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Abstract: Traditional industrial robots often face challenges in achieving a perfectly polished surface
on a workpiece because of their high mechanical rigidity. The active compliance force control device
installed at the robotic arm’s end enables high-precision contact force control between the grinding
tool and the workpiece. However, the complex hysteresis nonlinearity between cylinder air pressure
and output force, as well as various random disturbances during the grinding process, can affect
the accuracy of the contact force and potentially impact the grinding effect of the workpiece, even
causing irreversible damage to the surface of the workpiece. Given the complex random variation
of cylinder output force in the actual grinding process, a rate-dependent hysteresis model based
on diagonal recurrent neural network and Pradtl-Ishlinskii models named dRNN-PI is designed to
compensate for the complex nonlinear hysteresis of the cylinder and calculate the desired air pressure
to maintain a steady contact force on the workpiece. The proxy-based sliding mode control (PSMC)
is utilized to quickly track the desired air pressure without overshooting. This paper also proves
the controller’s stability using the Lyapunov-based methods. Finally, the accuracy of the proposed
hysteresis compensation model and the effectiveness and robustness of the PSMC are verified by
experiment results.

Keywords: robot grinding; compliance grinding device; hysteresis compensation; proxy-based
sliding mode control

1. Introduction

Robot grinding, as a material removal process, is widely used in industrial fields
such as aviation [1], automobiles, and ships, and is widely applied in the processes of
surface polishing [2-5], deburring [6-9], weld grinding [10,11], etc. Satio and Miyoshi
discovered [12] that the control accuracy and stability of the contact force between the
grinding tool and the workpiece during the grinding process determine the machining
accuracy and surface roughness of the workpiece. Most existing robotic arms adopt
position control methods and have high mechanical stiffness [13]. When there is a small
displacement deviation between the end of the robotic arm and the workpiece, or there
are small protrusions or burrs on the surface of the workpiece, it may cause a strong
impact between the grinding tool and the workpiece. In addition, the robotic arm directly
participates in the grinding process through position control, which has bottleneck problems
such as inaccurate measurement, imprecise control, and slow response. This seriously
restricts the application of robotic arms in high-precision grinding processing. Therefore, it
is difficult for traditional position control to meet the needs of high-precision grinding of
robotic arms. Introducing a compliance control method is necessary to resist the impact
during the grinding process.
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Compliance control can be divided into two categories: passive compliance control and
active compliance control [14]. Passive compliance refers to the natural interaction between
mechanical devices and the external environment through mechanical structures when they
come into contact [15]. Passive compliance has a simple structure, no special requirements
for the robotic arm, and decentralized force and position control, making it easy to achieve.
Nevertheless, its force control accuracy is relatively low. Active compliance control uses
a force sensor of six dimensions installed on the tool link end of the industrial robots
to provide real-time feedback on the current output force [16-19], and adopts a specific
control strategy to control the force actively. The current mainstream active compliance
control methods can be divided into impedance control, admittance control, and force
position hybrid control. Active compliance control generally has high control accuracy, but
shortcomings such as slow response speed, high debugging difficulty, and few suitable
grinding process scenarios exist. If the strong points of passive compliance control and
active compliance control can be combined, a high-precision and highly adaptive grinding
control method can be achieved [13,20,21]. In [21], the author utilizes a gas dynamics
model and a pneumatic spring model to establish a model between the output force of
the cylinder and the feedback voltage of the pressure-regulating valve and uses a fuzzy
PID controller for control. Simulation results show that this method has a faster response
speed and smaller overshoot compared to PID control methods. However, the established
model between cylinder output force and air pressure cannot effectively compensate for the
cylinder’s hysteresis characteristics, resulting in a lagging tracking performance. In [13],
the author approximates the hysteresis loop of the cylinder as two straight lines and utilizes
a robust controller for tracking control. The proposed method compensates for cylinder
hysteresis and reduces hysteresis characteristics. The robust controller is simple and can
easily prove the stability of the controller. However, the proposed hysteresis model that
approximates two segments cannot fit well with rate-dependent hysteresis characteristics
in actual grinding processes. At the same time, the controller also has the problem of
overshooting, which may cause irreversible damage to the surface of the workpiece during
the actual grinding process.

