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This paper conducts an in-depth study on the electronic closed-loop control
characteristics of Valvistor valves (a type of proportionally enlarged valve) by
leveraging the SimulationX simulation platform. The displacement-area relation-
ship of a 25 mm diameter Valvistor valve was accurately determined through the
combination of experimental measurements and theoretical analyses. A highly
realistic SIMULATIONX model was constructed based on actual parameters,
taking into account oil compression, leakage, viscous friction and other key fac-
tors. The proportional-integral-derivative parameters were initially calculated
using the genetic algorithm and then refined through a series of fine-tuning oper-
ations. The results show that the optimized proportional-integral-derivative con-
trol significantly improves the dynamic characteristics of the valve: in the step
response of the main valve displacement, the rising response time is reduced by
45 milliseconds, the descending step response time is shortened by 20 millisec-
onds, and there is almost no overshoot compared with the original valve. Consid-
ering the variable pressure differences at the valve port in actual working condi-
tions, the parameters of the feed-forward controller were corrected. Through it-
erative simulation of different pressure differences and feed-forward gain values
within the range of 0.5-2 MPa, a parameter curve of the feed-forward controller
was obtained, which ensures the valve's displacement output meets actual opera-
tion requirements under different pressure conditions. The research results pro-
vide important theoretical support and practical guidance for optimizing the per-
formance of Valvistor valves and improving the control accuracy of hydraulic
systems. Meanwhile, the limitations of the research (lack of physical experiment
verification and insufficient universality) are pointed out, and future research di-
rections (conducting physical experiments, expanding applications in complex
systems, optimizing control algorithms) are clarified.
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Introduction

In the field of hydraulic systems, throttle valves [1] play a crucial role in precisely
regulating fluid flow and controlling load speed. Proportional throttle valves [2], in particular,
have found extensive applications across various industries, from manufacturing equipment to
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construction machinery. However, existing proportional throttle valves often suffer from is-
sues such as low flow control accuracy and poor dynamic response. These problems can lead
to inefficiencies in industrial processes, increased energy consumption, and reduced overall
system performance.

The Valvistor valve [3], a type of proportional throttle valve, has attracted signifi-
cant attention due to its potential to overcome some of the limitations of traditional designs.
To fully leverage its capabilities and enhance its performance, a comprehensive understanding
of its electronic closed-loop control characteristics is essential. This study aims to fill this gap
by conducting an in-depth analysis of the Valvistor valve control system.

The SIMULATIONX simulation platform [4, 5] is a powerful tool that enables the
accurate modeling of complex physical systems. It allows researchers to simulate the behavior
of hydraulic valves under different operating conditions, taking into account factors such as
fluid dynamics, mechanical interactions, and electrical control. By using SIMULATIONX,
we can avoid the high costs and time-consuming nature of physical experiments at the initial
research stages and explore a wide range of control strategies and parameter settings.

The research objectives of this study are two-fold. Firstly, we seek to optimize the
control system of the Valvistor valve to improve its dynamic response and control accuracy.
This involves fine-tuning the proportional-integral-derivative (PID) controller parameters
[6, 7], which are crucial for achieving stable and precise valve operation. Secondly, we aim to
explore the effectiveness of different control strategies [8-11], especially the use of a feedfor-
ward controller, in adapting to the variable pressure differences that occur in real-world appli-
cations. By achieving these objectives, we hope to contribute to the development of more ef-
ficient and reliable hydraulic control systems, which are essential for the progress of modern
industries relying on hydraulic technology.

Characteristic analysis of electric closed-loop
control Valvistor valve

Construction of simulation model

In this study, a 25 mm diameter Valvistor valve is selected as the research subject.
The 25 mm dimension represents the inner diameter of the main valve body, which is in line
with the industry norms for similar hydraulic valves. To accurately understand the valve be-
havior, determining its displacement-area relationship is a fundamental step. This relationship
is obtained through a comprehensive approach that combines experimental measurements and
theoretical analyses.

Experimental measurements play a crucial role in obtaining accurate data. We con-
ducted tests on the valve prototype, carefully measuring the flow rate and pressure variations
corresponding to different valve displacements. By collecting a large amount of experimental
data, we were able to capture the real-world behavior of the valve. Subsequently, based on the
principles of fluid mechanics, we performed in-depth theoretical analyses. Through these
analyses, we derived the displacement-area relationship, which provides a mathematical de-
scription of how the valve displacement affects the flow-related areas within the valve.

With the displacement-area relationship in hand, we proceeded to construct a system
model in the SIMULATIONX platform. The model, as presented in fig. 1, consists of two
main components: the Valvistor valve and an electronic control unit. A constant pressure
source is used as the oil source to ensure a stable supply of hydraulic fluid, and a loading
overflow valve is incorporated to simulate the load conditions the valve will encounter in
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practical applications. The key parameters set
in the SIMULATIONX model are shown in
tab. 1.

