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Abstract: Segment lifting, performed by an electro-hydraulic system including
two cylinders, is a crucial step in segment grasping, transporting, and assembly
in tunnel boring machines. Due to heavy and uneven loading, large vibration,
uncertainty of parameters, and nonlinear friction, it is difficult to develop an
accurate physical model. This paper presents a comprehensive procedure to
achieve two-cylinder automation and synchronisation according to the actual
engineering requirements and environments. An improved deviation
compensation recursive least squares identification algorithm with a forgetting
factor was used to identify the key parameters of the model. To achieve
synchronous control and precise control of the lifting system, SMC with
improved sliding mode approach rate and the deviation coupling method of
fusion single neuron PID were designed and verified by simulation. A full-scale
bench test was also performed to show that the tracking steady-state error is
below 4 mm, and the synchronisation error is below 2 mm.

Keywords: tunnel boring; segment assembly; parameter identification;
synchronous control; automation.
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1 Introduction

During tunnel boring machine (TBM) operation, segment assembly is a key factor
affecting boring speed, quality, and safety. Current TBM segment assembly still relies on
manual operation and technician experience. Segment assembly automation is a trend to
improve efficiency and safety (Chen et al., 2023). In automatic segment assembly, there
are three main segment motions including translating, rotating, and lifting, driven by
electro-hydraulic systems, as shown in Figure 1. Lifting segment is achieved by the
synchronous motion of two hydraulic cylinders. However, various factors negatively
affect the synchronous motion and assembly accuracy (Yuan et al., 2020), such as a large
inertia force (each segment weighted more than 2 tons), a long cylinder distance (1.2 m),
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uneven loads, oil leakage, nonlinear friction resistance, large manufacturing and assemble
deviations. Therefore, it is essential to develop an automatic lifting system to achieve
two-cylinder synchronisation and segment position control.

Common synchronous control strategies include master-slave control (Han et al.,
2018), parallel control (Wang et al., 2022), cross-coupling control (Hao et al., 2020), and
deviation-coupling control. Parallel and master-slave synchronous control have simple
controller structures but relatively low anti-interference capability. Master-slave control
controls and adjusts a hydraulic synchronous subsystem according to the error between
its own and the ideal subsystem output. However, the assembly machine lifting system
has a complex structure and is affected by nonlinear factors resulting in a large error in
each subsystem. Parallel control drives multiple actuators simultaneously through
independent hydraulic circuits. The synchronisation is negatively influenced when the
difference between the subsystems is large. Cross-coupling synchronous control and
deviation-coupling synchronous control also consider their motion states and the two
adjacent channels, which cannot meet the accuracy requirements.

Research has been conducted on combining intelligent control algorithms with
synchronous control strategies to improve control accuracy. Intelligent control
algorithms, such as sliding mode control (SMC) (Guo et al., 2022; Li et al., 2022; Kuang
et al., 2021; Li et al., 2022), anti-disturbance control (Qi et al., 2022; Ma et al., 2023;
Chen and Hu, 2022), model predictive control (Liu et al., 2022), robust control (Shi et al.,
2023; Sun and Yuan, 2021; Wu et al., 2022), fuzzy PID control (Hu and Zhang, 2022;
Yuan and Zhao, 2022), adaptive control (Guo et al., 2021; Wang et al., 2022), and
backstepping control (Wu et al., 2022), are widely used. However, these control
algorithms often have a high computational complexity, a relatively large cumulative
error, and is easy to lose control due to a system failure. An engineering application, such
as a TBM segment assembly, needs to consider economy, efficiency, and robustness.
Moreover, accurate system physical parameters and harsh system environments (such as
oil leakage, nonlinear friction, vibration, etc.) further impede these algorithms to being
used in the system (Yang et al., 2010; Liu et al., 2019; Li and Cao, 2021). Because many
parameters cannot be measured or calculated due to the large number and the complexity
of physical parameters in high-order hydraulic systems. Some researchers use disturbance
compensation methods to reduce errors, such as feedforward compensation (Yabui and
Inoue, 2019; Li et al., 2020) and disturbance observers. However, these works do not
consider the disturbance resistance, stability, synchronisation, and accuracy of
heavy-load, large-delay systems.