Considering the problems of the existing methods mentioned above and based on
the idea of combining active and passive compliance, this paper designs a high-precision
compliant polishing system driven by a cylinder that can be integrated into the end of an
existing robotic arm [22,23]. A cylinder mainly drives the system and uses a high-precision
proportional pressure-regulating valve to detect the air pressure inside the cylinder, achiev-
ing high-precision contact force control.

As a driving element, the cylinder has advantages such as fast response speed and
specific passive compliance characteristics. However, as a pneumatic component, the
cylinder has complex nonlinear hysteresis problems that need to be compensated during
the design of the control system [24]. This article adopts the method of constructing a
system hysteresis inverse model for feedforward compensation, thus constructing an open-
loop control system. The control accuracy of a feedforward control system is decided
by the performance of the inverse hysteresis model [25]. The traditional mathematical
form of hysteresis models includes the Prandtl-Ishlinskii model (PIm), Preisach model,
Bouc Wen model, Maxwell Slip model, Duhem model, etc. [25]. Furthermore, Vaiana and
Rosati [26,27] classified hysteresis loops into four categories according to the analytical
properties of their limiting curves and proposed a unified modeling approach. Although
these models mentioned above have good hysteresis fitting effects for low-frequency or
constant-frequency inputs, the fitting effect is poor when there are dynamic characteristics
(changes in input frequency) and irregular effects in the hysteresis system. In the actual
grinding process, there may be some dynamic changes in the expected contact force. To
better satisfy the requirements of high-precision grinding under such conditions, it is
necessary to design a hysteresis model with high fitting accuracy under frequency changes
[28]. This paper proposes a rate-dependent hysteresis model that combines the diagonal
recurrent neural network and the Prandtl-Ishlinskii model (PIm), named dRNN-PIm,
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to address the problems of traditional mathematical hysteresis models. The proposed
hysteresis model’s direct inverse is used to plan cylinder input pressure based on its
expected output force.

After planning the expected cylinder input air pressure, the compliant grinding system
controls the input air pressure in the cylinder through a proportional pressure-regulating
valve [28]. The proportional pressure-regulating valve can be approximately modeled as
a second-order linear system, with the input of the proportional valve being an analog
voltage signal and the output being the cylinder air pressure. The proxy-based sliding
mode control (PSMC) method is applied for the first time in controlling the proportional
pressure-regulating valve cylinder system. This method was originally proposed by R.
Kikuuwe and S. Yasukouchi [29].

Based on the aforementioned discussions, this article’s primary contribution can be
summarized as follows:

1. This article proposes a rate-dependent hysteresis model that uses a diagonal recurrent
neural network and Prandtl-Ishlinskii model (dRNN-PIm) to solve problems related
to the rate of air pressure and output force of the cylinder.

2. The proxy-based mode control (PSMC) method is applied for the first time in control-
ling the proportional pressure-regulating valve cylinder system. The control method
has a fast control response characteristic and can effectively prevent overshoot during
the grinding control process, thereby avoiding irreversible damage to the surface of
the workpiece, such as scratches and dents.

3. This article considers the large number of irregular burrs on the workpiece surface
that are difficult to model as non-matching disturbances in the system. The stability
of the controller is derived and proven, and the anti-interference performance of the
controller is verified through experiments to quickly recover and track the desired air
pressure under irregular, non-matching disturbances.

The research content of the paper includes the following: Section 2 is the problem
statement, Section 3 provides a rate-dependent hysteresis model that combines diagonal
recurrent neural network and Prandtl-Ishlinskii models, Section 4 provides an adaptive
sliding mode control method based on virtual objects and the proof of the control method’s
stability, Section 5 is the experimental results, and Section 6 is a summary of the entire text.

