Mechanics & Industry 26, 3 (2025)
© H. Chen, Published by EDP Sciences 2025
https://doi.org/10.1051 /meca,/2024038

Mechanics
fndustry

Available online at:
www.mechanics-industry.org

Adaptive backstepping control for electro-hydraulic servo system
in extension sleeve press-fitting process of bearing pressing

machine

Hongsheng Chen

Department of Electromechanical and Automobile, Chizhou Vocational and Technical College, 247100 Chizhou, China

Received: 19 July 2024 / Accepted: 19 December 2024

Abstract. In the process of extension sleeve press-fitting of the bearing pressing machine, electro-hydraulic
servo system of valve-controlled symmetrical cylinder (ESSVSC) is an important and critical control module,
and its performance has a significant impact on the working accuracy of such equipment. People have proposed
various related control algorithms. However, external disturbances and unmodeled dynamic factors are often
inevitable in practical work and may produce significant influences on the performance of the control system.
Existing researches on this issue remains to be enriched and the performance of related algorithms still needs
further improvement. An adaptive backstepping control algorithm (ABCA) is proposed in this paper. Firstly, a
mathematical model of the ESSVSC is established which takes into account external disturbances and
unmodeled dynamic factors. Secondly, the adaptive backstepping controller is designed by using the
backstepping algorithm, and the control law and adaptive parameter estimation law are given. The stability of
the control system is also proved. The analysis results of the numerical examples show that the proposed
algorithm can effectively suppress the adverse effects of typical external disturbances and unmodeled dynamic
factors and maintain good control accuracy. The output displacement error of the proposed algorithm is smaller
and the tracking performance is better. The control accuracy of our algorithm is improved by 48.33% and 94.76%
compared to BSMCA and PID, respectively, which illustrates the rationality of the established mathematical
model and the effectiveness of the algorithm. This work is expected to provide useful reference for improving the
control performance during the pressing process of the extension cylinder and the algorithm design of ESSVSC.

Keywords: Bearing pressing machine / electro-hydraulic servo system / valve-controlled symmetrical cylinder /
adaptive backstepping control algorithm (ABCA) / traditional PID control algorithm (PID) /
backstepping sliding mode control algorithm (BSMCA)

1 Introduction

The pressing process of the bearing pressing machine are
mainly composed of three actions, i.e., ejecting cylinder to
lift wheel set, sending cylinder to control the V-shaped
guide rail over, and extending of the extension sleeve press-
fitting cylinder to designated position. The accuracy of the
extending and positioning of the extension sleeve press-
fitting cylinder directly determines the success rate of the
bearing press wheel set. In order to achieve precise control
of this critical step, it is necessary to design a suitable
control algorithm and a high-quality controller for the
electro-hydraulic position servo system [1].

* e-mail: 10170456790@qq. com

The electro-hydraulic servo system has the character-
istics of fast response, high control accuracy and strong
load-bearing capacity [2], which are widely used in many
important fields such as automotive suspension [3], robots
[4-6], rail trains [7] and aircrafts [8]. The electro-hydraulic
position servo system of valve-controlled symmetrical
cylinder (ESSVSC) is one of the important types. A high-
quality controller is crucial for ESSVSC since it directly
determines the speed and accuracy of the system’s output
signal tracking the input signal, hence the actual working
conditions of the control system.