This paper aims to achieve automation for the electro-hydraulic lifting system in
TBM segment assembly. The system should have a maximum synchronisation error
below 2 mm with a heavy load (maximum load 4t) and uneven load and a large stroke
(up to 1.2 m). A signal preprocessing method was first designed to reduce system noise.
An improved deviation compensation recursive least squares identification algorithm
with a forgetting factor was proposed to identify the key parameters of the model.
Moreover, an adaptive feedforward cancellation algorithm and the extended state
observer were used to compensate for the disturbance. To achieve synchronous control
and precise control of the lifting system, SMC with improved sliding mode approach rate
and the deviation coupling method of fusion single neuron PID are designed and verified
by simulation while a full-scale bench test was also performed. The results show that the
trajectory tracking steady-state error of this method is below 4 mm, and the
synchronisation error is below 2 mm.
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2 System model

2.1 Description of the system

The system model is based on the lifting system of the 6-metre earth pressure balance
shield segment assembly machine in Figure 1(a), which consists of two independent
hydraulic cylinders, the left and the lifting right cylinders. A schematic of the lifting
electro-hydraulic system is shown in Figure 1(b), which includes hydraulic cylinders,
amplifiers, balance valves, and proportional multi-way valves. The schematic diagram of
the lifting hydraulic system is shown in Figure 2.

Figure 1 (a) Schematic of a segment assembly machine and (b) the lifting electro-hydraulic
system (see online version for colours)
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When the assembly machine moves in translation, the translation cylinder drives the
entire assembly machine and the pipe segment to move forward and backward. When the
assembly machine moves in rotation, the rotary motor drives the rotary mechanism
(except the rotary frame), the lifting mechanism, the grabbing mechanism and the pipe
segment to move in rotation. When the assembly machine moves in lifting, the lifting
cylinder drives the grabbing mechanism and the pipe segment to move up and down.

Figure 1(b) shows the basic structure of the system, which can be divided into four
steps:

1 the computer generates control signals to the controller

2 the voltage control signal is converted by the amplifier into a current signal capable
of controlling the multi-way valve

3 the multi-way valve then moves based on the current signal from the control output

4  the hydraulic cylinder expands and contracts according to the signal from the
multi-way valve.

In addition, the displacement sensor transmits the displacement signal back to the
controller in real-time.
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Figure 2 Schematic diagram of lifting hydraulic system for segment assembly machine
(see online version for colours)
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2.2 Electro-hydraulic proportional system model of the lifting mechanism
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The flow equation of the multi-way valve is:
a9, =K,I @)

where ¢, is the flow rate of the proportional valve, K, is the flow gain, and / is the input
current of the proportional valve.
The continuous flow rate of the hydraulic cylinder is:

v, dpL k+1 dy
g Y
48, dt 2 Pt

q, = CtppL (2)

where ¢ is the flow rate of the lifting cylinder, Cy, is the total leakage coefficient of the
lifting cylinder, p; is the load pressure of the lifting cylinder, V. is the effective volume of
the lifting cylinder, £, is the oil volume elastic modulus, 4, is the non-rod chamber area
of the lifting cylinder, & is the area ratio between a non-rod chamber and the rod chamber.

The hydraulic cylinder force balance equation is:
d’y o dy
mo B, p A, F =4 p, 3)

where m is half the mass of the segment, B, is the viscous damping coefficient, p; is the
rod chamber pressure, p, is the non-rod chamber pressure, F; is the load interference
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force, Ay is the rod chamber area, according to the two cavity pressures and the
relationship between the action area, equation (3) can be transformed into:
d’y o dy
m—-+B, —+F,— A4 =0 4
dtz P dt N ppL ( )
where Fs= F; + (1-k)A4,ps, and p is the oil pressure.
Considering equations (1)—(4) and performing the Laplace transformation, the
mathematical model of a single proportional valve-controlled hydraulic cylinder is

obtained:
C, F.
K I- ”’S[ Ve s+1]

1 A 4C
Y(S) — 14 tpﬂe

s mV, N mC,p+ V.B, or BpCthrAp(kH)
4B.4, 44, 44,5, A 2

P

(6))

where s is the Laplace transform factor. Neglecting the viscous damping of oil, it can be
simplified to:

K,  2C,Fy Ve i1

:(k+1)Ap (k+1)47 | 4C, B, ©
2

S{s+2;“s+lj

where &1is the system damping coefficient, is the system natural frequency.
Specific values are shown in Table 1.

