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A new regulated method in cutter system of shield tunneling machine
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1. Introduction

With the rapid urban development and the contin-
uous extension of transport systems, demands of under-
ground space exploration and tunnel construction have
been considerably growing. Compared with the conven-
tional excavation methods, the shield machine, in which
the cutter system takes an important part, is famous for
high efficiency and safe operation environment. Pump con-
trolled motors have been used for many years in cutter
system, taking the benefit of high power to mass ratio and
high efficiency [1]. When the shield machine proceeds
forward and encounters different layers of the earth, the
displacement of the pump changes to meet the requirement
of the system.

There used to be two control methods for chang-
ing the displacement of the pump when the shield machine
is working in different conditions. First one is to control
the displacement of the pump according to measured load
pressure. The second one is to use load pressure directly to
control the displacement of the pump. A new control
method is proposed to change the displacement of the
pump from one mode to another mode as soon as possible
when a sudden load changes take place. In order to find the
difference visually between the two methods when the
shield machine enters a different layer of earth, the models
of these two hydraulic systems are built in AMESim soft-
ware. Using this kind of programs it is possible to realize
complex system models, starting from simple sub-model
already included in the program library in this system [2].
Every component has to be constituted according to the
parameters of working condition, such as proportional re-
lief valve, stroking mechanism, constant output regulation
mechanism. In order to get realistic values to the parame-
ters of different components, the related component manu-
als are used. In order to validate the models, it is necessary
to compare simulation results as soon as possible to exper-
imental results. In this paper also the needed test rig is de-
scribed.

2. Description of the hydraulic system of cutter system

The diagram of the typical hydraulic system of a
cutter of a shield machine with an open loop control is
shown in Fig. 1. The direction control valve is used to
change the rotation direction of the cutter, the shuttle valve
is used to select the higher pressure of the two sides of the
motors. This pressure and the rotation speed of the motors
are the input to the controller, which controls the dis-
placement of the pump.
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Fig. 1 Hydraulic system of the cutter system: 1 - pump;
2 -tank; 3-relief valve; 4 -directional valve;
5 - shuttle valve; 6 - motors

When the shield machine works in a stable condi-
tion, the flow rate of the system is determined. In some
applications the controller of the pump is so called constant
power controller. The output flow rate of the pump is
Q = P/p, where Q is the flow rate, P is power, p is pressure
of the system. If the pressure doesn’t exceed the critical
pressure, the flow rate is constant. But if the load changes
and the pressure is higher than the critical pressure, the
flow rate of the system will change according to this equa-
tion. Fig. 2 presents the block diagram of the conventional
control system of the cutter. The load pressure is measured
by the pressure sensor. When the shield machine faces
sudden load changes, the controller sets a new set value to
the displacement of the pump. If the measured load pres-
sure is higher than the critical pressure, the controller re-
duces the set value of the pump. If the measured load pres-
sure is less than the critical pressure the set value of the
pump stays constant. Considering the lag of the propor-
tional electro-magnet, pressure sensor, converting time
between the signals, it is time-consuming and can’t meet
the requirement of the system. When the shield machine
faces sudden load changes, it may result in remarkable
overloads to the system. So it is necessary to propose a
new method to simplify the system and make the control
system more cost effective, but still keep the system capa-
ble to response good enough different working conditions.
Fig. 3 presents the principle of the new simplified control
method. The proposed control method is pure hydraulics
without any electronics.
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Fig. 3 The new control method of the cutter in constant
output regulation mode

3. Simulation software description

AMESim is the acronym for advanced modeling
environment simulations. This software is used to simulate
engineering system [3]. The whole system is constituted of
different submodels which can be dragged directly from
the software. Different submodels can make a component
through a regular arrangement and connection. When a
simple system is completed, several parameters must be
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defined, including mathematical description of the interac-
tion between components and their characteristics. Then
the simulation process can be started and it produces
graphical and numerical representation of the behavior of
the system. AMESim has different libraries, in order to get
the wanted system model, in this case the control mechani-
cal and hydraulic library are used. Sometimes the submod-
el can’t meet all requirements, then the model have to be
completed by using the hydraulic component design (HCD)
library step by step, starting from the simpler components.
Important part is also to find correct values for the parame-
ters of the model. Only after verifying the results, it is pos-
sible to complete the system model.

4. Models of components

In this chapter the models of some components of
the cutter system are presented.

4.1. Modelling of the pump

In the simulation, the two control methods of the
pump displacement, hydraulics and electronics (Fig. 4), is
compared. The parameters of the pump refer to the manual
from HAWE corporation The range of the control pressure
is 0 - 32 MPa.