Many scholars have proposed different mathematical
models and control algorithms of ESSVSC, such as linear
model backstepping control [9-12], self-disturbance rejec-
tion control [13-16], adaptive control [17,18] and nonlinear
model adaptive control [19-21], adaptive fuzzy control
[22-26], fractional order adaptive sliding mode control
[27-31]. For example, Li et al. [11] and Min et al. [12] both
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designed a sliding mode control method based on feedback
linearization. Although the external disturbances and
unmodeled dynamics of the electro-hydraulic position
servo system were considered in their models, a simply case
of sine function was analyzed in their works without
considering other typical external disturbances and
unmodeled dynamics, hence it was difficult to demonstrate
that the proposed control algorithms had good robustness
and anti-interference ability. To solve the problems of
rotational inertia uncertainty and external disturbance in
spacecraft of electro-hydraulic position servo systems, He
et al. [32] and Yu et al. [33] both studied an adaptive finite
time control algorithm based on backstepping method and
established a mathematical model described by quatern-
ions. Although their method avoided the complexity,
explosiveness and singular value problems by the back-
stepping design of theoretical calculation, the system
complexity was increased owing to using neural networks
to estimate unknown nonlinear functions. Gao et al. [15]
and Duan et al. [16] proposed a self-disturbance rejection
control algorithm for electro-hydraulic position servo
systems. They achieved real-time estimation of composite
disturbances by designing a linear extended state observer
and improved the transient response speed of the system.
Although the control accuracy of the algorithm was
demonstrated to be higher compared to the PID algorithm,
its control performance still needs further improvement.
Wang et al. [18], Nguyen et al. [20] and Lebel et al. [21]
presented an adaptive backstepping control algorithm for
air suspension system with consideration of unmodeled
dynamics and external disturbances. Although the algo-
rithm could overcome the disturbance problem caused by
parameter uncertainty, the established system model
might induce vibration problems when the vehicle operated
with relative low or high speed, making it difficult to ensure
the stability of the system. Cao et al. [25] and Liu et al. [26]
investigated the problem of actuator energy limitation
during high-precision launch of kinetic energy loads on
launch platforms. A new adaptive fuzzy output feedback
controller based on dual observers was proposed by
combining a sliding mode observer with a fuzzy observer
with appropriate membership functions, which achieved
motion control with disturbance suppression. However, the
solving process often became very complex as the system
order increased when solving fractional derivatives.
Therefore, Xue et al. [30] and Yu et al. [31] considered
an adaptive neural network backstepping control algo-
rithm of fractional order nonlinear systems. Although the
algorithm could reduce the difficulty of solving fractional
order nonlinear systems, it increased the difficulty of
establishing nonlinear models.

To further improve the anti-interference ability and
control accuracy of the control system, an adaptive
backstepping control algorithm (ABCA) is proposed in
this paper for the actual working process of the extension
cylinder of the bearing pressing machine. Firstly, a
nonlinear mathematical model of the ESSVSC is estab-
lished, which takes into account external disturbances and
unmodeled dynamic factors. Secondly, based on the
established mathematical model, an adaptive backstepping
controller is designed by using the backstepping algorithm

and the system control law and adaptive parameter
estimation law are also given. The adaptive parameter
estimation law is designed to effectively estimate the
bounded values of the system output signal and improve
the transient response speed of the system. Meanwhile,
the designed adaptive backstepping controller can also
enhance the robustness and anti-interference ability of the
system when facing external disturbances and unmodeled
dynamic factors. Finally, we analyze and verify the
designed control algorithm by considering the influences
of several typical external disturbances and unmodeled
dynamic factors, and further compare the proposed
algorithm with the traditional PID control algorithm
(PID) and the backstepping sliding mode control algorithm
(BSMCA). The results show that the proposed algorithm
possesses strong anti-interference ability under typical
external disturbances and unmodeled dynamic factors, the
output displacement error value of our algorithm is smaller,
the tracking performance is better, the jitter and overshoot
of the system are reduced significantly.

The paper is organized as follows. The problem is
described and the mathematical model of the system is
established in Section 2. Section 3 designs an adaptive
backstepping controller by using backstepping control
algorithm. The system control law and adaptive parameter
estimation law are also given in this section. Section 4
provides the proof of the system stability by constructing
Lyapunov Functions. Section 5 verifies the effectiveness and
superiority of the control algorithm proposed in this paper
through example analysis where the influences of four typical
external disturbances and unmodeled dynamic factors are
investigated and performance comparison where the
BSMCA and the PID are considered. Section 6 concludes
the whole work.