2. Problem Statement

This section will introduce the compliant grinding device’s working principle and
main control objects. The practical application scenario of compliant grinding is shown
in Figure 1. Figure 2 shows the compliant grinding device’s physical diagram. The compli-
ant grinding device consists of a proportional pressure-regulating valve, an electromagnetic
directional valve, a low-friction cylinder, a single-axis angle sensor, and a magnetic induc-
tion displacement sensor. The proportional pressure-regulating valve has the functions
of both air pressure regulation and air pressure measurement. Therefore, by connecting
the pressure-regulating valve to the front of the cylinder, the current air pressure value of
the cylinder can be detected in real time. This article models the load end, cylinder, and
proportional pressure-regulating valve separately, unlike the traditional overall control
system modelling method.

The schematic diagram illustrating the input and output of the compliant grinding
device is presented in Figure 2. The modelling for the load end can be carried out according
to the following expression:

(mg +my)& + (mg+my)g-cosa = F +Fy+ f 1)

In the above equation, my and m; represent the masses of the compliant device’s
movable end and the load tool at the movable end, respectively. Both m( and m; are
obtained by weighing. « is the angle between the compliance device’s axial and gravity
directions obtained through the single-axis angle sensor. f is the combined force of cylinder
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piston friction and guide rail friction, identified through experimental data collection. G
represents the acceleration of gravity. The symbol F,, represents the force of contact between
the grinding tool and the surface of the workpiece. F, is the output force of the cylinder,
which is influenced by factors such as the size of air pressure and the rate of change in
air pressure, and exhibits certain hysteresis characteristics. Section 3 will elaborate on this
in detail.

Figure 1. Application of compliant grinding device in automotive paint surface precision processing.

This article approximates the proportional pressure-regulating valve as a second-order
linear system, as shown in the transfer function below:

_pls) . a
Gls) = u(s) s2+bs+c

@

The coefficients a, b and c are identified from the step input voltage and correspond-
ing feedback pressure collected through experiments. The transfer function can then be
rewritten as follows:

p+bp+cp+dn =au 3)

In the above equation, p is the feedback air pressure of the proportional pressure-
regulating valve, u is the input analog control voltage, and d,, is the disturbance signal.

Low Resistance

Cylinder ~

Solenoid Directional
Valve

Proportional Pressure
Regulating Valve

Air-in

Figure 2. Force analysis and pneumatic circuit schematic diagram of the load end of the compliant
grinding device.
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The control framework for the compliant device in this article consists of two parts:
planning and control. The planning part calculates the required cylinder output force F,
corresponding to the target contact force F, through (1), and then calculates the required
air pressure p in the cylinder through the constructed inverse model of cylinder hysteresis
fitting. The control part is for the controller to quickly track and respond to the cylinder
pressure p.

3. Calculation of Expected Air Pressure

The output force of the cylinder is not strictly proportional to the air pressure due to
the presence of a hysteresis loop. To achieve an accurate management of the resultant force,
it is necessary to compensate for the hysteresis of the cylinder. This section proposes a
rate-dependent hysteresis model based on dRNN and PIm models, which can have a more
accurate fitting effect on the hysteresis loop of variable frequency input air pressure.

3.1. Rate-Dependent Hysteresis Characteristics of Cylinders

The hysteresis loop of the cylinder is obtained from experimental tests of inputting
continuously varying air pressure with a frequency range of 0-5 Hz into the cylinder of the
compliance device, as depicted in Figure 3.
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Figure 3. The hysteresis loop obtained by the experimental tests between the input pressure and the
output force of the cylinder.

It can be observed from Figure 3 that the hysteresis loop’s shape alters with the input
air pressure’s frequency. The loop’s width gradually increases as the frequency increases.
In addition, it can be seen that the curve of the rising section of the air pressure does not
coincide with the curve of the falling section. From this, it can be seen that the hysteresis
characteristics of the cylinder have a significant impact on the accuracy of the open-loop
control system of the compliance device. Therefore, it is necessary to fit and compensate
for the hysteresis of the cylinder.

3.2. A Rate-Dependent Hysteresis Model Based on dRNN and PIm Players

This article improves the traditional Prandtl-Ishlinskii model (PIm) and introduces a
diagonal recurrent neural network (dRNN).
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The conventional PIm hysteresis model is achieved through the addition of several
backlash operators that are weighted and summed up:

y(t) = El w;max[u(t) —r;, min[u(t) +r;, y;(t — T)]] @

¥(0) = yo

In Equation (4), the PIm model contains n backlash operators, where it is the input
variable of the PIm hysteresis model at time ¢, y(t) is the output of the PIm model at time ¢,
yi(t — T) is the output of the i backlash operator at the previous discrete time of t — T, and
w; and r; are the weights and thresholds of the i operator, respectively.

