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Abstract: Fine-blanking is a molding process based on the common blanking process, which obtains
hydrostatic stress through blank holder reverse jacking, in order to increase material plasticity. It
requires special equipment, namely a fine-blanking press, to complete the fine-blanking process.
In this paper, the problem of the speed of the slide block fluctuation found in the actual use of a
12,000 kN hydraulic fine-blanking press after multi-stage pressure source optimization is studied.
Firstly, the mathematical model of the motion of the slide block in the blanking stage of the hydraulic
fine blanking press is established, and the accurate mathematical model in the blanking stage of
the hydraulic fine-blanking press is obtained through the least square method system identification
experiment. Aiming at the complex working situation of the fine-blanking press, a phased PID
control strategy is creatively proposed. The optimal PID control parameters are obtained by a genetic
algorithm, and established a fuzzy PID controller for the blanking stage to accurately control the
movement speed of the slide block. The results show that the new control strategy is very effective in
improving the movement accuracy of the slide block, effectively improving the machining accuracy
and reducing the impact vibration of the hydraulic system.

Keywords: fine-blanking; system identification; phased PID control; genetic algorithm optimization;
adaptive fuzzy PID control

1. Introduction

As an advanced plastic forming process, the fine-blanking (FB) process has been widely
used in industry because of its high efficiency and high part quality [1,2]. Many sheet metal
components (thickness from 2 mm to 20 mm) with a complex shape and high dimensional
accuracy can be processed at one time through the FB process. The fine-blanking press
(FBP) is a special press machine designed and manufactured to complete the FB process. It
is a kind of high-end manufacturing equipment. In contrast to ordinary presses, the FBP
needs to be able to provide blanking force, blank holder force and counter punch force at
the same time [3], and requires high stiffness and machining accuracy to meet the process
requirements of FB [4].

In the process of FB, the press needs to provide three main movements: the movement
of the slide block, counter punch movement and blank holder movement. Among them,
the main movement includes the following stages: the first is the fast approaching (FA)
stage. Under the action of the oil cylinder, the slide block begins to move rapidly upward
from the bottom dead center and quickly approaches the sheet metal. When the slide block
moves close to the sheet metal, it enters the detection (DT) stage. The movement speed of
the slide block slows down to detect whether there is waste residue on the die surface. If
waste residue is present, the slide block returns to the bottom dead center and stops the
machine; if not, the slide block continues to rise to enter the next stage. When the slide
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block moves to the blanking point, it enters the blanking (BL) stage. The slide block is
driven by the fast subsystem oil cylinder, and is altered to be driven by the main blanking
subsystem oil cylinder with high pressure and large flow rate in order to complete the
blanking and forming process of parts at a low speed. After the BL stage, it enters the
fast returning (FR) stage, and the fast subsystem cylinder drives the slider to return to the
bottom dead center, quickly, from the upper dead center.

The hydraulic valve control system is widely used in traditional hydraulic FBPs due
to its good control performance, fast response and simple operation [5]. However, the large
tonnage hydraulic FBP uses a fixed value high-pressure source to drive the load, resulting
in a serious mismatch between the system output power and multiple load requirements,
which cause the energy efficiency of the system to be very low. In order to solve the problem
of the mismatch between the system output power and load power, our research group
proposed a novel multi-stage pressure source drive system. For the 12,000 kN hydraulic
FBP, a five-stage pressure source was used to replace the high-pressure source of the original
equipment [6]. By using the multi-stage pressure source system, the energy loss of the
high-pressure circuit of the equipment in one cycle was reduced by 34.86%. For the fast
circuit, the servo motor is used to drive the quantitative pump to realize the supply-demand
matching of fast circuit pressure and flow, and the energy loss of the medium press circuit
can be reduced by 50.32%.

Although the multi-stage pressure source system has a remarkable energy-saving
effect, the resistance of the system is greatly reduced. During the actual using process,
the motion speed fluctuation of the slide block became larger, and the motion accuracy
decreased, which cannot meet the precision requirements of the FB process. Therefore, how
to improve the motion accuracy of the slide block and reduce the speed fluctuation of slide
block have become new problems.