Y(s)

3 Parameter identification

3.1 Identification signal pre-processing

Since the input signal to be identified is the output signal of the sensor, there are often
various interferences, measurement errors, and other noises in the experiment, which
directly lead to inaccurate identification models. Particularly, vibration noise is quite high
in the lifting system due to the heavy load, large hysteresis, and large friction disturbance.
Therefore, signal pre-processing is an indispensable step for parameter identification.
Figure 3 is the flow chart of the signal pre-processing method used in this article.

The basic steps of signal processing are as follows:

1 The cylinder displacement signal obtained by the test bench is first decomposed by
TVF-EMD, where the number of components K is set to 5. If the setting is too large,
the bandwidth of each IMF component obtained by decomposition is too narrow and
cannot contain enough fault-related information; if the parameter setting is too small,
the IMF component bandwidth is too wide and it is easy to introduce too much
redundant noise.
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2 The component IMF5 containing the useful signal is screened out by the component
with the maximum kurtosis value. And the IMF5 component is denoised and
smoothed by Kalman filtering and Savitzky-Golay smoothing.

3 The IMF5 component is decomposed by MVMD to further decompose the useful
component IMF1. The number of components K is set to 3. Further purification of
the signal is achieved and noise is removed.

4 The useful component IMF1 is denoised by Butterworth filtering.

5 The final signal processing result is obtained by MVMD reconstruction. Provide
good conditions for the accuracy of subsequent system identification.

Figure 3  Signal pre-processing flow chart
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Since the sampling frequency of the assembly machine controller is low and the noise
interference is large, time-varying filter empirical mode decomposition (TVF-EMD) is
used in filtering. The method obtains the intrinsic mode function (IMF) through
time-varying filtering on the given sequence and dividing local high- and low-frequency
components based on the transient amplitude and frequency, and adaptive local cutoff
frequency, which solves the denoising and signal decomposition problems of
low-frequency sampling signals with complex noise to a limited extent.

Moreover, a multivariate variational mode decomposition (MVMD) method is used
to improve the frequency separation performance and increase the stability at low
sampling rates and robustness. It extends the traditional VMD algorithm from one
dimension to multiple dimensions, providing great convenience for processing
multi-variable or multi-channel data while ensuring the consistency of component
frequencies during multi-channel decomposition. A variational model is introduced in the
signal decomposition process. In this process, the IMF component of each channel
iteratively updates its centre frequency and bandwidth at the same time, thereby
adaptively obtaining k narrowband IMF components.
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3.2 Improved bias compensation recursive least squares identification
algorithm with forgetting factor

The parameters in the mathematical model are closely related to the structure, operating
state, and attitude of the assembly machine. It is difficult or even impossible to obtain all
accurate parameters from a complicated system (Kroll and Fischer, 2021; Lin et al., 2022;
Zerdali et al., 2021). Therefore, the key parameters in the model are estimated based on
the least squares method.

According to the previously developed model, the system model is defined as third-
order, and its discrete difference equation is:

yk)+ayk-D+a,y(k—=2)+a;y(k-3)=bu(k—-1)+d 7

where y(k) and u(k) are the input and output of the system, and d is composite
disturbances. The parameter identification of an electro-hydraulic proportional system
can be regarded as parameter [a1, a2, a3, b1] identification.

Written in the least squares form:

y(k) = @(k)8 + e(k) ®
@(k) and @are defined as:
o(k) =[-y(k=1),=y(k =2),—y(k =3)]

©))
0=|a,,a,5,a;,b]
The estimation error criterion function J of the system parameter vector is:
[y~ 0k -]
Ty = J(k=1)+ 227 (10)
A+ " (k)P(k =1o(k)
where I — K(k)¢" (k) , and A is the forgetting factor.
The least squares estimate of the system with the forgetting factor is:
(k)= (0K ~1) (11

A+ o (k)P(k — (k)

Through matrix calculation and induction, the bias-compensated recursive least squares
estimate with forgetting factor can be obtained:

6. (k) = 0(k)+ k&> (k) P(k) D8, (k —1)

2hy=—tB
k[1+ 6. (k —1)DO(K)]

o~ o

where &ﬁ,(k) is the estimated value of the unknown disturbance variance.