During the model construction, we took
into account several important factors that can
influence the valve performance. The compres-
sion of the oil, which occurs under pressure
changes, can affect the overall behavior of the
hydraulic system. Leakage, both internal and ex-
ternal, can lead to inefficiencies and inaccurate
control. Viscous friction between the moving
parts of the valve and the oil also plays a role in
determining the valve response. Additionally, we
incorporated the actual displacement-area rela-
tionship curve of the main valve port into the
model. This comprehensive consideration of var-
ious factors makes the model highly realistic,
enabling us to simulate and analyze the valve
performance with a high degree of accuracy.

Electronic control unit simulation section

Figure 1. Whole simulation model of
Valvistor valve

The selection of each parameter in the model is based on careful consideration. The
main valve size of 25 mm was determined according to the specific requirements of the hy-
draulic system under study. This size is commonly used in relevant applications, ensuring the
research practical significance. The feedback throat area gradient of 1.18 mm was derived
through a series of experimental measurements and simulations. We tested different proto-
types with varying area gradients and analyzed their effects on the valve performance. After a
comprehensive evaluation of factors such as dynamic response and stability, we chose
1.18 mm as the optimal value. This value was further verified through additional simulations
to ensure its suitability for the Valvistor valve in different operating conditions.

Table 1. Simulation parameter

Parameter name Numerical value

Main valve size 25 mm
Main valve mass 0.6 kg

Pilot valve rated flow 25 Lpm

Main valve feedback throat area gradient 1.18 mm
Pre-opening amount of main valve 0.4 mm
Diameter of pressure compensator spool 27 mm
Pressure compensator mass 0.6 kg
Valve core stroke of pressure compensator 6 mm

Characteristic analysis of electric closed-loop control valve

It is important to note that all the analysis and results presented in this section are
obtained through simulations in the SIMULATIONX environment. Although the description
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of the process may seem similar to an experimental set-up for clarity, no physical experiments
have been conducted at this stage.

The performance of the Valvistor valve is significantly influenced by the parameters
of the PID controller. To optimize these parameters, we first used the genetic algorithm to
calculate the initial PID values. The genetic algorithm is a powerful optimization tool that can
search for the optimal solution in a complex parameter space. After obtaining the initial val-
ues, we carried out a series of fine-tuning operations. Through a meticulous optimization and
calibration process, we finally determined the optimal PID parameters as k, = 1.759,
ki = 7.8391, and kq = 0.0098.

In the simulation, when a rising step signal is applied to the proportional electromag-
net, we maintained a constant pressure difference of 1.3 MPa between the two ends of the
main valve port. Under these specific conditions, we obtained the displacement response
curve of the main valve, as shown in fig. 2. This curve provides valuable insights into the dy-
namic behavior of the main valve under the influence of the optimized PID parameters and
the specified pressure difference.
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Figure 2. Step response of main valve; (a) step response of main valve displacement rise and
(b) step response of main valve displacement drop

Figure 2 shows the step response of the main valve displacement. By comparing the
genetic PID response curve with the original valve response, we can clearly observe the im-
provement in performance achieved by our proposed control method. The genetic PID control
leads to a faster response time and reduced overshoot, indicating its effectiveness in enhanc-
ing the dynamic characteristics of the Valvistor valve. This improvement is of great signifi-
cance for the valve application in hydraulic systems, where precise and rapid control is essen-
tial for ensuring the system stability and efficiency.

As can be seen from fig. 2(a), when the self-tuning PID control is activated, the re-
sponse time is approximately 30 ms. This represents a significant improvement compared to
the original valve, as the rising response time of the original valve is about 45 ms longer.
Moreover, under the genetic PID control, the spool exhibits only a slight overshoot during the
rising process, which meets the working requirements. In fig. 2(b), it is evident that under the
genetic PID control, the descending step of the spool is relatively rapid, taking about 35 ms.
This is approximately 20 ms faster than the response of the original valve, and there is almost
no overshoot, demonstrating excellent dynamic characteristics.
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The original valve response was obtained when the valve operated under its default
control conditions with a traditional proportional control method. The controller gains for the
original valve were set according to the manufacturer recommendations or common industry
practices for similar valves. In contrast, our proposed method uses a genetic-algorithm-based
PID control with MEMS [12-15] integration, which allows for more precise control and better
performance optimization.

Correction of feed-forward controller parameters

In the transfer function model initially selected in this study, the pressure difference
at the valve port of the main valve was set to 1.3 MPa. However, in actual working scenarios,
the pressure difference at the valve port is not constant but varies continuously. Therefore, re-
lying solely on a fixed value of 1.3 MPa cannot meet the actual operating requirements of the
valve. Different pressure differences have a significant impact on the valve dynamic charac-
teristics, affecting both the step - up time and the accuracy of the control output.