Scholars have conducted extensive research on the speed control and motion accu-
racy of the hydraulic system. Hua et al. studied and analyzed the speed fluctuation
and vibration of forging machine tools [7]. Yang et al. designed a hydraulic speed con-
trol system of the crane anti-rolling device and studied the parameter matching of the
main components, such as the hydraulic motor and hydraulic pump in the speed control
system [8]. Fang et al. analyzed the fluid transmission features of the hydraulic control system
for the press machine and designed the hydraulic control system [9]. The results show that
the control system can effectively control the movement of the press. Wei et al. proposed
an adaptive fuzzy sliding mode controller based on the Pi-sigma fuzzy neural network in
combination with the Pade approximation, which is itself based on the common pressure rail
system for hydraulic transformers [10]; the result shows that it has strong robustness. Neha
et al. presents an optimization technique method for the particle swarm optimization (PSO)
algorithm for tuning the proportional-integral-derivative (PID) controller parameters for the
electro-hydraulic servo system [11]. Tanasak Samakwong et al. considered the optimization
technique of Genetic Algorithm (GA) for tuning the PID controller parameter for the electro-
hydraulic servo system [12]; the results show that it has a good closed-loop performance.
Liu et al. put forward a compound algorithm of proportional integral and speed feed
forward displacement feedback [13], the research finds that the proposed position scheme
is effective in increasing the position precision. Bing et al. designed and analyzed the speed
control system of the variable voltage variable frequency (VVVEF) hydraulic elevator with
the pressure accumulator [14]. They carried out a comparison of the experimental research
of energy-saving for the speed control of the VVVF hydraulic elevator, with and without
the pressure accumulator. The experimental results show that the VVVF hydraulic elevator
with the pressure accumulator has higher efficiency compared with the VVVF hydraulic el-
evator without the pressure accumulator. Jiang et al. took a servo motor quantitative pump
hydraulic cylinder load as the main dynamic line [15]. They studied the multiparameter
characteristics of the system under the electromechanical-hydraulic coupling conditions
and provided a theoretical basis and guidance for the high-performance control of the
system. Zhang et al. proposed a flow-limited rate control scheme for the master-slave hy-
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draulic manipulators [16]. They developed the variable velocity mapping by adjusting the
velocities to meet the pump and valves’ flow limits and designed an adaptive robust rate
controller of hydraulic manipulators. In addition, they introduced an adaptive boundary
estimator to estimate the hydraulic manipulator acceleration boundaries, and a variable
structure controller is used to plan the velocities to meet the dynamic limits. The results
showed that the control scheme reduced the velocity error and avoided the manipulator
vibration; thus, the performance of the hydraulic manipulator was improved. In order
to solve the problems of slow response, poor precision, and the weak anti-interference
ability in the hydraulic servo position controls, Guo et al. designed a Kalman genetic
optimization PID controller [17]. The designed Kalman genetic optimization PID controller
can be better applied to the position control of the hydraulic servo system. The Kalman
filter is a good solution for the amplitude fluctuations caused by GA-optimized PID that
reduces the influence of external disturbances on the hydraulic servo system. Although
there has been a lot of research on the speed control of the hydraulic system, no research
has been conducted on the combined control of the hydraulic valve and pump. Most of
the existing research on speed control and speed fluctuation suppression of the hydraulic
system focus on algorithms, and the applications are simple systems. However, for complex
systems, such as complex the hydraulic system of FBP, due to the dynamic system being
difficult to analyze, it has proven challenging to design effective controllers; therefore, there
has been very little research on this topic. For complex systems, the system identification
method is generally used to obtain their transfer functions. Researchers have conducted
extensive research on the system identification of the hydraulic system. Maier et al. put
forward nonlinear parameter identification for hydraulic servo-systems with switching
properties [18], which provided an optional idea for the system identification of the hy-
draulic system. Aiming at the modeling and control problems of the hydraulic turbine
system, Jiang et al. proposed a hydraulic turbine system identification and predictive con-
trol based on the genetic algorithm-simulate anneal and back propagation neural network
(GASA-BPNN) [19]. Compared with the output response of the traditional control of the
hydraulic turbine governing system, the neural network predictive controller used by Jiang
has better effect and stronger robustness, solves the problem of poor generalization ability
and identification accuracy of the turbine system under variable conditions, and achieves
a better control effect. This method provides a good guiding effect for hydraulic system
identification. Tian et al. presented an improved whale optimization algorithm (IWOA)
and its application in the parameter identification of hydraulic turbine at no-load [20].
Furthermore, in the identification process, the adaptive modification method is developed
to solve the estimated parameter range uncertainty problem. The results show that IWOA
has fast convergence and high precision. In order to improve the tracking accuracy of a
hydraulic system, Feng et al. proposed an improved ant colony optimization algorithm
(IACO) to optimize the values of the proportional-integral-derivative (PID) controller [21].
In addition, Feng presents an experimental study on the parameters identification to deduce
accurate numerical values of the hydraulic system, which also determines the relationship
between the control signal and output displacement. All the above research provides
a good solution for hydraulic system identification. At the same time, they provide a
theoretical basis for the establishment of the hydraulic control system.

In this paper, our group studied the problems of large velocity fluctuation and low
motion accuracy of the slide block of the multi-stage pressure source FBP. In Section 2, the
hydraulic system of FBP is introduced, and the mathematical model of the valve-controlled
hydraulic cylinder is established. In Section 3, through the method of system identification,
the transfer function of the key stage is obtained; that is, the BL stage. In Section 4, we
proposed a multi-stage closed-loop control for the complex working process of the FBP
using a genetic algorithm to find the best control parameters. For the BL stage with
changing load, we established a fuzzy PID controller, so that it can meet various complex
working requirements. The results show that the mathematical model obtained by this
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method has high accuracy, and the designed controller can effectively improve the motion
accuracy of the slide block and reduce the speed fluctuation.

2. Materials and Methods
2.1. Hydraulic System of FBP and Its Modeling
2.1.1. Hydraulic System of Multi-Stage Pressure Source FBP