(13)
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Since the bias-compensated recursive least squares algorithm is sensitive to outliers,
multicollinearity, and nonlinearity, and requires a high sampling number, mean values are
used to improve the bias-compensated recursive least squares with forgetting factor,
which can be expressed as:

0(k) = 0k 1) + K ()| mean (y(k) - o” ()0 (k - 1)) ] (14)

0. (k) = O(k) + mean (k62 (k) P(k) D@, (k — 1)) (15)

4 Control design

According to the structural characteristics of the lifting system of the segment assembly
machine, an SMC with an improved sliding mode approach rate and a deviation coupling
control strategy integrating single neuron PID were designed for the synchronous control
problem of multiple hydraulic cylinders in the lifting system, as shown in Figure 4 (Qian
et al., 2023; Li et al., 2019; Ding et al., 2024).

Figure 4 Schematic diagram of control flow
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4.1 SMC with improved approach rate

The sliding mode approach rate is used to improve the chattering problem of sliding
mode. The transfer function in Section 3 is simplified as the following transfer function:

xp + aazx;) + aalx'p +aayx, =bbyu+d (16)
X =x, = y(k)
x,=x, = y(k—1) 17)

Xy =x,=y(k=2)

Therefore, the state equation is obtained as:
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xl' =X,
X, = X, (18)

Xy =—aayX, —aa,x, — aa,x, +bbyu +d

The matrix form is:

x o 1 0 [x] [5
x, [=| 0 0 1 || x, |+]| B, |u (19)
X —aa, —aa, —aa, || x, B,

J(x) =—aayx, —aa,x, — aa,x; (20)

The systematic deviation is:

e=r—y 21
The motor output displacement deviation is used as the state variable of the system:
e =e=r—y
e,=e'=r'—y (22)
e3 — e/l — rll _ yll
Then the state equation with the system tracking error as a variable can be expressed as:
e =e
¢ =e, (23)

& =—aye, —ae, — a,e;, +byu(t)+d

Let the system switching function by:
s=ce tce +e 24)

where ¢; and c; are the sliding mode surface design coefficients. Both are positive
numbers, which determine the dynamic quality of the sliding mode.

To prevent chattering, the approach rate is designed, and the tanh function is used
instead of the sign function, which is:

s"=—k, tanh | s| =k, | s [, k, >0,k >0 (25)

Substituting the switching function, the system error control function can be obtained as:

u= bi[—aoel +(o—ay)e, +(c, —a, ) ey +d + kg tanh | s | +k; | s |ta“h‘s‘] (26)
0



Automation and synchronisation on electro-hydraulic lifting system 105

4.2 Stability proof

Define the Lyapunov function as follows:
y=lg 27
2

Combining equations (23)—(27) the derivation of equation (28) is as follows:

V'=s-s'=s| —kytanh | s |k |5 [*"] <0,k >0,k >0 (28)

4.3  Adaptive feedforward cancellation

Adaptive feedforward cancellation produces an output u#, which can compensate for the
error e caused by the disturbance d by updating the adaptive parameters p and q. £ is the
number of samples. The adaptive algorithm of AFC compensates for disturbances by
updating adaptive parameters. The output and adaptive algorithm are shown in the
following formula (Li et al., 2020):

u(k) = p(k —1)sin(w,Tk) + g(k —1) cos (e, Tk)
p(k) = p(k=1)+ le(k)sin(w,Tk +0) (29)
q(k) = q(k —=1) + Ae(k) cos (w, Tk +6)

The interference d is offset by updating the adaptive parameters p(k) and g(k). Among
them, A is the step parameter, which determines the update rate of the algorithm, s the
phase, and T is the sampling time. In the adaptive algorithm, an update value is added to
the adaptive parameters p(k) and g(k) according to the position error signal e. The
performance of the AFC is determined by these values.

4.3.1 Single neuron PID

As to develop an accurate mathematical model, it is essential to achieve adaptive
adjustment of control parameters to improve the dynamic performance of the control
system. Three components, P (proportional), I (integral), and D (differential) are
controlled based on fixed coefficients in a typical PID control, while single-neuron PID
uses neural networks (or deep learning models) to automatically learn and adjust the
weights of these components. Therefore, single neuron PID is more adaptive to
environmental changes, which improves the effectiveness of control.
The neuron adaptive PID control algorithm is as follows:

k
u(k) =K, {Wle(k>+W22e<j)+W3 [E(k)—e(k—l)]} (30)
=0

where K, is the adaptive coefficient. Both W; and K, can be adjusted online. W; is
modified according to the supervised delta learning rule:



106 X Chen et al.

Figure 5 AMEsim model of lifting system (see online version for colours)
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Table 1 Parameters of lifting system co-simulation model

Symbol Parameter Value Symbol Parameter Value

gs Flow rate of the 160 L/min K, Flow gain 4L/(min-m
proportional valve A)

1 Input current 40 mA Ve Effective volume 0.0159 m?

qr Flow rate of the 320 L/min Cyp  Total leakage coefficient 0.01
lifting cylinder

pL Load pressure of the 33,000 N fe Oil volume elastic modulus 1,700 MPa
lifting cylinder

Ap Non-rod chamber 132.665 k Area ratio between non-rod 1.61
area of the lifting cm? chamber and rod chamber
cylinder

m Mass of the segment 1,650 kg By Viscous damping coefficient 1,500

N/(m/s)

p1 Rod chamber 25 MPa 2 Non-rod chamber pressure 24.5MPa
pressure

FL Load interference 9,000 N Ao Rod chamber area 82.425 cm?
force

& System damping 0.8 o System natural frequency 80 Hz
coefficient

D Piston diameter 130 mm d Rod diameter 80 mm

H Cylinder stroke 1.2m Coulomb friction/static 4,000 N

friction
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W, (k) =W, (k = 1)+ 1; [n, (k) = n(k)] X, (k)
Ku =n, |nd (k) - n(k)|

In the formula: 7, 7, is the learning coefficient. It has a great impact on the anti-
interference ability and adaptability of the entire control system.

€2))

5 Modelling and simulation verification

5.1 Hydraulic system AMESim model

AMESim hydraulic library is used to build the model of hydraulic components and
hydraulic accessories to ensure the simulation efficiency. The hydraulic system is
modelled using AMESim while the controller is designed using MATLAB/Simulink in
Figure 5. The model parameters are shown in Table 1. Some parameters are identified by
the actual system of the full-scale test bench. A hydraulic pump supplies oil to the
independent hydraulic system of the left and right hydraulic cylinders respectively. Each
set of hydraulic system mainly includes: hydraulic cylinder, balance valve, pressure
reducing valve, relief valve, proportional reversing valve, pressure compensation valve,
etc.

5.2 Signal pre-processing

The displacement signals of the lifting cylinder of the full-scale test bench were collected
by the displacement sensor after the cylinder operated smoothly for a while under an
unloaded condition. The pre-processing signal after removing the noise is shown in
Figure 6. The signal-to-noise ratio has significantly reduced to —22.9364 db.

Figure 6 (a) Noise signal and (b) denoised signal (see online version for colours)
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5.3 Identification results

The comparison between the output curves identified by different methods and the actual
output curves is shown in Figure 7.
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Figure 7 Identification results of the displacement signals (a) output (top) and input (bottom)
signals from the test rig (b) comparison between the least squares identification result of
the forgetting factor and the actual displacement (c) comparison between the least
squares identification result of the deviation compensation and the actual displacement
(d) comparison between the identification result of this paper and the actual
displacement (see online version for colours)
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Figure 7 shows the identification results of the displacement signals using different
methods. The parameter identified by the actual data of the test bench is ao, ai, a2, Bi, B>,
B3 of formula 19. The parameters identification results are shown in Table 2. The least
squares identification result of the forgetting factor shows a noticeable deviation from 20
to 50 s, and 60 to 70 s while the least squares identification result of the deviation
compensation indicates a quite large deviation over the whole range. Using the method
presented in this paper shows a smaller deviation compared to the other two. The root
mean square error (RMSE) values, indicated in Table 3, further show the identification
method in this paper has a better effect on system modelling than other methods.
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Table 2 Identification values of model parameters
Symbol Value Symbol Value
ao 0.3788 Bi 0.1995
ai 0.276 B> 0.1377
az 0.2343 Bs 0.17

Table 3 RMSE values of different identification methods

() (© @
RMSE 451.0735 413.2781 520.3336

5.4 Tracking control simulation

The different control effects of the proposed control method, SMC, and PID are verified
by joint simulation. The parameters used in this control algorithm are left cylinder SMC:
Cl=C—= 30, b= 1, a) = 4.343, a) = 1.232, ko = k] =24. Right cylinder SMC: Cl=C = 30,
b=1,a;=4.343, a, = 1.232, ko = k1 = 2.9. Adaptive feedforward cancellation: w; = 10,
T =0.1, A = 1. Single neuron PID: k, = 0.01, k; = 0.01, ks = 0. In the simulation, the
maximum speed of the left cylinder of the lifting cylinder is 100mm/s, and the maximum
speed of the right cylinder is 80 mm/s. The operating speed of the left and right cylinders
is 20 mm/s. The control period in Simulink is 0.01 s.