Based on the PIm model, a diagonal recurrent neural network (dRNN) was introduced [30].

h(t) = tanh(Wy,u(t) + Wyph(t — 1) + by, 5)
w = Wh + bg
Wiy = [wo, w1, ..., wm]T
1% 0 .. 0
0 a O
Wi, = !
: 0 o0
0 e TO &y (6)
by, = [Bo, B1, ---Bm]
Hoo - Hom
W=|: .
HUno - ilfn,m
by = [bo, by, ..., ]

The weight coefficient w = [wy, w1, ..., W] of the PIm hysteresis model in Equation (4)
can be obtained by using the diagonal recurrent neural network represented by
Equations (5) and (6). Wy, € R™1 W, € R™* ™ and b, € R™*1 are the weight coefficients
between the input layer and the hidden layer of dRNN, the weight coefficients between
the hidden variables of adjacent time steps, and the bias, respectively. And W € R"*" and
by € R™*1 are the weights and deviations of the output layer, respectively.

By utilizing the rate-dependent characteristics of dRNN, the dRNN-PIm model has
the ability to fit rate-dependent hysteresis.

4. Tracking of Planned Air Pressure

An adaptive proxy-based sliding mode controller is designed and the corresponding
stability is analyzed in order to quickly respond to the planned pressure and recover quickly
and safely from disturbances in this section.

4.1. Development of the Control Component

The schematic diagram of the principle of adaptive proxy-based sliding mode con-
troller is shown in Figure 4.

SMC | Desired air
pressure

Current air
pressure

> Pp

A 4

Pa
Figure 4. Schematic diagram of PSMC principle.
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The actual controlled object proportional pressure-regulating valve tracks the proxy
object through a PID controller, while the proxy object tracks the desired air pressure
through a sliding mode controller. p, and p; represent the air pressure and expected air
pressure of the virtual object, respectively. The control law to track the expected position of
the virtual object is given by the sliding mode control.

Tsme = Fsgn(o1) )

The definition of the sliding surface in (7) is defined as
01 = ep + Aép (8)
€p =Pd — Pp )

where sgn represents the sign function, and F and A are both control gains. When 6 = 0,
the tracking error e, of the virtual object will exponentially converge to zero under the
influence of the time parameter A.

On the other hand, the PID control law for tracking proxy objects with actual controlled
objects is expressed as

t
TpID = kpex + k; /0 exdT + kgéx (10)

where e = p, — p is the position tracking error between actual and virtual objects; ky, k;
and k; are gains of PID controller to be designed.
The auxiliary variables are defined as

t
a:/o exdT (11)

c=e+Aé (12)

where e = p; — p represents the tracking error between current pressure and actual pressure.
Therefore, sliding mode control law and PID control law can be represented as

Tspc = Fsgn(o — a — Ai) (13)

TpID = kpl'l + kija + kyi (14)

The sliding mode controller and PID controller counteract the proxy object, hence the
following equation holds:
T = TsMc = TPID (15)

Submitting (13) and (14) in (15), we have
T = Fsgn(c — a — Ad) = kpa + kia + kyii (16)
According to [29], we have

z/7Z + Xw

Y+ Xw =Ysgn(z — Zy) & y = —Xw + Ysat( v )

(17)

where X,Y,Z > 0 and x,y,z € R. The definition of saturation function sat(-) is as shown

bellow:
z

sat(z) = m

(18)
According to (16), we have

kpa +k;
i+ fpl i _ £sgn((f— a— Adil) (19)
ka ka
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Combining (17), there is the following equation:

_kpa+kia F {kd(aaijpd—l—kiaﬂ

+ —sat F 1 K

“ kg kq

(20)

According to (16), the voltage output of the controller for proportional voltage regula-

tion is as follows: P i+ k
_ Fsqt|Ke (04 | Kpd ki
T = Fsat { 7 ( 3 + K, )} (21)

4.2. Stability Proof
The tracking error vector is defined as shown below:

E=[e, E] (22)
E=1[¢ i, ! (23)
Substituting p; — p into (3) gives us
é+bé+ce=—at+A (24)
where
A=pg+bpg+cpg+dm (25)

and |A| < &, dp > 0 holds true.
To illustrate the stability of the controller, we introduce the following lemma.