The hydraulic multi-stage pressure source FBP researched in this paper, with the
capacity of 12,000 kN, was jointly designed and manufactured by our research group and
company Wuhan Huaxia Fine-blanking Co., Ltd from Wuhan, China. Its hydraulic system
includes the following subsystems: pressure source subsystem, fast subsystem, main blank-
ing subsystem, counter punch subsystem, blank holder subsystem, die locking subsystem,
upper die raceway subsystem, standby pressure subsystem front and rear clamping sub-
system, waste scissors subsystem, etc. [22]. The material (metal plate) is transported to the
hydraulic press through the upper die raceway subsystem, and the material is initially fixed
through the die locking system. The FB processing process is completed in the FBP, and
then the die locking system is opened, the processed parts and waste materials are collected,
and the surplus materials are cut by the rear clamping subsystem. This paper will focus on
the pressure source subsystem, fast subsystem and main blanking subsystem, as shown
in Figure 1, which have a great impact on the machining accuracy, speed of slide block
and machine performance. Before the FB process, the pressure source subsystem starts
to work, and a pressure building process is carried out. The pressure source subsystem
is mainly composed of motor, pump (P3, P4), switch cartridge valve and its cover plate
(YV6-YV10), accumulator, pressure building cartridge valve and its cover plate (YV1-YV5).
This subsystem is used to provide the required energy and pressure to the main blanking
subsystem. During the working process, the motor pump continuously fills the accumula-
tor with liquid to build pressure and store energy and pressure. When the accumulator
reaches the set pressure, the proportional valve (YV1-YV5) in the cartridge valve cover plate
controls the opening of the pressure building cartridge valve and the oil flows back to the
oil tank through the pressure building cartridge valve. When the pressure source needs to
supply flow to the outside, the pressure building cartridge valve is closed, the proportional
valve (YV6-YV10) in the cartridge valve cover plate controls the opening of the switch
cartridge valve, and the motor pump and accumulator jointly supply high-pressure oil to
the corresponding external subsystems. The fast subsystem is composed of motor, pump
(P1), switch cartridge valve and its cover plate (YV11), one-way valve, electromagnetic
reversing valve (YV12), fast oil cylinder, etc. When the switch cartridge valve is opened, the
oil flows into the lower or upper chamber of the oil cylinder through the servo valve and
an electromagnetic reversing valve. The direction and speed of the piston rod movement
are determined by the input signals of the electromagnetic reversing valve and the servo
valve. The main blanking subsystem is composed of the switch cartridge valve and its
cover plate (YV13), the speed regulation module, the charging valve and its control valve
(YV15), the main oil cylinder, etc. Among them, the speed control module is composed
of a pressure compensation valve and a servo valve (YB1) in series, which can ensure
that the oil flow through is not affected by the pressure difference between the two sides
and remains constant. The charging valve and its control valve mainly play the role of
oil suction and drainage when the slide block quickly approaches and moves away from
the workpiece. When the slide block quickly approaches the workpiece, the slide block
drives the main piston to rise rapidly under the push of the fast piston rod, and the main
oil cylinder automatically absorbs oil from the oil tank through the charging valve. In the
blanking processing, the charging valve is closed to prevent the high-pressure oil from
flowing back to the oil tank. When the slide block quickly moves away from the workpiece,
the charging valve controls the pressurization of the oil port to open the valve, and a large
amount of oil in the main cylinder flows back to the oil tank. The unloading cartridge
valve is used for the quick unloading of the main cylinder at the end of blanking. When
the blanking process is in progress, the fast subsystem works first, and the slide block is
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driven by the cylinder piston of the fast subsystem to quickly approach the materials to
be processed. When it is close to the materials to be processed, the fast subsystem stops
working. At this time, the main blanking subsystem works. The pressure source subsystem
transfers the high-pressure oil to the oil cylinder of the main blanking subsystem, so that
the slide block can process the necessary materials under the condition of high pressure
and low speed. At the same time, the blank holder subsystem works to clamp the materials.
After finishing the processing, the fast subsystem works to move the slide block away
from the material by the oil cylinder of the fast subsystem. The counter punch subsystem
works to completely separate the parts from the processing materials. For this system, the
manipulated variables are the input electrical signals of each proportional servo valve and
the motor of the fast subsystem. The controlled variables are the displacement and velocity
of the slider. The disturbance variables are the resistance of the servo valve, the resistance
of the system components, such as pipes, and the viscosity of the oil. The measurement
process variable is the movement of the slider (displacement, velocity, acceleration, etc.).
There are some improvements and optimizations between the FBP hydraulic system we
use and the traditional FBP hydraulic system. For the fast subsystem, the servo motor is
used to drive the quantitative pump to realize the supply-demand matching of the fast
circuit pressure and flow. It is necessary to remove the accumulator and pressure building
valve to allow the system can provide the required flow according to the slide block speed.
The two position four-way reversing cartridge valve with smaller hydraulic resistance is
used to replace the servo reversing valve with larger hydraulic resistance in the traditional
system. For the pressure source subsystem, a five-stage pressure source is adopted, which
is composed of five pressure units with different pressure levels in series. The motor pump
fills the pressure units at all levels, from high pressure to low pressure, to form the corre-
sponding pressure. The pre-charge pressure of the five accumulators is 35 bar, 65 bar, 95 bar,
125 bar and 155 bar, respectively. The supply pressure of the system can be automatically
switched, according to the load pressure, to achieve the purpose of pressure and power
supply on demand, in order to save energy. Due to the system resistance of this system
being greatly reduced, the traditional open-loop control makes the rigidity of the servo
motor and servo valve too high when switching working conditions of multi-stage pressure
source FBP, and it cannot match the changing load. As a result, the motion accuracy of
the slide block decreases, the speed fluctuation becomes larger, and the system vibration
is serious.

2.1.2. Modeling of Valve Controlled Cylinder Electro-Hydraulic Position Servo System

In this paper, the system mathematical model of the blanking stage of the FB press
is obtained by means of system identification. Therefore, firstly, the valve-controlled
cylinder system in the BL stage is theoretically modeled to roughly determine its model
class, in order to lay a good foundation for the next system identification. The dynamic
characteristics of the valve-controlled hydraulic cylinder depend on the characteristics of
the valve and hydraulic cylinder and are related to the load. The differential equation
describing the power components is nonlinear. The physical model of the valve-controlled
cylinder system model used in this experiment is shown in Figure 2 [23]. In this figure,
xy stands for the servo valve spool displacement; P, is the oil pressure returning to the
system; Ps is the system working pressure; A is the rod diameter of the hydraulic cylinder;
xp stands for the hydraulic cylinder piston displacement.
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Figure 1. The physical simulation model of the main system of 12,000 kN hydraulic multi-stage
pressure source FBP.
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Figure 2. Valve controlled cylinder system model.

2.1.3. Characteristic Analysis of Electro-Hydraulic Servo Valve

The electro-hydraulic servo valve is the core component of the hydraulic control system
due to the pressure flow characteristic of the valve, the dead zone characteristic caused by
Coulomb friction and the positive overlap of the valve, the nonlinear gain caused by the shape
of the control window of the servo valve, the wind resistance nonlinearity and saturation
nonlinearity caused by many factors such as transmission clearance, etc. Therefore, the
hydraulic servo system is essentially a nonlinear control system. The servo valve usually
takes current Ai (mA) as the input parameter and no-load flow Qp = Kgx, (m3/s) as the
output flow, where K is the flow gain of the servo valve. In most electro-hydraulic servo
systems, the dynamic response of the servo valve is often higher than that of the power
components. In order to simplify the system’s transfer function, it is generally expressed
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by the second-order oscillation link. At this time, the transfer function of the servo valve
can be expressed as [24]:

QO st
e R M
AL 5 4 Ewgyg

where wsg, (Hz) is the natural frequency of the servo valve. The bandwidth of the servo
valve usually takes the frequency corresponding to the amplitude ratio of—3 dB as the
amplitude bandwidth and the frequency corresponding to the phase lag of 90° as the phase
bandwidth, which can be selected according to the needs of control. (s, is the damping
ratio of the servo valve; K, is the flow gain of the servo valve; s is a complex parameter in
the Laplace transform.

According to the phase frequency characteristic equation of the second-order link:

2050 o
2
1- ()

The value of (s, corresponding to each phase angle ¢ (rad) is calculated from the
frequency characteristic curve, and then the average value is taken.

In most electro-hydraulic servo systems, the dynamic response of the servo valve is
usually higher than that of the power components. Therefore, the transfer function of the
servo valve can be further simplified and can generally be represented by a second-order
oscillating link. If the natural frequency of the second order link of the servo valve is higher
than the natural frequency of the power element, the transfer function of the servo valve
can also be represented by the first-order inertial link. When the natural frequency of the
servo valve is far greater than the natural frequency of the power element, the servo valve
can be regarded as a proportional link. The first-order inertia link can be estimated by the
following equation:

¢(w) = arctg )

Q _ Ke
Al wisv—kl

®)

where ws, (Hz) is the turning frequency of the servo valve, which is generally the frequency
corresponding to the 45° phase lag on the frequency characteristic curve.