2 Problem description and model construction

The structural diagram of the considered ESSVSC for
extension sleeve press-fitting process of bearing pressing
machine is shown in Figure 1. The input displacement signal
is fed into the controller and acts on the electro-hydraulic
servo valve through the servo amplifier. The symmetrical
cylinder generates an output displacement signal under the
action of the electro-hydraulic servo valve, and this signal is
fed back to the controller through a position sensor. By
adjusting the parameters of the controller, the deviation
between the output and input displacement signals is
adjusted continuously until it approaches zero infinitely.

The state variable x =[xy, 39, T3, x4]T =
[xp,j:p, D1, p2] is defined here and the following assump-
tion is taken.

Assumption 1 [34]: The hydraulic oil in both chambers
of the hydraulic cylinder has the same elastic modulus, i.e.,
Beir = Bea = Be. The effective areas of both chambers in the
hydraulic cylinder are the same, i.e., A;=A,=A.

Then, according to the pressure dynamic equation of
the two chambers of the valve controlled cylinder, flow
equation and inertial load dynamic equation, the mathe-
matical model of the ESSVSC of extension sleeve press-
fitting process of bearing pressing machine can be derived
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Fig. 1. The structural diagram of the ESSVSC for extension sleeve press-fitting process of bearing pressing machine.

as follows:
.Ci?l = X2

1
&y=—(Axy — Axy — By — ASy — f)

3

=

Gy= o8 (—Azy — Cp(m3 — 4) + Q1)
Vi

Ty= —Z (Azg + Cr(z3 — x4) — Q9)

<[

where m is the load mass, 7, is the output displacement, i.e.,
71, T, represents the output speed, i.e., 15, p; and ps represent
the working pressures of the left and right cavities,
respectively, i.e., 3 and x; respectively, A is the effective
area of the left and right cavities, B is the effective viscous
damping coefficient, Afis the Coulomb friction amplitude, S;
is the shape function of the Coulomb friction, frepresents the
external disturbance and unmodeled dynamics, 8. is the
elastic modulus of the oil, Vi = Vy; + Ayand Vo= Vo — Ay
are the effective volumes of the two cavities respectively ( Vo
and Vjo denote the initial volumes of the two cavities
respectively), Cyis the hydraulic cylinder leakage coefficient,
@1and (), represent the inlet and return oil flow rates of the
hydraulic cylinder, respectively.

Furtherly, as in the reference [34], another assumption
is introduced here to facilitate the derivation of the oil flow
rate equation of the two cavities of the valve-controlled
cylinder.

Assumption 2 [34]: The area gradients of the left and
right ends of the throttle hole in the electro-hydraulic servo
valve core is equal, i.e., w1 = wy = w.

Then, the oil flow rate equation can be obtained as:

Q= \/iCdKin [s(u)\/Ps —p1 +s(—u)y/pr — Pr]

5 (2)
Q= \/%CdKiwu [s(u)\/Pa = Dy + 8(—u)\/Dy = D3]

where p is the hydraulic oil density, C, represents the flow
coefficient of the orifice, K; represents the current gain of
the servo valve spool, w is the gradient of the orifice area, u
is the control input signal, p, and p, represent the pressures
of the pressure source and the return oil, respectively, and
the function s(u) is defined as:

S(u):{l,uzo

0,u<0’

3)

By introducing following parameters:

2
9= \/%Cda)Kilel = S(U)vps —p+ s(_u)\/pl _pr7R22
= s(u)\/ Py — P, + s(—u)\/Ps — Ps.

Equation (2) can be simplified as:

{ Q1 = gRuu

Qy = gRyu’ (4)

For the convenience of controller designing, we can
reduce the original fourth-order model to a third-order
model. If redefining the state variable a3 as load
acceleration, i.e., xg,:ATprApz, and setting 6= 1[0, 6,,
03, 04 " =B, A, d,, C] 7, then the model of the ESSVSC
can be re-expressed as:

1.)1 = X2
1

:'E2:7(1‘3 —91.’22 —QQSf—eg - d) (5)
m

T3 :g3u_fc_64fu

2 2
where g, = (4804 4) g f = (£ +£) B, f, =
(& +4) (1 - p)Be
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Fig. 2. The block diagram of the derivation process of the proposed adaptive backstepping control algorithm of electro-hydraulic

position servo system model.