Fig. 5 Pump with hydraulic control (a) and pump with electric control (b) constituted in AMESim software

Table 1
Parameters of the pump
Names of parameters Value Names of parameters Value
spool diameter, mm 10 coefficient of viscous friction, N/(m/s) 1000
rod diameter, mm 5 right spring rate, N/m 300000
mass, kg 0.02 piston diameter, mm 10
higher displacement limit, mm 0.01 rod diameter, mm 3
left spring stiffness, N/mm 600 left equivalent orifice diameter, mm 1.3
spring force at zero displacement, N 30 right equivalent orifice diameter, mm 0.5




The electric and hydraulic controlled pumps have
the same parameters and structure. Based on AMESIim
presentation method the hydraulic control system of the
pump is presented in Fig. 5. a and electric control system
in Fig. 5. b. The Table 1 illustrates the parameters of the

pump.
4.2. Modelling of the sensor

Considering the pipe in the shield machine is long
and big, it can’t be ignorant about the delay of transmission
and loss when the oil transmits from one point to another
point. The connection pipe and the chamber make up a
pressure transmission system. On the assumption that p; is
the wanted pressure which lies besides a point A, p, is the
pressure that directly acts on the membrane of the sensor.
Now the membrane of the sensor is simplified to a piston
with centralized mass. So the model of the sensor can be
treated like what Fig. 6 illustrates.

In this model, input is p; and output p,. p; and p,
conform to the following equation [4]
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Fig. 6 Simplified scheme of the pressure measurement
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where d is inner diameter of the pipe (m); A. is bulk modu-
lus of the liquid (N/m?); V isvolume of chamber (m?®);
wis absolute viscosity of the liquid (Ns/m?); Iis pipe
length (m); p is density of the liquid (kg/m®); t is time (s).

4.2.1. Modelling of the proportional magnet

In the hydraulic system, it can't be ignored of the
influence of the electro-magnet, because it is an important
part of pump and proportional valve. When the signal for-
ces the electro-magnet to act, the dynamic force equilibri-
um is achieved.

Dynamic characteristic of coil current [5]

di(t) dy(t)

U, ()= Ly =+ i(R(s) + K, = )

v

where K, is coefficient of the reverse EMF; R; is resistance
of the coil and the proportional magnifier; Lq is dynamic
inductance of the coil.

4.2.2. Dynamic characteristic of output

The equation of the dynamic force is
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di(t)

Fy (1) =Kgi(t—z4)- fy, sgn{ it }+Fr

where Kg;is gain of the current; z4 is time delay; fy is de-
layed force of the electromagnetism; F, is Columbic fric-
tion.

(4)

4.2.3. Dynamic characteristic of displacement

According to the force balance of the system

2
a0,
dt

F, (t)=m dyd_(tt)+ K.y(t) 5)

where m is equivalent mass related to proportional magnet;
cisdamping ratio related to proportional magnet;
K is spring rate related to proportional magnet.

In the system of the electro-magnet, Fig. 7 illus-
trates the transfer function and the control principal of the
system.

U N 1 | + F 1 Y (t)
» -—rﬂs -K <4 >
g Ls+R n» b P s ok
fius
K,s

Fig. 7 Block diagram of the displacement control system
4.2.4. Modelling of the 4-way 3-position directional valve

This valve, which is used to change the flow di-
rection of the liquid to change the direction of the cutter, is
a 4-way 3- position electric controlled valve. It is a digital
valve, normally closed, normally open or normally middle.
According to the parameters of the valve from the manual,

the valve model is shown in Fig. 8.

Fig. 8 Scheme of the 4-way 3-position valve
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Fig. 9 Force applied by the electro-magnet



Table 2 illustrates the parameters of the valve. In
this simulation, the supply flow rate is 120 L/min, the load
is 50 bar. Control force and pressure in the chamber for the
valve is shown in Figs. 9, 10.
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Fig. 10 The response of the spool of the valve
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Table 2
Parameters of the directional valve
Name Value
spring force at zero displacement, N 20
spring stiffness, N/mm 10
volume of chamber, cm?® 10
piston diameter, mm 10
rod diameter, mm 5
mass, kg 0.03
coefficient of viscous friction, N/(m/s) 1000

5. AMESim model of the two control methods

This paragraph describes the models of system
with the two control methods. Fig. 11 illustrates the control
system with electric control and Fig. 12 with hydraulic
control, in which a hydraulic control valve replaces the
electric control.
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Fig. 11 The electric control method of the pump in shield
machine

Fig. 13 shows the torque of the cutter system.
First it is 6000 Nm and then at 3 s it changes step-wise to
27000 Nm. It can be seen from Fig. 14 that the pressure of
the system with electric control is 75 bar at first and then
jumps to 250 bar with a little vibration, while the pressure
of the system with the hydraulic control jumps from 75 bar
to 250 bar smoothly. The following Fig. 15 illustrates the
result of the response of the flow rate when the pressure
suddenly changes. The response time of the hydraulic con-
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Fig. 12 The hydraulic control method of the pump in shield
machine
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Fig. 14 Pressure of the system using the two control
methods
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trol method is less than 0.1 s, while the other is about 0.3 s.
It can be seen that the hydraulic control method responds
faster than the other one and the change curve is smoother
without too much vibration.