Figure 8 Control results using SMC, PID, and the proposed method of the left and the right
cylinder displacement tracking and error curves (a) displacement tracking results of the
left cylinde (b) displacement tracking results of the right cylinder (c) displacement
tracking error of the left cylinder (d) displacement tracking error of the right cylinder
(see online version for colours)
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Figure 8 shows the displacement tracking and the tracking deviations of the left and the
right cylinders. The steady-state error of the SMC method is 0.0247 m for the left
cylinder and 0.0187 m for the right cylinder. The steady-state error of the PID method is
0.0387 m for the left cylinder and 0.0322 m for the right cylinder. The steady-state error
of this method is 0.001 m for the left cylinder and 0.00148 m for the right cylinder, which
are lower than those using the other two methods. From the tracking error curves, the
system reaches a steady state in about 18 seconds under the PID control, in about 9
seconds under the SMC control, and in about 7 seconds using this proposed method. The
results indicate that the proposed control method has quick responding and adjusting
capability.

Figure 9 Synchronisation error between the left and the right cylinder using SMC, PID, and the
proposed method (see online version for colours)
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As can be seen from Figure 9, the synchronisation error of the SMC method is 5.99 mm.
The synchronisation error of the PID method is 6.46 mm. The synchronisation error of
the method in this chapter is 0.49 mm. The synchronisation error of this method is less
than 1 mm.

6 Experiments

6.1 Description of the full-scale test bench

A customised full-scale test bench has been developed and shown in Figure 10. The test
bench imitates the actual system and motion in a 6-metre TBM segment assembly
procedure using actual concrete segments. The bench includes an assembling machine, a
computer, a depth camera, an industrial computer, a Siemens S7-300 controller, an
external pull-wire cylinder displacement sensor, and a rotary encoder. The system
pressure of the test bench is 25 MPa, the system flow rate is 240 L/min, the motor power
of the pumping station is 160 KW, and the control current of the reversing valve is 40
mA. The sampling period of the displacement sensor on the test bench is 0.1s. Some main
parameters of the sensors and the test bench used are shown in the Tables 4 and 5 (Xiang
et al., 2023a, 2023b). A complete process of automatic assembly includes (as shown in
Figure 11):
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1 asegment grasping step which is performed by a depth camera positioning and all
relevant actuators

2 asegment transporting step that quickly transports a segment to a pre-defined
position within the detective range of a depth camera based on translating, lifting,
and rotating motions

3 asegment assembly which assembles the segment by performing fine tuning of pitch
and swing motions based on the feedbacks from the depth camera.

Figure 10 Experimental bench for automatic segment assembly (see online version for colours)
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Table 4 Sensors used in the experiment and their parameters
Sensors Type Main parameters
Depth camera Intel realsense RGB frame resolution: 1,920 x 1,080 depth
D4351 accuracy: <2%

Depth output resolution: 1,280 x 720 depth
range: 0.1 m~10 m

Controller Siemens S7-300  Bit memory: 8192 bit Processing time: < 0.01
us

Magnetostrictive Tefophor Measuring range: TH 25 mm~7,650 mm

displacement sensor Linear accuracy:0.02%

Pull wire displacement Tefophor Measuring range:0~1,000 mm linear

sensor accuracy: +0.2%F.S.