3 Adaptive backstepping controller design

Based on the mathematical model of the ESSVSC
presented above, an adaptive backstepping controller is
designed here through backstepping algorithm by using
Lyapunov function. The control law and adaptive
parameter estimation law are also given in this section.
The block diagram of the derivation process of the adaptive
backstepping control algorithm (ABCA) is shown in
Figure 2. The detailed derivation process is described as
follows, where k; > 0(i =1, 2, 3) denote the controller
parameters.

Step 1: Setting ;4 as the displacement tracking value
of z;, the displacement tracking error can be given as e; = 1;
—14 In order to make the error e; approaching 0, the first
semi-definite Lyapunov function is defined as:

Viler) = 3¢t ()

~ Taking the derivative of equation (6) yields
Vi(e1) = e1é1 = e1(&1 — #14) = e1(z2 — £14). To ensure
system stability, it is necessary to satisfy V; < 0. If setting
Vi(e1) = —kie? < 0(k; > 0), then the system is stable. At
this point, we have x5 — &1y = —kjeq, i.e.,xs = T19 — k1€
which is an intermediate virtual value and can be
represented as T4 Since o = Try+ ey (1n4 is the tracking
value of 1), following relation can be found by differenti-
ating equation (6):

Vi(el) = eré1= —kie? +ejes, (7)

Step 2: To make e, approaching 0, it is necessary to
find the second Lyapunov function, which should include e;
and e;. Only when both errors approaching 0, can the
system be stable. The second Lyapunov function is
introduced as:

1 1
Va(er,e2) = ik%e% + imeg. (8)

According to the second equation in equation (5), we
have:

miy = T3 — 6122 —QQSf—Qg —d. (9)

By consideration of e; =xs — X9, and equation (9), it
can be obtained that:

még = m:I'JQ — mjcgd
= T3 — 911’2 - QQSf - 93 - meQd. (10)

Differentiating equation (8) yields:
Vg(el, 62) = k?elél + mesgés. (11)
Substituting equation (7) into equation (11) gives:

V2(€1,€2) = k?elél + megés
= fk:l”e% + k%eleQ + meges (12)

and substituting equation (10) into equation (12) yields:

V2 (61, 62) = —k?e% + k%elez + 62(m3 — b1y — 92Sf
— 03 — M)
= —k:?e% + k‘%elez + es(es + x3q — 0129
—QQSf—eg —m.’tgd). (13)

In equation (13), 23 is an intermediate virtual value that
can be named as x34. Set 134 as the tracking value of x5, then
e3=X3X34 Setting 0 is the estimated value of adaptive
parameter 6, then the error of adaptive parameter 0 is
0 =0 — 6. Equation (13) can be further written as:

VQ (61, 62) = —k:‘;’e% + k%eleg + 62(133 — 0129 — stf
— 93 — m.’bgd)
= 7k?e% + 62(63 + 234 — 91:172 — éZSf
— ég - (—élm‘z - éQSf - ég)
— mi?gd-l-k%el). (14)
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In order to make the system stable, it is necessary to
ensure V(e ez) <0. By setting x3q — 60122 — 625y
;63 — mitgd = Tk262(k2 > 0), we have x33=mZog+
012y +095f + 63 — kses. Then equation (14) can be
rewritten as:

V2 (61, 62) = 7]{736% + 62(63 —+ {17~3d — él.’tg — éQSf — 93
— (—91.’152 — 925]" — 93) — mi‘zd—FI{i%Cl)
= kel 1 eze3 + k%6162~— ko2

— 62(—911‘2 - QQSf - 93) (15)
Step 3: In order to make the error e3 approaching 0, the
third Lyapunov function should be found, which must

include ey, e; and es. Only when all three errors approach 0,

can the system be stable. The third Lyapunov function is

given as:

1
Vs(e1, ez, e3) = Va(er, ea) +§€§ (16)
of which the derivative can be acquired as:
V(er,ea,e3) = Va(er, €2) + ezés. (17)

Substituting equation (8) into equation (17) yields:

Vs (e1,e2,€3) = —ki’e% + ege3 + k%€1€2 — kgeg
— 62(—911‘2 — 92Sf — 93) + egeés. (18)
Considering 23 = g3u — f. — Osf,.e3=23— 134 and
é3 = &3 — &34, equation (18) can be expanded as:
Vs (e1,e2,e3) = fk‘i’eg + egez + kfeleg - kgeg
— 62(—91152 — QQSf - 93) + €3é3
= —k:fej + ese3 + k%61~€2 — kQ@%
— 62(—91$2 — 925f — 93) —+ 63(9311,
— fo—0af, — T34) + €304f,. (19)

Similarly, Vs(ey, €2, e3) < 0 should be satisfied to meet
the stability requirement of the system. Therefore, by
setting gsu — f, — 04f, — T34 = —kses(ks > 0), the system
control law u can be given as follows:

1 A .
u Zg—(fc+94fu+l“3d — kses). (20)
3

Therefore, equation (19) can be further written as:

Vs (e1,e2,€3) = —k::fe% + eges + k%eleg — kgeg
- 62£_91.'E2 - QQSf - 93) - kgeg
+ 6394fu‘ (21)

Step 4: The fourth Lyapunov function which must
include ey, ey, e3 and 6 is required in order to let the error
approaching 0. The system remains stable only when all the
four errors approach 0. The fourth Lyapunov function is

constructed as:

~ 1

Viler, ez, e3,0) = V(e ez, e3) +§éTF71é (22)

with consideration of the derivative of equation (22) and
equation (21), we have:

. - . i
Viler, e, e3,0) =Viley,eses) +0 IO
= 7]{5?6% =+ €9€3 + k%@leg — ]4?26%

-7 2
— kgeg +0 (I''6 — pyes — pge3) (23)
where ¢l = [—mz, -8y, —1, O] and (p3T =10,0,0,—f,]-
To ensure V), (el, e, es, 9) <0, we can set

1o — @ses — @3e3 = 0 and hence obtain the adaptive
parameter estimation law 6 as follows:

0 = I'(pye2 + gge3). (24)

4 Proof of the system stability

To prove the stability of the system, following Lyapunov
function is taken.
V = Vy(er, es,e3,0) + ' Pi. (25)
Considering the derivative of equation (25) and
equations (22), (23), we have

V =Vl es,e3,0) + 5 Pz + 7 Pi
= —kiel + ese + kieres — kaeh — kel

+0" (110 — pues — pues) — 37 QR (26)
where ¢l = [—mg, =Sy, —1,0],@1; =10,0,0,—f,], ATP+
PA=— (@, and P is a real symmetric positive definite
matrix.

According to equations (7), (15), (19) and (23), it can be
acquired that:

vV < —ki’e% + esez + k%elez — kge% — kgeg

+8' (58 — pyer — gues) — QU EIZ  (27)

It can be inferred that e;, e; and es are bounded because
all signals in the closed-loop controller are bounded [35].
According to the lemma in reference [35|, we know that the
adaptive parameter estimation law € is also bounded, i.e.,
601, 05, 03, 6,4 are bounded. Meanwhile, V' < 0 can be found
according to equation (27), which means the system
remains stable. Based on the above analysis, it can be
concluded that the system control law u is related to the
controller parameters ki, ks, and ks. Therefore, it is required
to comprehensively investigate the system performance of
transient and steady-state responses to adjust the
controller parameters.
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5 Example analyses and simulation
verification

To verify the rationality of the presented model and the
effectiveness of the designed control algorithm, the
performances of the output displacement signals tracking
the input ones of the system are analyzed through several
examples here and four typical external disturbances and
unmodeled dynamic factors are considered.