2.1.4. Dynamic Characteristic Equation of Valve Controlled Cylinder Electro-Hydraulic
Position Servo System

The hydraulic cylinder that controls the slide block movement in the BL stage in this
paper is shown in Figure 3. After the oil, with p;, (MPa) output pressure from the high-
pressure source passing through the speed regulation module, the output flow Q (m3/s)
is sent to the main blanking subsystem oil cylinder to drive the main piston to complete
the corresponding FB process. With the increase in the slide block stroke, the total FB force
increases. In addition to driving the piston movement, a part of the oil input to the main
blanking subsystem cylinder needs to be used to compensate for the oil compression and
elastic deformation of the frame, oil cylinder and pipeline [25]. Due to the large blanking
tonnage and wide variation range of the blanking force, the above factors cannot be ignored
for the kinematic analysis of the slide block.

Suppose that the starting point of the slide block stroke at the beginning of blanking is
x = 0, and after time f (s), the rising stroke of the slide block is x(t) (m). When the time
increment is dt, the oil volume increment of the cylinder is:

dV = gdt )
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Figure 3. The hydraulic cylinder controls the slide block movement in the BL stage.

1.

This oil volume is mainly used in the following four aspects:

First item, the volume of oil used to drive the main piston is:
dV; = Adx )

where A (m?) is the effective working area of cylinder and ds (m) is the stroke incre-
ment of the movement of slide block.
Second item, the o0il volume used to compensate for the elastic compression of the

oil is:
(Vo + Ax)F'(x)dx
E]/

dV; = (6)
where V (m®) represents the initial volume of the cylinder when the slide block is at
the starting point of the blanking stroke, and E, (Pa) represents the elastic modulus of
the oil.

Third item, when the oil volume used to compensate the elastic deformation of the
frame is F(x), the frame will be elastically deformed and further elongated, increasing
the volume of the upper chamber of the working cylinder by dV3, which must be
supplemented by additional oil.

dF(x)

K;

dvs = A @)

where dF(x) is the increment of the total FB force with the stroke, and K; (N/m)
represents the longitudinal stiffness of the frame.

Fourth item, used to compensate the elastic expansion deformation of the main
blanking subsystem oil cylinder:

!
dvy = 27Ir0wdx 8)
Ke

where 7y (m) represents the initial radius of the cylinder and K, (N/m) represents the radial
stiffness of the cylinder.
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According to simultaneous Equations (4)—(8) and dv = dv; + dv, 4 dovs 4 doy, the
running speed of the slide block is:

b= I 1
A+ (B A BEF W)

)

It can be seen from Equation (9) that in the blanking stage, the movement speed of the
slide block mainly depends on the oil supply g of the speed regulation module, and g is
determined by the input electrical signal of the servo valve Ai.

2.2. System Identification in BL Stage of FBP

For the complex hydraulic system, the accurate mathematical model of the object can
be obtained more accurately by using the method of system identification [26,27]. In this
paper, the system identification experiment is used to obtain the accurate system transfer
function in the BL stage, which lays a good foundation for the subsequent controller design.

The theory and method of establishing the mathematical model of the system accord-
ing to the input and output data of the system is called system identification. The basic
steps are shown in Figure 4.

{ Identification purpose, prior knowledge l

1

—'I Determine model structure |'—

Experimental Data 3
. 1 : Design model parameter
design preprocessing

Qualified

l Get the final model |

End
Figure 4. Basic steps of system identification.

System identification is based on the acquisition of the output response of the research
object under the action of human made input. The acquired data need to be processed.
Finally, the estimation of the object mathematical model must be realize. There are three
elements of system identification:

1.  Input and output data: Data is the basis of system identification

2. Model class: Find the scope of the model and determine the structure of the model

3. Equivalence criterion: It is the optimization objective of identification and is used to
measure the proximity between the model and the actual system.

2.2.1. Design of Identification Experiment

The design of the identification experiment includes the selection of the input signal
and the determination of the sampling time and experimental time. Through the exper-
imental design, the internal characteristic information of the system should be included
in the collected input and output data, as much as possible, in order to carry out accurate
system model identification.

The multi-stage pressure source FBP is equipped with a Balluff displacement sensor,
IFM pressure sensor and Advantech industrial computer. The displacement sensor collects
the displacement of the slide block, and the pressure sensor collects the pressure of the fast
subsystem oil cylinder, main oil cylinder, counter punch oil cylinder and blank holder oil
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cylinder. The collected data transmit to the industrial control computer in real time. The
industrial control computer is equipped with the Siemens PLC program control system,
which can store the data of one operation cycle of the system. The stored data can be
downloaded through the PLC programming software Siemens step 7. The main hardware
models are shown in Table 1. The system uses Siemens touch screen KTP1200 based on
Windows CE to design the operation interface. The FB production line and data acquisition
site are shown in Figure 5.

Table 1. Hardware models of the system.

Hardware Name Specification
PLC S57-1200
HMI human-machine interaction KTP1200
Proportional servo valve 4WRL16V1-120M-3X/G247Z4/M
Pressure sensor HUBA511.943003742
Displacement sensor BTL7-V50T
(<] o

i)

Controller

Schematic diagram of data transmission and acquisition

Figure 5. FB production line and data acquisition.