Lemma 1. Combining the proportional pressure-requlating valve model (24) and PID controller
(10) into a closed-loop system, with the input u = X, — %3 = i — ¢é, where k, > 0, k; > 0 and
kg > 0 result in the inequality of the following function V), to hold:

Vp(Er) > 8[| Ex | (26)
Vp(Er) < tu+ 0| Er|l — pe|[Eal|* — puluf® (27)
where § > 0, pg > 0and p, > 0.
The Lyapunov function is selected in the following manner:
V(E) = Vp(E1) + [F(e — a)]. (28)

According to (26), it can be known that V(E) = 0 when E = 0, and V(E) > 0 for any
E # 0. Taking the derivative of V with respect to time gives

V(E) = V,(Eq) + (¢ — ii)Fsgn(e — i) (29)

Combining (27), it can be known that
V(E) < tu+ 8 Er|| — pel|Ex | — puluf + (¢ — i) Fsgn(e — a) (30)
Substituting (16) into (30) and combining u = %X, — %3 = i — ¢, it can be obtained that

V(E) < (i —¢)Fsgn(c — i — Ad) + 8||Eql| — pg||Eq|*

31
— pulul* + (¢ — i) Fsgn(e — ) (31)
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Considering o — a — Aii = e — i + A(é — i), it can be known that
V(E) < A(é— iz')f[s n(e—a) —sgn(e—a+ A(é —i))]
= 158 8 (32)
+0|[Exl| = pEllEv|l® = pulul?
Combining the following inequalities:
yTX[sgn(z +y) —sgn(z)] > 0Vz,y € R, X >0 (33)
it can be known that
/\(é—ii)%[sgn(e—[z) —sgn(e—a+Aée—d))] <0 (34)
and thus
V(E) < A(é— a)X[sgn(e —a)—sgn(e—a+A(é—i))]
0] Exll = pel E|* — puluf? ©9)

2 2
<O\ Eall = pellEal” — pufu]

When o7 = 0, the system enters the sliding mode. According to Equation (17), this
condition is satisfied when E is in the following region:
o —a ki +kia

ka

sé{EeW

F
S@} (36)

When the value of F is sufficient to obtain E € S, the closed-loop system is on the
sliding mode surface, and S is called the sliding region. At this time, e, + Aé, = 0 and the
region is defined as

Q2 {E e R*|60|IEx]| — pe | Ex | — pulu* = 0} (37)

When E ¢ (), there is V(E ) <0, so the control system is proven to be stable.

5. Experiments

In this section, experiments are conducted on a compliance grinding test bench de-
signed and built by ourselves to verify the effectiveness of the proposed hysteresis model
and controller.

5.1. Self-Built Test Bench

Figure 5 displays the test bench that we constructed. The compliance grinding device
is fixed on a linear guiding rail. The experimental system uses a PC as the upper computer,
and the control algorithms are exerted in the environment of NI LabVIEW. NI ¢RIO-9039
is used as a high-speed real-time lower computer, which receives instructions issued by
the upper computer and sends the calculated system instructions to the lower computer
in real-time. The lower computer ultimately generates the specified voltage and acts on
the proportional pressure-regulating valve through the NI 9263 module to regulate the
input air pressure into the cylinder. At the same time, the state value of the air pressure
measured by the pressure-regulating valve in the cylinder is also fed back to the lower
computer through the data acquisition module NI 9215,and the lower computer sends the
feedback signal back to the upper computer.
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Figure 5. Self-built compliant grinding device test bench.

Feedback

5.2. Experiment Results

Experiment 1 (hysteresis compensation): This part of the experiment aims to verify
the effect of our proposed hysteresis model on the rate-dependent hysteresis of the cylin-
der. This article compares the proposed model’s fitting performance with the traditional
PIm and rate-dependent RBF-PIm models for two different frequency variations. Before
the experiment begins, the parameters of the hysteresis models are identified by the pa-
rameter optimization toolbox in MATLAB/Simulink toolbox based on the data collected
from experiments.