Given the input displacement signal as

0.2sin(2t) (1 - 6’0‘0”3), four typical external disturbances

Tg =

and unmodeled dynamic factors (f) are set as cosine
function, step function, ramp function and pulse function,
respectively. The analysis results of the signal tracking
performance are shown in Figure 3.

From Figure 3, it can be seen that the maximum input
displacement of the system is 2.000e-0lm when
t=22.771s. Figure 3a corresponds to the case of
f=20cos(4rt) where the maximum output displacement
of the system is 1.990e-01m and the relative error of the
output displacement to the input displacement is 0.5%.
Figure 3b shows the case of step function where the
maximum output displacement is 1.994e-01lm and the
relative error is 0.3%. As for the ramp function (Fig. 3c),
the maximum output displacement is 2.008e-01m and the
relative error is 0.4%. Additionally, there exists a
noticeable overshoot phenomenon in the output displace-
ment of the system. As for the pulse function, as shown in
Figure 3d, the maximum output displacement is 1.993e-
01m and the relative error is 0.35%. Apparently, all of the
relative error values for these four typical cases are within
the allowable range, which means that the output
displacement signal of the system can still effectively track
the input displacement signal with minor errors when
facing the influences of four typical external disturbances
and unmodeled dynamic factors, and hence the proposed
control algorithm is effective.

To further verify the performance of the algorithm, the
electro-hydraulic position servo system for the extension
cylinder of a certain type of bearing pressing machine is
taken here as a real example and the related parameters are
shown in Table 1. The traditional PID algorithm and the
BSMCA algorithm are considered in our comparison. The
comparative analysis results are shown in Figures 4 and 5.

The controller code was compiled by using Matlab
simulation software and a controller module was built in
Matlab-Simulink for simulation. In the analysis, the
external disturbances and unmodeled dynamics of the
system were represented by f=20sin(47t), the coulomb
friction amplitude was set as A;=10 and the coulomb
friction shape function is S;= 2arctan(10002%/7). Given
the  input  displacement  signal x4 = 0.2sin(2t)

— 3 . . .
1 — e 00 the simulation step size was set to

0.0002s. The tuning process and setting results of other
relevant parameters are as follows.

(1) For the proposed algorithm (ABCA): The proof of
system stability has been provided in Sec. 4 and will not be
elaborated here. To ensure satisfactory control effects of the
system, parameter k; was adjust firstly to stabilize the

system’s output displacement. Then, parameter k, was
adjusted gradually until the system’s output displacement is
about to fluctuate. Finally, to prevent oscillation in the
system’s output displacement, parameter k3 was tuned by
appropriately increasing its value until a slight overshoot
occurs in the output displacement. To ensure the conver-
gence, robustness, and real-time performance of the system,
the adaptive parameter was also adjusted. The upper limit
(Omax) and lower limit (0,;,) values for the adaptive
parameter were input in the Matlab compiler, and a loop
statement was utilized to conduct repeated calculations and
iterative optimizations, thus making that the controller may
operate with optimal control parameters as much as possible.
After comprehensive consideration of the transient response
and corresponding steady-state performance of the system,
the parameters of the controller are taken as:

k1 = 500; ky = 300; ks = 50;
I =[90,10,1,10e — 26]";

Brmax = [100, 20, 30, 10e — 12]";
Ounin = [60, —20, —30, 4e — 12]".

(2) For the traditional PID algorithm (PID): Firstly,
the system’s response speed was improved by adjusting the
proportional gain &, until the system output displacement
reaches a stable state. Secondly, the system’s static error
was eliminated by adjusting the integral gain k; until the
displacement error value tends to 0. Finally, the differential
gain k;was gradually increased until there occurred a slight
overshoot in the system output displacement which helps
to improve the system’s stability. It should be noted at this
point that k; should not be set too high to avoid oscillation
in the system output displacement. After comprehensive
consideration of the transient response and corresponding
steady-state performance of the system, the PID param-
eters are finally taken as: k, =20, k;= 5, kq= 3.