In this experiment, the signal generator is used to apply the input signal to the system,
change the input current signal of valve YB1, and adjust the spool opening by changing the
input current signal of the valve. Further, the signal generator is also used to change the
flow characteristics of the main oil circuit in the blanking stage, then change the speed of
slide block, and measure the displacement of slide block as the output signal. The servo
valve used in this experimental equipment can accept an input electrical signal of 0—40 mA.
When the input electrical signal is 40 mA, the valve port is opened to the maximum, and
when the input electrical signal is 0 mA, the valve port is closed. In actual use, when
the valve opening reaches 1/4 of the maximum value, the hydraulic oil flow rate will not
be too high due to the small valve opening, which will not lead to abnormal operation
of the equipment. Generally, when the FBP works normally, the electrical signal of the
servo valve port is generally 10-15 mA. As system identification requires an input signal
to fully stimulate all working states of the experimental object within a certain range,
sinusoidal signal sweep input is often used. Moreover, as the response time of the servo
valve is generally 0.1 s, it is most reasonable to select a sinusoidal signal with a frequency
smaller than 10 Hz as the input signal. A sine input signal with an average input of
12.8 mA, positive and negative 2 mA, and a frequency of 3 Hz is designed. As the hydraulic
multi-stage pressure source FBP is a typical perturbation system, in the experiment, the
equipment is operated, without load, one minute before, and the input electrical signal of
hydraulic valve YB1 and the displacement of the slide block output signal in the BL stage
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are collected one minute later. Measuring multiple groups of valid data after the system
runs stably, two groups of data are extracted as identification data. One group is used as
the identification data set, and the other group is used as the verification data set. The
experimental ideal input signal (designed sine input signal) and the actual input signal
are shown in Figure 6a,b. The actual input signal fluctuates sharply, which is caused by
the unavoidable error caused by the surrounding environment during use. The measured
actual output is shown in Figure 6c.

—— actual input \ignal‘ —— actual input signal
ideal input signal

~—— ideal input signal

Current value (mA)

=
—
e
—
o — —
—
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Figure 6. Input and output signals of system identification experiment: (a) ideal input signal;
(b) actual input signal; (c) actual output.

2.2.2. Selection of System Model

In this experiment, the output data is generated by applying the input signal to the
system, so the system model contains the control quantity; therefore, the autoregressive
exogenous (ARX) model with the control quantity is selected [28]. The ARX model considers
all inputs before a specific time and the current white noise. This model has a simple
algorithm and strong robustness. If the noise in the system is large, the model order can
be appropriately improved to obtain higher identification accuracy. The hydraulic system
used in this experiment is often accompanied by substantial noise interference due to the
working environment of FBP equipment, so it is more suitable to use the ARX model. As
shown in Figure 7, this model is excited by the input signal u(k) and superimposed with
the noise signal e(k). It can be expressed by the following equation:

A (z*1>z(k) =z"B (zfl) u(k) +e(k) (10)
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FPE(no,my) = E{ 02}

u(k)

Figure 7. Black box structure of SISO process ARX model.

2.2.3. Determination of Model Order of System Parameters

If the order of the system model is not appropriate, it may cause serious problems in
the design of the control system. There are many methods to determine the order of the
model, such as the F-test, Akaike information criterion (AIC) [29], final prediction error
(FPE), Hankel matrix order determination, etc. AIC encourages the goodness of data fitting
but tries to avoid overfitting. Therefore, the priority model should be the one with the
lowest AIC value. The method of AIC is to find the model that can best explain the data
but contains the least free parameters. FPE is the final prediction error, the parameter
n that minimizes FPE (n) is called the estimation of the order p of AR (p) model. This
method is the so-called improved residual variance graph method, proposed by Akaike
in 1969. Therefore, order determination based on this criterion is in line with the practical
purpose. It has the advantage of high calculation efficiency and is very suitable for the error
calculation of hydraulic system identification. Therefore, in this paper, the AIC method
and the FPE method are used:

E{&ZZ} - mls{&g} (11)

The above equation is the expression of the final prediction error criterion, which is
recorded as FPE(ng,, ny):

L+ (ng+mnp) (.0 L+ (ng+mn,) 17 L+ (ng+mny)  J(ng+nyp)

— - T\ra v = 8 Y x ele= X 12
L— (n,+ny) {5} L—(ng+mny,) L L — (ng +ny) L (12)
Take the data length of L and the order is taken as n, = 1,1, = 1,i = ... The least

square estimation is carried out one by one to obtain the sum of squares of residuals, that is,
the loss function ] (1, + n;). Find the 71, and 71, corresponding to the minimum FPE(ng, np)
according to the above equation, that is, the model order required for identification. The
data processing results of this experiment are shown in Figure 8. The ordinate is the output
variance, and the abscissa is the number of pars. Among them, blue is the best AIC selection,
and red is the highest fitting AIC; select the best model order as n, = 2,1, = 1, and its
misfit value is 0.022515.
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Figure 8. Experimental results of order selection of system model.

2.2.4. Selection of Identification Criterion Function

The criterion function generally selects the sum of squares of the error function, and
the error function can be output error, input error or generalized error. Therefore, the error
criterion function is divided into output error criterion and input error criterion. Due to
the high uncertainty of the complex hydraulic system, the error analysis using generalized
error has high accuracy. In this paper, the generalized error criterion is used [30,31], and its
error is defined as:

e(k) = S, ' [z(k)] — Sy [u(k)] (13)

where 51,5, ! is a generalized model and model s; is reversible. This error is defined as
generalized error, of which the most commonly used is equation error. For difference
equations, s;is B(q7!) = bz + bz 2+ A bz sy is Az = 14 mz 4+
a,z~". Then the equation error is:

e(k) = A (z—l)z(k) —B (z—1)u(k) (14)

Then error criterion function of the equation can be obtained as:

o) = 3 [A(z )z - B(z " )ulk)]’ (15)

k=1

2.2.5. Least Squares Identification

The least squares estimation method is a standard method to obtain approximate
solutions by regression analysis for over determined systems; that is, there are more
equations than unknowns. In this entire solution, the least squares method is calculated as
the result of each equation, minimizing the sum of the squares of the residuals.

The mathematical model of time invariant single input single output dynamic process is:

A(zfl)z(k) = B(z’l)u(k) +e(k) (16)
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Then, consider the identification problem of model Equation (16), that is, the parameter
estimation of 6. As can be seen from the previous section, the selected criterion function is:

10) = Y. [e®F = Y- [26) ~ W' (0] = (1~ Hu6) G~ Hio) ()

The method of obtaining the parameter estimate f; 5 by minimization Equation (17) is
called the least squares method, and 0, s is called the least squares estimate [32].

The experimental data are estimated by the least square method. The result shows
that the coincidence between the identified results and the actual values is 72.76%, the FPE
value is 2.72343 x 1078, and the identified transfer function is:

~ 0.00159s +0.01146
T 24 0.01215s + 9.143

(18)

According to the analysis in Section 2, the transfer function of this system is a typical
second-order system, which is consistent with the system order established by the mathe-
matical model of the hydraulic system in Section 2; therefore, it meets the expectations of
system identification. The transfer function obtained by this method can more accurately
represent the actual situation of the system in the actual work, and establish a good foun-
dation for the subsequent establishment of the control system and the determination of the
control system parameters.