Multiturn encoder Ike Maximum speed:6,0001/s accuracy: +0.0439°

In the complete procedure, the success rate of the segment assembly is 83.33% in twelve
assembly experiments using different types of segments. Automatic assembly of one
piece of segment was performed within 3 min, which is significantly shorter than manual
assembly. The misalignment in and between segment rings is less than 10 mm, which
fulfills the requirement of segment assembly.
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Table 5 Parameters of a full-size test bench for automatic segment erector
Assembly machine Parameter Assembly machine Parameter
Rotary range +220° Segment outer 6m
diameter
Lifting distance 0.8~1.2m Translation velocity Maximum speed 80 mm/s
Translation distance 1.2~2.1m Rotary distance 0~1.5 r/min
Fine angle (&, B ) +2.5° Lifting velocity Maximum speed 13.3 mm/s

Figure 11 Assembly procedure in a full-scale test bench (see online version for colours)

6.2 Lifting cylinder in an independent movement

Experiments of segment grasping were performed under an unloaded condition to
simulate reality. Figure 12 shows the displacement tracking curves of the left and right
cylinders using SMC, PID, and this method. The displacement tracking curves of the
proposed method are closer to the input showing less hysteresis compared to those using
SMC and PID. Figure 13 shows the displacement tracking errors using SMC, PID, and
the proposed method. The operating speed of the left and right cylinders is 17 mm/s
during the segment grabbing, i.e., no-load control. The steady-state error of the SMC
method is 9.1 mm for the left cylinder and 18.68 mm for the right cylinder. The
steady-state error of the PID method is 5.05 mm for the left cylinder and 11.67 mm for
the right cylinder. The steady-state error of the proposed method is 1.96 mm for the left
cylinder and 3.59 mm for the right cylinder, which are significantly lower than those
using the other two methods.

Figure 14 shows the synchronisation error of the SMC method is 9.58 mm and 6.62
mm using PID. The synchronisation error of this method is 1.63 mm which is much
lower than the other two methods indicating the proposed method has a better
synchronisation in segment grasping.
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Figure 12 Displacement tracking results of different control methods for (a) left cylinder and
(b) right cylinder under an unloaded condition (see online version for colours)
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Figure 13 Displacement tracking error of different control methods for (a) left and (b) right
cylinder (see online version for colours)
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Figure 14 Synchronisation error of left and right cylinders (see online version for colours)
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To verify the control effect during assembly, the lifting control experiment was carried
out using a standard segment weighing approximately 3.3 tons. The operating speed of
the left and right cylinders is 7 mm/s during the segment rough assembly, i.e., load
control. Figure 15 shows the displacement tracking curves of the left and right cylinders.
By controlling the lifting motion under a loaded condition, the difference between the
curves obtained using the proposed method and the actual measurement is slightly larger
than those under an unloaded condition indicating a large load may mildly affect the
two-cylinder synchronisation. On the other hand, the proposed method still has less
hysteresis than the SMC and PID methods. Moreover, the system reaches a steady state in
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approximately 26 seconds using PID, 21 seconds under SMC, and only 19 seconds using
the proposed method. This shows that the proposed method performs in a quick response
and adjusting manner under a loaded condition.

Figure 15 Displacement tracking results of different control methods for (a) left cylinder and
(b) right cylinder in loaded conditions (see online version for colours)
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Figure 16 Displacement tracking error of different control methods for (a) left cylinder and
(b) right cylinder in loaded conditions (see online version for colours)
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Figure 16 shows the displacement tracking error of the left and right cylinders. The
steady-state error of SMC is 7.89 mm for the left cylinder and 13.67 mm for the right
cylinder. The steady-state error of PID is 2.5 mm for the left cylinder and 8.68 mm for
the right cylinder. The steady-state error of the proposed method is 0.23 mm for the left
cylinder and 1.66 mm for the right cylinder. Compared with the results obtained under an
unloaded condition, the hysteresis time of the loaded lifting cylinder is significantly
increased since large loads increase inertia forces leading to a noticeable overshoot.
However, the maximum error and overshoot are reduced under a loaded condition
compared to those under an unloaded condition, which may be because the difference
between the gravity and friction between the cylinder and the load decreases under the
loaded condition. From the comparison between Figure 8 and Figure 16, it can be seen
that the simulation error gradually increases while the experimental error first increases
and then decreases, which is related to the hysteresis of the actual system.

Figure 17 indicates that the synchronisation error of this method is smallest,
approximately 2 mm, compared to those using SMC (5.78 mm) and PID (6.18 mm).
From the comparison between Figure 9 and Figure 17, it can be seen that the
synchronisation error curve in the simulation is relatively stable, but the experimental
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synchronisation error curve has a large vibration, a large curve peak, and a large
maximum error. This is related to system hysteresis and vibration.
Figure 17 Synchronisation error of left and right cylinders (see online version for colours)
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The control algorithm designed in this paper takes into account the response speed,
control accuracy and synchronisation. It has a good inhibitory effect on the hysteresis and
nonlinearity of the hydraulic system, but the dead zone problem cannot be solved by the

control method in this paper. At the same time, the control accuracy needs to be further
improved.