(3) For the backstepping sliding mode control algorithm
(BSMCA): The control law u of the BSMCA can be derived

from equation (5) as:u’ = é (£34 + fo+ 04 + 2+ kses)
2 2
where f, = (£ +8) o 1= (A +8) (Pr- P8,
g3 = (ATI? + ATIEZ)gIBea
mZ1g+mey + 0122 + 6,57+ 05+ f and 0=[0;, 0, 65,
0)"=[B, A; f C]" The system is stable. In the
backstepping sliding mode control algorithm, the tuning
of controller parameters is a critical step that directly affects
the control performance and stability of the system. Multiple
rounds of iterative parameter tuning were conducted
through Matlab-Simulink simulation experiments. During
the system parameter tuning process, the stability, tracking
performance, and anti-interference capability of the system
should be monitored closely. Firstly, the stability of the
system output displacement, namely, the stability of the
system on the sliding mode surface, should be ensured during
the adjustments of parameters &y, ks, and k3. Secondly, both
of the control accuracy and tracking performance of the
system needed to be considered when determining each

T34 = mkoeg + mky ( Z14 — 902) +
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Fig. 3. Displacement tracking performance of electro-hydraulic position servo system under four typical external disturbances and
unmodeled dynamic factors: (a)-(d) corresponds to the case of cosine function, step function, ramp function, and pulse function,

respectively.
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Table 1. Relevant parameters of the electro-hydraulic position servo system for the extension cylinder of a certain type

of bearing pressing machine [36].

Parameter Value Parameter Value

Pressure source of the system (p,) 6 x 10°/Pa  Elastic modulus of the oil (8,) 1.5 x 10°/ Pa

Return oil pressure of the system (p,) 0 /Pa Load mass (m) 80/ kg

Effective viscous damping coefficient (B) 80/ (N-s/m) Current gain of the 4 x 1078/ (m/V)
servo valve spool (k)

Initial volume of left cavity (Vo) 2 x 107*/ m*® Hydraulic cylinder leakage 9 x 107"/ (m°/(N-s))
coefficient (C;)

Initial volume of right cavity (Vos) 2 x 107%/ m*® Flow coefficient of the orifice (C,) 0.6

Effective area of the left and right 2 x 107*/ m*® Gradient of the orifice area (w) 0.025/ m

cavities (4)

Note: Some parameters in Table 1 are selected from the instruction manual for the bearing pressing machine purchased by our
university, while the remaining parameters are selected from reference [36].

parameter value. Finally, after multiple rounds of debug-
ging, we select more reasonable parameters to enhance the
system’s robustness against external disturbances. The
specific adjustment process is similar to that described in the
previous section, i.e., “(1) Adaptive Backstepping Control
Algorithm (ABCA)”, and thus will not be repeated here.
After comprehensive consideration, the parameters of the
BSMCA were finally set as: k = 30, k, = 100, k3 = 1000.

For the PID case, as shown in Figure 4a, the maximum
approximate value of displacement error is 6.250e-02m as
the system tends to stable gradually. For the BSMCA case,
Figure 4b shows that the maximum approximate value of
displacement error is 6.250e-02m. For our algorithm, it can
be observed from Figure 4c that the maximum approxi-
mate value of displacement error is only 1.600e-04m as the
system stabilizes gradually. By comparing Figure 4c with
Figures 4a—4b, the error value of the output displacement
under ABCA is found to be reduced by two orders of
magnitude relative to the case of PID, and about 50%
relative to the case of BSMCA.

From Figure 5a, it can be seen that the output
displacement can effectively track the input displacement
of the system. The overall effects are good under the ABCA
and the BSMCA, while the PID shows jitter phenomenon.
Figures 5b and 5d show a locally enlarged view of t=19 s—
19.156 s, while Figure 5¢ depicts a locally enlarged view of
t=22.943-22.951s. It can be observed that the output
displacement curve tends to approach the input one under
the algorithm proposed in this paper, which exhibits the
fastest transient response speed, the highest accuracy and
the best tracking effect. Additionally, the jitter and
overshoot phenomena of the system output displacement
are also suppressed significantly. Relatively speaking, the
effect of the BSMCA takes second place and that of the PID
is the worst with slow time response, low accuracy and even
overshoot phenomena.