Case 1: The desired cylinder output force is set in the form of a chirp signal as

F:Acos(Zn(fE—fs)/(tl—0)-0.5-t2+fs~t>+b (38)

where f, = 5 Hz is the end frequency, f; = 2 Hz is the starting frequency, t; = 10 s is the
time of frequency changing and A, b is set to 90 and 40, respectively.
Case 2: The desired force output by the cylinder is set as

F =02Asin(2r x 0.8 x wt) + 0.4Asin(27r x 0.5 X wt)
+0.4Asin(27r x 0.6 X wt) + 0.2A sin(27r x 0.3 x wt) (39)
+b.

where A =50, w = 1 and b is set to 50.
In order to quantitatively compare the fitting error for cylinder hysteresis, the root-
mean-squared error (RMSE) was introduced as follows:

N

RMSE = |+ 3 [x1(k) — ya(K) (40)
k=1

The experimental results that correspond to this are shown in Figures 6 and 7. The
results displayed in Figure 6 indicate that our hysteresis compensation model is more
effective than two other models compensating for the force—pressure hysteresis of the
cylinder with continuous variations of 2-5 Hz frequency under Case 1. Specifically, our
model outperformed the rate-dependent RBF-PIm hysteresis model and traditional PIm
operator hysteresis model. As shown in Table 1, the error of our proposed model measured
is 0.1045 bar, which is smaller than 0.1199 bar for the RBF-PIm model and 0.2420 bar for the
PIm model.
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Table 1. RSME for cylinder hysteresis fitting.

Ours (Bar) RBF-PIm (Bar) PIm (Bar)
Case 1 0.1045 0.1199 0.2420
Case 2 0.0385 0.0919 0.1420

----- Experiment

PIm

DRNN RBF-PIm

Pressure(Bar)
Pressure(Bar)
IS

3535536
5

1 2 3 4 5 6 7 8 9 1
F T — T
(\ X 3.565 )
Y 1.6393
-~ 1.5 1
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2

\ ok
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A Y 0.0683722

2+ > L Experiment

== Ours
RBF-PIm
Pim

Error(Bar)
o

. L 3.56 3.6 364 . L ; : . ' -
1 2 s 4 5 6 7 8 s 10 40 60 80 100 120 140

Time(s) Force(N)

Figure 6. Experimental results of Experiment 1—Case 1.

From Figure 7, under the random variation frequency of Case 2, our proposed model
has better fitting accuracy than the rate-dependent RBF-PIm model [31,32] and the tra-
ditional PIm model. The error of our proposed model measured is 0.0385 bar as shown
in Table 1, which is smaller than 0.0919 bar for the RBF-PIm model and 0.1420 bar for the
PIm model.

OURS RBF-PIm PIm

0 1 X 1.725 4 5 6 7 8 9 10 5
Y 5.48469 —

Pressure(Bar)
o N & o
g
&
> ¢
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o
~
w
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R
>
<
®
©
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-1 n N X 1515516 X R 15 L L L L L L L J
0 1 2 3 4 5 6 7 8 9 10 50 60 70 80 920 100 110 120 130

Time(s) Force(N)

Figure 7. Experimental results of Experiment 1—Case 2.

It can be concluded that our proposed hysteresis compensation model fits rate-
dependent hysteresis better than the traditional PIm model and RBF-PIm model used
for comparison, as seen in Figures 6 and 7. The dRNN stores information from previ-
ous time steps through its hidden layer states, so the dRNN-PIm model combined with
dRNN and PIm models has a better fitting effect on rate-dependent cylinder hysteresis
than RBF-PIm and traditional PIm models.

Experiment 2 (tracking control): In this section, four experiments were conducted to
validate the effectiveness of the control algorithm.