2.3. Optimization of Closed Loop Servo Control of FBP

At present, the hydraulic multi-stage pressure source FBP, as is the case with most
hydraulic machines, adopts the open-loop control mode based on position detection of
the slide block. However, the open-loop control only considers the simple corresponding
relationship between output and input, but does not consider the influence of system
dynamic characteristics and external interference. Therefore, once the output deviation
occurs, it cannot be compensated, and the control accuracy cannot meet the operation
requirements of the multi-stage pressure source FBP.

2.3.1. Multi-Stage PID Control Technology

As the slide block of the 12,000 kN multi-stage pressure source FBP’s work is divided
into different stages, the system characteristics of each operation stage are quite different,
and the stage division is strictly determined by the slide block position and the displacement
of the slide block is not a strict time function. In industrial process control, the control
system is controlled according to the proportion, integral and differential of the error caused
by the comparison between the real-time data collected from the controlled object and
the given value, which is referred to as the PID (Proportional Integral Derivative) control
system. PID control has the advantages of having a simple principle, strong robustness
and a wide range of applications. It is a mature technology and the most widely used
control system. For the hydraulic system to be controlled in this experiment, the control
variable is the input electrical signal of the servo proportional valve, and the measurement
process variable is the motion of the slide block, so PID control is very suitable for this
hydraulic control system with feedback. Moreover, the hydraulic control system belongs
to the valve pump joint control, in which the fast loop is controlled by hydraulic pump
which is controlled by the servo motor. The main blanking loop is controlled by the servo
valve, they have different system characteristics. Therefore, the conventional PID control
is not fully suitable for the operation control of the hydraulic FBP. Based on the operation
characteristics of the hydraulic FBP, a multi-stage PID control strategy is proposed in
this paper.

In order to accurately describe the different stages of the multi-stage pressure source
FBP operation, first define the stage eigenvector Ks = [kFA, kDT, kBL, kFR]: assuming
SN =FA, DT, BL, FR (the same below), kSN = 1 indicates that it is in the SN stage, and
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kSN = 0 indicates that it is in the non-SN stage. The values of the vector Ks in different
stages are shown in Table 2.

Table 2. Value of stage eigenvector Ks.

FA DT BL FR
kFA 1 0 0 0
kDT 0 1 0 0
kBL 0 0 1 0
kFR 0 0 0 1

The multi-stage PID control strategy of the electro-hydraulic system of the large
tonnage hydraulic multi-stage pressure source FBP is shown in Figure 9.
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Figure 9. Multi-stage PID control strategy for electro-hydraulic system of multi-stage pressure

source FBP.

2.3.2. Establishment of Simulation Model and PID Parameter Tuning

In Simcenter AMESim, a simulation model of a multi-stage PID control is built ac-
cording to the control strategy shown in Figure 9, by using the signal library components.
Among them, the value of the stage eigenvector is built by Statechart tool. The multi-stage
PID control simulation model is shown in Figure 10.

The core problem of the PID controller design is how to adjust the PID parameters;
that is, determine the size of K, K; and K; according to the system characteristics of the
controlled object.



Processes 2023, 11, 59

16 of 26

Fu__n_nu%
[y ;
@- BoP ; Fast system servo
‘m’v & (kDT] g kp— i valve signal
@ B il ; (p3@-s3ss £ bofip— 1 ﬂc},@mw@ng
@—m,l- : — 7 gt e,
0 | (i S —E——
TOP. - - i
| -);D'-
SE-
I & !
i A x - s o
(\i)}—’*“ 53 5 H (kP . j}—’ﬂc xp-
- Up_to_Top_Dead_Paint —'H =
Up_to_Blanking_Point TkFA= 0, kOT:=0;
1 KFA = 0; kDT = 0, KBL := 0, kFR:= 1
kBL=1,kFR=0 . _)_;;.P
( Detecting | ( FastRetuming )
C C ) " i ol X
0 . slpol K I = =
Up_to_Detecting_Point T | Q-)( o Y E_)‘l}_ 7,i 7+‘ '}'("bv
{KFA =0, kDT := 1 ” | A —h s
shprtrlelioa] Down to_Bottom Dead_Point | :
SEL BT R ETAOTEe | =8k}
KBL = 0; kFR = 0 ! *
i 7
1 KFA = 1; kDT = 0; @
kBL =D, kFR =0 >

Main blanking system
servo valve signal

F53-COn

o

Figure 10. Multi-stage PID control simulation model of 12,000 kN multi-stage pressure source FBP.

In this paper, the genetic algorithm (Figure 11) is used to realize the PID parameter
tuning [33]. To obtain the optimal K}, K; and K; using the genetic algorithm, first set the
value range of K;,, K; and K;. Then, set the desired optimization goal, that is, to minimize
the slider motion deviation, in order to make the slider motion as consistent as possible
with the expected. Before genetic algorithm parameter optimization, set the initial K, K;
and K value as the first generation, and then perform the genetic algorithm optimization
calculation. Crossover, selection, and mutation are performed for each generation, and
the optimal K, K; and K; of every generation are obtained repeatedly in this optimization
process. First, define the optimization problem:

Find : Kp, Ki/ Kd
Minimize : J tle|dt
S.T. KyL < Kp <Kyn, Kip <K; <Ky, Kgp <Ky <Kgy

where Ky, and Ky, K; and K;p, K1 and Ky are the upper and lower limits of K, K; and
K. Then, the genetic algorithm tool of AMESim is used to solve the above optimization
problems, and the PID parameter tuning can be realized.

The above processes are applied to the PID parameter tuning in the FA, DT, BL and
FR stages, respectively. In the process of parameter optimization, the engineering setting of
the empirical equation is carried out for the PID parameters, and the possible value range
of the best PID parameters is determined accordingly. The upper and lower limits of the
PID control parameters in the four stages are selected, as shown in the Table 3.
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Figure 11. Flowchart of the genetic algorithm.

Table 3. Four stage PID parameter optimization value range.