Five performance indexes are selected and calculated
here for further comparative analysis, which are the
maximum, minimum, mean, standard deviation (Rms) and
peak to peak values of the system displacement error. The
results are listed in Table 2.

From Table 2, it can be seen that the maximum
displacement errors of three algorithms are 1.688e-04m

(ABCA), 3.267e-04m (BSMCA) and 6.472e-02m (PID),
respectively. The displacement error value of ABCA has
been reduced by 48.33% and 94.76% compared to BSMCA
and PID, respectively. Meanwhile, both of the minimum
displacement error (—1.653e-04m) and the average displace-
ment error (2.078¢-07m) of ABCA are the smallest, the latter
indicating that the average level of controlling displacement
error is the best under ABCA. The standard deviation (Rms)
of displacement error is also the smallest with a value of
6.522e-05m, reflecting the minimum degree of dispersion of
displacement error under ABCA. In addition, the peak to
peak value of displacement error under ABCA is 3.341e-04m
which is also the best, illustrating the minimum maximum
offset of the displacement error curve under the proposed
algorithm. These results further demonstrate that the
control algorithm designed in this paper has superiority
over the PID and the BSMCA.

6 Conclusion

The ESSVSC for extension sleeve press-fitting process of
bearing pressing machine is often affected by external
disturbances and unmodeled dynamic factors in actual
working process. To improve the control performance of the
extension cylinder during the press-fitting process, an
adaptive backstepping control algorithm (ABCA) is pro-
posed in this paper. Firstly, a mathematical model of the
ESSVSC is established which takes into account external
disturbances and unmodeled dynamic factors. Secondly, the
adaptive backstepping controller is designed by using the
backstepping algorithm on the basis of the established
model. The control law and adaptive parameter estimation
law are further presented, and the stability of the control
system is proved. Finally, the influences of four typical
external disturbances and unmodeled dynamic factors are
investigated and the results show that the output displace-
ment signal can still effectively track the input signal of the
system, verifying the rationality of the model and the
effectiveness of the designed control algorithm. Further-
more, the performance superiority of the proposed ABCA is
discussed by comparison with the PID and the BSMCA,
where the real parameters of a certain type bearing pressing
machine are considered. The results indicate that:
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Fig. 4. Displacement error of electro-hydraulic position servo system under three control algorithms: (a)—(c) corresponds to the case of
traditional PID algorithm, backstepping sliding mode control algorithm and adaptive backstepping algorithm, respectively.
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Table 2. Comparative data of quantitative analysis for displacement error under three algorithms (PID, BSMCA and

ABCA).
Control algorithms Max Min Mean Rms Peak to peak
PID 6.472e—02 —6.463e—-02 —4.255e—04 3.518e-02 1.293e-01
BSMCA 3.267e—-04 —3.266e—04 —9.060e—07 1.657e-04 6.533e—04
ABCA 1.688e—04 —1.653e-04 2.078e-07 6.522e-05 3.341e-04
(a) . (c)
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Fig. 5. Output displacement tracking input displacement of electro-hydraulic position servo system under three algorithms:
(a)—(d) corresponds to the case of overall diagram and partial enlarged diagrams, respectively.

— The designed control system has strong robustness and
anti-interference ability. Under the influences of four
typical external disturbances and unmodeled dynamic
factors, the output displacement signal can effectively
track the input signal, and the relative error is relatively
small (within 5%), which verifies the effectiveness of the
proposed algorithm.

— The proposed algorithm has superiority over the PID and
the BSMCA. The transient response speed of the system
under ABCA is the fastest, the output displacement error
is the smallest, the tracking performance of the output
displacement signal is the best, and the jitter and
overshoot phenomenon of the system output displace-
ment can be reduced greatly. The control accuracy of the
system can be enhanced by 48.33% and 94.76% compared
to the BSMCA and the PID, respectively.
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