Case 1: The desired outcome for the control system is to follow a force trajectory

accurately:
0,t<0
F_{40,t>0 (41)
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Case 2: The control system is designed to follow a force trajectory as Case 1, and an
additional disturbance is introduced to the system at about 1 s.
Case 3: The control system is desired to track a force trajectory in the form of a chirp

signal as
F=15c0s(0.27r - t2 42 -t) + 10 (42)

Case 4: The control system is desired to track a force trajectory as
F = 3sin(1.67tt) + 6 sin(7tt) + 6 sin(1.27tt) 4 3 sin(0.677t). (43)

As indicated in Figure 8a, the PID controller has the shortest response time to the
step output force. However, it also exhibits an overshoot, which could potentially lead to
permanent damage to the workpiece surface during the grinding process. The proxy-based
sliding mode controller and PD controller do not exhibit overshoot, and the response speed
of the proxy-based sliding mode controller is slightly faster than that of the PD controller.
In contrast, the output of the PD controller oscillates rapidly, which leads to the control
energy consumed by the PD controller being much more than that of the proxy-based
sliding mode controller and PID controller. It indicates that the PSMC controller has the
characteristics of no overshoot, fast response speed and energy saving.
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Figure 8. Force and pressure tracking of different controllers (Experiment 2). (a) Case 1. (b) Case 2.
(c) Case 3. (d) Case 4.

As for external force disturbances, we can see from Figure 8b that the proxy-based
sliding mode controller and PID controller can rapidly suppress disturbances, while the
PD controller exhibits a divergence phenomenon. It indicates that the PSMC controller has
good robustness.
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Figure 8c,d show that the three controllers track the output force of the cylinder under
continuous and irregular frequency changes, respectively. It is demonstrated that for the
error of tracking force, the PSMC is controlled within +£5 N, which is less than the errors
of the PID controller and the PD controller. As for the accuracy of tracking pressure, the
PSMC also performs better than others. The control energy consumed by PSMC is much
less than the PD controller. It indicates that the PSMC controller has good robustness. The
results indicate that the PSMC controller is suitable for tracking rapidly changing target air
pressure or output force.

The two parts of the experiments illustrate how the hysteresis compensation and
tracking control work together to control the output contact force of the compliant grinding
device. Experiment 1 shows that our proposed hysteresis compensation model has a
good fitting effect on rate-dependent cylinder hysteresis, and can also achieve accurate air
pressure planning for situations where the end angle of the robotic arm changes rapidly and
irregularly under actual working conditions, ensuring the accuracy of contact force control.
The results of Experiment 2 indicate that the adopted PSMC has the characteristics of no
overshoot, fast response speed, energy saving, robustness and fast-tracking. Therefore,
the combination of the dRNN-PIm model and PSMC controller meets the practical control
requirements of high-precision grinding.

6. Conclusions

In this paper, experimental equipment for active compliance and force control grinding
is developed using a cylinder drive. Focusing on the complex random variation of cylinder
output force in the actual grinding process, a rate-dependent hysteresis model of dRNN-
PIm is proposed to characterize the complex nonlinear hysteresis of the cylinder and
calculate the desired air pressure to maintain a constant contact force on the workpiece.
Experimental results of cylinder hysteresis fitting demonstrate that in the case of chirp
signal form, compared to the traditional PIm model and RBF-PIm model, the RSME of the
dRNN-PIm model is reduced by 56.82% and 12.84%. In the case of random signal form,
compared to the traditional PIm model and RBF-PIm model, the RSME of the dRNN-PIm
model is reduced by 72.89% and 58.11%. The experimental results of cylinder hysteresis
fitting show that the purposed dRNN-PIm hysteresis model can accurately fit the effect on
the hysteresis loop of variable frequency input air pressure.

On this base, we utilized the proxy-based sliding mode controller to realize the fast-
tracking of the desired pressure without overshooting. Additionally, the stability of the
controller is proved via Lyapunov-based methods. Experimental results of air pressure
tracking demonstrate that the PSMC controller exhibits smaller overshoot, less control
energy and better robustness compared to the PID and PD controllers.

Finally, the control method of the compliant grinding device, which includes the
proposed dRNN-PIm hysteresis compensation method and PSMC control method, has been
experimentally proven to achieve high precision, no overshoot and good anti-interference
fast response control of contact force.
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