When the oil transmits through the pipe connected
between the outlet of the shuttle valve and the inlet of
stroking mechanism, the response of the system may have
remarkable delay. Fig. 16 illustrates control principal of
the hydraulic controlled system. The control oil transmits
through the long line and reaches the valve. Then the oil
transmits through another pipe to control the stroking
mechanism to change the displacement. In order to analyze
the effect of the long pipe in delaying the transmission of
the signal, a long pipe model which is referring to the pipe
used in the shield machine is built in AMESim. In this
model, the compressibility and friction effects of the fluid
are taking into account. The pipe is characterized by the
diameter of 20 mm and length which ranges from 0 to
40 m. In the simulation condition, the batch run is operated
by cutting the length into 5 parts in AMESim software.
The simulation results are illustrated in the following dia-
grams. Fig. 17 illustrates the torque of the system which
the system encounters in the simulation condition. At 3s,
the torque jumps from 3000 Nm to 27000 Nm, which sim-
ulates different working conditions.
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Fig. 16 The control principal of the hydraulic controlled
system
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Fig. 17 Torque of the cutter system
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Fig. 18 illustrates different response time of the
system by inspecting the change of the pressure when the
length of the pipe between the shuttle valve and the strok-
ing mechanism is different. It can be seen from Fig. 18 that
when the length of pipe ranges from 0 to 40 meters, the
response time ranges from 0.1s to 0.7 s. The longer the
pipe is, the slower the response of the system is. It can be
seen from Fig. 19 that when the length is different, the dy-
namic response of the flow rate of the system is different.
When the length is small, the flow rate of the system has a
little vibration. When the length becomes bigger, the re-
sponse of the flow rate is smoother. The longer the pipe is,
the bigger the damping ratio of the system is, so it will
affect the stability and the response of the system. Com-
pared with the proceeding electric controlled method,
when the length of the pipe is small, the hydraulic control
method is advantageous in the aspect of the response time.
When the length of the pipe is longer than about 20 meters,
the response of the hydraulic control method may be slow-
er than the other one.
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Fig. 18 Pressure of the cutter system
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Fig. 19 Flow rate of the cutter system

6. Experimental test rig for the characterize of the
system

To validate the simulation models, it is important
to compare simulations with experimental data provided by
appropriate test rigs. The test rig has been built, which in-
clude a pump with different control methods, proportional
relief valve, pressure sensor and flow meter, etc. In this
system, a motor, whose ports are connected with the pro-
portional relief valve, is used to simulate the load the
shield machine may encounter. By regulating the pressure
of the proportional relief valve, which ranges from 0 to



Fig. 20 Valve group of the system (a) and simulation load
equipment (b)

315 bar, we can simulate different working torque.
Fig. 20, a illustrates the valve group of the system and
Fig. 20, b illustrates the motor and the pump which con-
nect through an inertia wheel.

7. Conclusions

1. Based on the working principal of the cutter
system of the shield machine, a new control method for the
change of the displacement of the pump is proposed. When
the pump works in the constant output regulation mode,
the simulation result demonstrates that it is possible to con-
trol the displacement by the hydraulic control and is advan-
tageous and swift to fit the flow rate with the needs of the
system.

2. The length of the pipe between the shuttle and
the pump is also taken into account in affecting the re-
sponse time of the system. The simulation results show
that when the pipe is shorter than a definite value, the re-
sponse time of hydraulic control method is faster than the
other one. Also, the new method will cut down the cost of
the system, because it will reduce a lot of conversion de-
vices which change the hydraulic signal to electric signal.
Through the simulation, it proves feasible to use the meth-
od to change the flow rate of the system in order to avoid
the overloading of the motors and improve the response of
the pump to act. In the future, the control effect will be
testified and compared with the conventional control
methods in the experiment.
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Huaiyin Liu, Goufang Gong, Hu Shi, Lintao Wang

NAUJAS SKYDINES TUNELINES MASINOS
PJOVIMO SISTEMOS REGULIAVIMO METODAS

Reziumé

Siame straipsnyje nagringjama, kaip pagerinti
skydinés masinos pjovimo sistemos reagavima j staigius
apkrovimo pokycius. Analizuojant jprastus siurblio i§dés-
tymo kontrolés metodus, buvo pasialytas naujas tiesioginio
kontrolés ir reguliavimo metodas. Imitavimo rezultatai
parodé, kad naujam kontrolés metodui badingas trumpes-
nis reagavimo laikas ir geresnés dinaminés charakteristi-
kos, reaguojant i staigius skydinés masinos apkrovimo
poky¢ius ir sistemos slégio Suolius nuo 7 iki 25 MPa.
Vamzdzio tarp $audyklinio voztuvo ir siurblio ilgis taip pat
turi jtakos sistemos reagavimui.

Hu Shi, Huaiyin Liu, Guofang Gong, Lintao Wang

A NEW REGULATED METHOD IN CUTTER SYSTEM
OF SHIELD TUNNELING MACHINE

Summary

This paper is focused to improve the responses of
the cutter system of the shield machine to sudden load
changes. By analyzing the conventional control method of
the displacement of the pump, a new control method
named as hydraulic controlled and regulated direct method
is proposed. The simulation results show that the new con-
trol method has a shorter response time and better dynamic
behavior, when the shield machine encounters sudden load
changes and the system pressure jumps from 7 to 25 MPa.
The length of the pipe between the shuttle valve and the
pump is also taken into account in affecting the response of
the system.
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