC is aluminum
alloy. Through adjusting the voltage of the solenoid servo
valve to control the cylinder output, the grinding force adap-
tive controller is used for achieving the constant force control
of the grinding force.

The grinding experiment parameters are set as follows: the
robotic grinding path is along the workpiece surface, the in-
dustrial robot movement speed is 0.02 m s−1, the speed of the
pneumatic polisher is 6000 r min−1 and the expected contact
force during the grinding process is 15 N. Figure 14 shows
the experimental results of the robot grinding for the EBC. It
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Figure 13. Experimental system of the EBC robotic grinding.

is seen that without the effect of the grinding force adaptive
controller, the grinding contact force fluctuates significantly
during the grinding of the EBC. Fortunately, the designed
grinding force adaptive controller can restrain the grinding
contact force fluctuation to a certain extent, which is con-
ducive to ensuring the stability of the grinding contact force.

6 Conclusions

In this paper, the vibration coupling characteristics and grind-
ing force control strategy of the ECGS are investigated, and
the following conclusions can be obtained.

i. Based on the equivalent stiffness model of the EBC and
the vibration displacement equation, the time-varying
dynamic load characteristics of the EBC were charac-
terized. On this basis, the dynamic coupling model of
the ECGS is established, which can be used to directly

Figure 14. Experimental results of the ECGS.
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reflect the coupling relationship between the vibration
of the EBC and the grinding contact force.

ii. Based on the established rigid–flexible coupling dy-
namic model of the ECGS, the system dynamic simu-
lation model is constructed. And the simulation results
show that there is a coupling relationship between the
elastic vibration and the grinding contact force, which
should be considered in the grinding contact force con-
trol.

iii. A grinding force adaptive controller is designed under
the elastic vibration coupling of the EBC. It is obvious
from the virtual prototype co-simulation experiment re-
sults and the real prototype experiment results that the
fluctuation of the grinding force can be effectively sup-
pressed. The research results in this paper have guiding
significance for the constant force control of the robot
grinding system for the elastic components.
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