6.3 Lifting cylinder in a compound motion

In actual segment assembly, compound motion is commonly used since it saves time.
Herein, the compound motion of translating-lifting was conducted to verify the complete
procedure. The control method in this paper is also adopted for the lifting motion, and
PID control is adopted for the translating motion. The lifting displacement is 0 to 140 mm
while the translating displacement is 0 to 360 mm.

Figure 18 Compound motion tracking displacement (a) tracking error (b) and synchronisation
error (b) curves of the left and right cylinders (see online version for colours)
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In segment grasping, the compound experiment was performed under an unloaded and
large-stroke condition. Figure 18(a) shows the tracking displacement curves of the left
and right lifting cylinders in the compound motion. It can be seen that the impact of the
compound motion on the lifting motion of the left and the right cylinders is the same as
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those in independent motions. The synchronisation of the left and the right cylinders is
acceptable in the compound motion.

Figure 18(b) shows the steady-state error and synchronisation error curves of the left
and right cylinders during compound motion. The steady-state error of the left cylinder is
0.517 mm, while the steady-state error of the right cylinder is —0.452 mm. The
synchronisation error is 0.97 mm. The results indicate that the synchronisation of the left
and right cylinders is better and the steady-state error is smaller in the compound motion
compared to those in independent motions.

Figure 19 Displacement tracking curves of the (a) left and the (b) right cylinders in
translating-lifting compound motion compared to independent lifting motion (see online
version for colours)
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Figure 20 Displacement tracking error curves of (a) the left and (b) the right cylinders in the
translating-lifting component and independent lifting motions (see online version
for colours)
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In the segment transporting step, the translating-lifting motion experiments were
performed under a loaded and large-stroke condition. Figure 19 shows the displacement
tracking curves of the right and left cylinders in the compound motion and the
independent motion. In the figure, red is the expected tracking displacement, blue is the
independent motion displacement, and green is the composite motion displacement.
Figure 20 shows the tracking errors of the left and the right cylinders in the translating-
lifting compound motion and the independent lifting motion. The steady-state error of the
compound motion of the right cylinder is —0.629 mm, and that of the left cylinder is 1.09
mm, compared to 1.66 mm in the independent motion of the right cylinder and —0.23 mm
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in the independent motion of the left cylinder. The error is still below 2 mm though the
vibration of the compound motion is larger than that of independent motion.

It is found that the hysteresis time and maximum error of the lifting cylinder in the
loaded compound motion are significantly larger than those in the unloaded compound
motion due to load-induced vibration and deformation in the system. Moreover, the
hysteresis time and maximum error are also much larger in the compound motion than
those in the independent motion. This is because the flow rate and the pressure of the
supplied hydraulic oil to the system reduce in the compound motion. Moreover, large
vibration was also experienced during the compound motion compared to the
independent motion.

Figure 21 Synchronous tracking error of the left and right cylinders in the compound and
independent motion (see online version for colours)
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Figure 21 shows the synchronous tracking errors of the left and right cylinders in the
compound and independent motions. The synchronous error of the compound motion
between the left and right cylinders is —1.72 mm while that of the independent motion is
1.89 mm due to the increased vibration in the compound motion. However, the
synchronisation error is still below 2 mm which fulfills the system requirement.

7 Conclusions

This paper presents a comprehensive procedure to develop a control method to achieve
automation and synchronisation of the electro-hydraulic lifting system in tunnel boring
segment assembly. The paper enables the following conclusions to be drawn:

e Due to heavy and uneven loading, large vibration, uncertainty of parameters, and
nonlinear friction, an identification algorithm based on the improved deviation
compensation recursive least squares with forgetting factor was used instead of
developing a complete physical model, which was verified to be a practical measure
to be used in a high complicated engineering system.

e  SMC with improved sliding mode approach rate and the deviation coupling method
of fusion single neuron PID were designed and the simulation results indicated that
the proposed method had a good performance compared to those using SMC, PID.
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e  Experimental results conducted on a full-scale test bench provided strong evidence
that the proposed method could fulfil the engineering requirements in the
independent and compound motion under both loaded and unloaded conditions.
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