FA DT BL FR
[KpL/ KpH] [0, 2000] [0, 2000] [0, 2000] [0, 5000]
[Ki, Kipt] [0, 500] [0, 200] [0, 200] [0, 200]
[Kar, Kal [0, 50] [0, 100] [0, 50] [0, 400]

The optimal PID parameters in each stage are obtained after optimization through the
genetic algorithm, as shown in the Table 4.

Table 4. PID parameters adjusted by genetic algorithm.

FA DT BL FR
Ky 555.90 1673.30 1770.90 71.47
K; 116.21 76.60 0.016 0.27
Ky 29.08 24.32 49.83 90.59

3. Results
3.1. Results and Analysis of Multi-Stage PID Control

When the multi-stage PID closed-loop servo control is adopted, the speed of the
medium pressure pump (P1 in Figure 1) and the input electrical signal of the high-pressure
servo valve (YB1 in Figure 1) are shown in Figure 12. The control system regulates the
speed of the medium pressure pump in the FA, DT and FR stages, and the speed of the
medium pressure pump in the BL stage is 0. The high-pressure servo valve opens and
regulates the system only in the BL stage.
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Figure 12. The multi-stage PID controls the speed of the medium pressure pump and the electric
signal of the high-pressure servo valve.

The response characteristics of the PID control in the FA stage are shown in Figure 13.
As can be seen from the transient response characteristics in Figure 13a, the transient
response setting time is 0.13 s and the overshoot is 4.83%, indicating that the transient
characteristics of the control system are good. From the steady-state response characteristics
in Figure 13b, it can be seen that the steady-state error is basically maintained between
—0.5% and 0.1%, indicating that the control system has excellent steady-state characteristics.
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Figure 13. Response characteristics of PID control in FA stage: (a) Transient response characteristics;
(b) Steady state response characteristics.

The response characteristics of the PID control in the DT stage are shown in the
Figure 14. The transient response setting time is 0.05 s and there is no overshoot in the tran-
sient process. The system response is rapid and stable, and the steady-state error is basically
maintained within £0.3%. The control system has good steady-state characteristics.
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Figure 14. Response characteristics of PID control in DT stage: (a) Transient response characteristics;
(b) Steady state response characteristics.

The response characteristics of the PID control in the BL stage are shown in Figure 15.
Under the no-load condition, the transient response should be adjusted for only 0.02 s,
without overshoot. After reaching the steady state, the steady-state error is maintained
within 0.1%. The control system has very good transient response and steady-state response
characteristics. However, under the condition of blanking, due to the sudden increase and
drastic change in load at the initial stage of the BL, the setting time of the transient response
is extended to 0.4 s, and the overshoot reaches 47.83%. After reaching the steady state,
the sudden change in load caused by blanking unloading, ejector, unloading and other
factors leads to a large speed fluctuation of the slide block within 1.85 s to 2 s [34], so the
steady-state error exceeds +5%. At the maximum, it reaches —18.99% (t = 1.93 s). Therefore,
although the control parameters have been optimized, the response characteristics of
the PID control in the BL stage need to be further improved under the condition of FB
load force.
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Figure 15. Response characteristics of PID control in BL stage: (a) Transient response character-
istics under no-load; (b) Steady state response characteristics at no load; (c) Transient response
characteristics during BL; (d) Steady state response characteristics during BL.

The response characteristics of the PID control in the FR stage are shown in Figure 16.
The transient response setting time is 0.15 s and the response is rapid. However, the
overshoot is large (61.95%), which is caused by the small oil pressure in the lower chamber
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of the fast subsystem oil cylinder at the early stage of the FR stage. The backpressure has
not been established, and the slide block falls rapidly under the action of gravity, resulting
in a large overshoot. After the system response enters the steady state, the steady-state
error is maintained within £+0.1%. However, from t = 2.45 s, due to the influence of the
movement of the work piece ejected by the reverse piston, the speed of the slide block
fluctuates, and the error reaches the maximum of —6.56% at t = 2.49 s, and the error returns
to and remains within +2% until  =2.52 s.
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Figure 16. Response characteristics of PID control in FR stage: (a) Transient response characteristics;
(b) Steady state response characteristics.

Figure 17 shows the comparison of the simulation results between the open-loop
control and multi-stage PID closed-loop servo control. In the FA, DT and FR stages, the
speed of the slide block significantly fluctuates when the using open-loop control, and
cannot be stable. When using the closed-loop control, the speed of the slide block can
quickly reach a stable state. In the BL stage, when the open-loop control is adopted,
the speed of the slide block fluctuates significantly. Under the influence of oil hydraulic
shrinkage, the speed of the slide block shows a change trend from small to large. The speed
suddenly increases during the final unloading. When the closed-loop control is adopted,
the blanking speed is relatively stable and can better track the ideal speed curve. It can also
be seen from the displacement comparison curve that the displacement curve of the slide
block fluctuates greatly in the open-loop control, while the displacement curve of the slide
block is stable in the closed-loop control.

To summarize, for the system after energy-saving transformation, if the traditional
open-loop control is adopted, the slide block movement speed and displacement fluctuate
greatly, which cannot meet the requirements of the FB process. Using the multi-stage PID
control method proposed in this paper, the slide block can better track the ideal speed
curve and move smoothly. At the same time, in the case of FB load force interference, the
response characteristics of the PID control in the BL stage need to be further improved.

3.2. Research on Fuzzy Adaptive PID Control in Blanking Stage

In the BL stage, the FB forming force is large and changes violently, and the load
curves are quite different when machining different parts, so it is difficult to control the
motion of the slide block. Under no-load and load conditions, the PID control effect of the
BL stage is completely different.

For the BL stage with complex working conditions and time-varying system, the
motion control of the slide block is difficult and requires high precision. Therefore, when
designing the electro-hydraulic control system of the hydraulic FB, it is necessary to further
optimize the motion control of the slide block in the BL stage.
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Figure 17. Comparison of motion (velocity and displacement) curves between open-loop control and
closed-loop control.

3.2.1. Design of Fuzzy Adaptive PID Controller in Blanking Stage

Figure 18 shows the principle of the fuzzy adaptive PID control. It can be seen that
this control mode is the combination of fuzzy control and traditional PID control. In
essence, it is still PID control, and the fuzzy controller is used to adaptively transform the
traditional PID control and realize the real-time adaptive adjustment of the PID control
parameters [35].

Tutput fuzzification

[Fuzzy reasoning rules

ec(?)

IFuzzy inference

tput fuzzification|

J

Output inverse fuzzification
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Figure 18. Fuzzy adaptive PID control principle.
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For fuzzy adaptive PID control, the PID control law is:
t de(t)
u(t) = (Kpo+ BKy)e(t) + (Kio + 8K:) [ e(t)at + (Kao + 5Ke) 75,

(19)



Processes 2023, 11, 59 22 of 26

The key to the design of the fuzzy adaptive PID controller lies in the selection of the
fuzzy controller, the definition of the input-output fuzzy set and universe, the equation of
the fuzzy control rules, the selection of the fuzzy reasoning method and the selection of the
membership function.

This paper adopts the double input and three output fuzzy controller; that is, the
error ¢ and error change ec are selected as the input variables of the fuzzy controller, and
the control quantities AKp, AK; and AK; are selected as the output variables of the fuzzy
controller.

The fuzzy language variables of ¢, ec, AKp, AK; and AKj are {NB, NM, NS, ZE, PS,
PM and PB}, which belong to fuzzy sets {negative large, negative medium, negative small,
zero, positive small, positive medium and positive large}. According to the mathematical
model of the BL stage obtained by system identification (Equation (18)) and the fuzzy PID
engineering setting method, the fuzzy subset domains of e, ec,AKp, AK; and AK; are shown
in Table 5.

Table 5. Fuzzy subset domains of fuzzy variables.

NB NM NS ZE PS PM PB
e —-0.6 —0.4 —-0.2 0 0.2 0.4 0.6
ec -0.3 -0.2 -0.1 0 0.1 0.2 0.3
AKp —60 —40 —20 0 20 40 60
AK; —0.006 —0.004 —0.002 0 0.002 0.004 0.006
AKy —6 —4 -2 0 2 4 6

The fuzzy control rules of AKp, AK;, AK; are shown in Tables 6-8.

Table 6. The fuzzy control rules of AKp.

AKp ec

NB NM NS ZE PS PM PB

NB PB PB PM PM PS ZE ZE

NM PB PB PM PS PS ZE NS

NS PM PM PM PS ZE NS NS

e ZE PM PM PS ZE NS NM NM
PS PS PS ZE NS NS NM NM

PM PS ZE NS NM NM NM NB

PB ZE ZE NM NM NM NB NB

Table 7. The fuzzy control rules of AK;.
ec

AK; NB NM NS ZE PS PM PB

NB NB NB NM NM NS ZE ZE

NM NB NB NM NS NS ZE ZE

NS NB NM NS NS ZE PS PS

e ZE NM NM NS ZE PS PM PM
PS NM NS ZE PS PS PM PB

PM ZE ZE PS PS PM PB PB

PB ZE ZE PS PM PM PB PB
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Table 8. The fuzzy control rules of AKj.

ec

AKq NB NM NS ZE PS PM PB

NB PS NS NB NB NB NM PS

NM PS NS NB NM NM NS ZE

NS ZE NS NM NM NS NS ZE

e ZE ZE NS NS NS NS NS ZE
PS ZE ZE ZE ZE ZE ZE ZE

PM PB NS PS PS PS PS PB

PB PB PM PM PM PS PS PB

The Mamdani fuzzy reasoning method is selected for fuzzy reasoning in this paper [36].
In addition, the triangular membership function and the center of gravity method are used
for inverse fuzzification.

3.2.2. Simulation Analysis of Fuzzy Adaptive PID Control in BL Stage

The models of the controlled system (i.e., the mechanical hydraulic system of the
hydraulic multi-stage pressure source FBP) and the PID control are built in Simcenter
AMESim, and the fuzzy controller is built in Simulink. The model adaptive PID control
simulation in the BL stage is completed in a joint way. The joint simulation model is shown
in Figure 19.
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Figure 19. Joint simulation modeling of fuzzy PID control in BL stage.

After adopting the fuzzy adaptive PID control, the response characteristics of the BL
stage are shown in Figure 20. It can be seen from the transient response characteristics in
Figure 20a that the setting time of the transient response is 0.23 s, which is 42.5% less than
that of the transient response in the ordinary PID control (0.4 s). The maximum overshoot
is 25.07%, which is 47.31% less than the maximum overshoot (47.83%) controlled by the
ordinary PID. As can be seen from Figure 20b, the steady-state response characteristics of
the fuzzy PID control are also improved compared with the ordinary PID control.
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Figure 20. Response characteristics of fuzzy adaptive PID control in BL stage: (a) Transient response
characteristics; (b) Steady state response characteristics.

4. Discussion

The control effects of the different stages and control methods are shown in the Table 9.
The control results show that the slide block motion accuracy of FBP is higher, and the
control effect is very obvious after using the multi-stage PID control. This effectively
reduces the stability time, overshoot and steady-state error of each stage. At the same time,
for the BL stage with variable load conditions, the fuzzy PID control is also very effective
in improving the stability and dynamic performance of the system. Therefore, the control
mode proposed in this paper is feasible.

Table 9. Control results at different stages.

Transient Response Overshoot Steady-State Error
Phase (Control Method) Setting Timz ) (%) y (%)
FA (PID) 0.13 4.83% —0.5%~0.1%
DT (PID) 0.05 0 +0.3%
BL no-load condition (PID) 0.02 0 <0.1%
BL blanking condition (PID) 0.4 47.83% —18.99%
BL (fuzzy adaptive PID) 0.23 25.07% <0.1%
FR (PID) 0.15 61.95% +2%

5. Conclusions

In this paper, the problems of slide block speed fluctuation, low motion accuracy
and serious system vibration of the multi-stage pressure source FBP are studied. The
conclusions are as follows:

(1) The hydraulic system of the multi-stage pressure source FBP is introduced, and the
mathematical model for the valve-controlled cylinder system is established.

(2) The system identification experiment method, using the least square method, is
proposed, and the more accurate transfer function of the valve control cylinder system
in the BL stage of the hydraulic multi-stage pressure source FBP is obtained.

(3) A multi-stage PID control method is proposed, and the fuzzy PID control method is
used alone in the BL stage to effectively improve the motion accuracy of the slide block.
The speed fluctuation of the slide block and the impact vibration of the hydraulic
system are effectively reduced. The machining accuracy of the multi-stage pressure
source FBP is improved, and its service wear is reduced.
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