Under different pressure differences, the response time of the main valve and its
output value will change. If these changes are not compensated for under PID control, the fi-
nal output value will deviate from the desired value, which is not conducive to the proper op-
eration of the flow valve. To address this issue, we decided to correct the final output value by
adjusting the parameters of the feed-forward controller.

The determination of the feed-forward gains was achieved through an iterative simu-
lation process. We selected a pressure difference range from 0.5 MPa to 2 MPa at the valve
port of the main valve. For each pressure difference value within this range, we simulated the
valve system with different feed-forward gain values. By observing the output responses of
the valve, specifically the displacement of the main valve and the flow rate, we evaluated the
performance of the system. The goal was to find the feed-forward gain values that minimized
the error between the desired and actual outputs of the valve under different pressure condi-
tions. Through this iterative process, we obtained a parameter curve of the feed-forward con-
troller, which shows the relationship between the optimal feed-forward gain values and the
corresponding pressure differences. This curve can be used to determine the appropriate feed-
-forward gain values during the actual operation of the valve based on the detected pressure
difference at the valve port.

The method for obtaining the parameters of the feed-forward controller involves
simulating within a pressure difference range of 0.5 MPa to 2 MPa. Different values of the
feed-forward controller parameters are obtained through simulations in this range, resulting in
the generation of a parameter curve of the feed-forward controller, as shown in fig. 3.

Figure 3 clearly shows the parameter values of each feed-forward controller. During
the simulation process, the pressure difference of the main valve port can be detected in real-
-time. Based on different detected pressure differences, the controller parameters can be accu-
rately determined. In this state, the step characteristics of the main valve displacement under
different pressure differences are depicted in fig. 4. From this figure, it can be clearly seen
that the displacement output of the main valve is basically consistent with the output value of
the original valve response under PID control. This indicates that the valve performance
meets the actual operation requirements of the flow valve.
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Comparison of PID tuning methods

Tuning principles

Calculated PID gains with fine adjustments. The method of calculating PID gains
with subsequent fine-tuning starts with an in-depth understanding of the system underlying
principles. Initially, the PID gains are computed using mathematical models that are based on
the physical characteristics of the controlled plant. For instance, in the case of the Valvistor
valve, factors such as the valve size, mass, and the properties of the hydraulic fluid it operates
with are considered. These models are often simplified to make the calculations tractable, but
they still capture the essential dynamics of the system.

After obtaining the initial estimates, the real-world performance of the system is
closely monitored. By observing the actual system responses to different inputs, such as step
changes in the control signal, engineers can identify areas where the control performance can
be improved. Fine adjustments are then made to the PID gains. This iterative process of com-
paring the theoretical and actual responses and making adjustments allows for a more accurate
representation of the system behavior. It combines the theoretical rigor of mathematical mod-
eling with the practical insights gained from real-world observations.

Ziegler-Nichols method. The Ziegler-Nichols method [16] offers two distinct ap-
proaches for tuning PID controllers. The first approach focuses on the ultimate gain and ulti-
mate period of the system. To implement this, the gain of the proportional controller is gradu-
ally increased until the system starts to oscillate with a constant amplitude. The value of this
gain is the ultimate gain, and the corresponding period of oscillation is the ultimate period.
Empirical formulas are then used to calculate the PID parameters based on these values. This
method is based on the assumption that the system behavior near the point of instability can
provide valuable information for setting the controller parameters.

The second rule of the Ziegler-Nichols method is applicable when the process reac-
tion curve of the system is known. The process reaction curve describes how the system out-
put responds to a step change in the input. By analyzing the characteristics of this curve, such
as the slope at the inflection point and the time delay, the PID parameters can be determined.
This approach is useful for systems where the process dynamics can be approximated by a
simple model represented by the reaction curve.
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Accuracy and precision

Calculated PID gains with fine adjustments. While the initial estimates of the PID
gains calculated from mathematical models may not be highly accurate due to the simplifica-
tions and assumptions made in the models, the subsequent fine-tuning process offers the po-
tential for high-precision control. When the fine adjustments are based on a detailed analysis
of the system performance, including factors like overshoot, settling time, and steady-state er-
ror, it is possible to achieve excellent control accuracy. For example, in the control of the
Valvistor valve, by carefully observing the valve displacement response to different control
signals and making incremental adjustments to the PID gains, the system can be tuned to meet
strict performance requirements. This method allows for a high degree of customization based
on the specific needs of the system.

Ziegler-Nichols method. The Ziegler-Nichols method provides a quick and conven-
ient way to obtain initial PID settings. However, its reliance on empirical formulas means that
the resulting PID gains may not always lead to the most optimal control performance. In
complex or non-linear systems, the relationships between the system inputs and outputs are
often more intricate than what the empirical formulas can account for. As a result, the control
achieved using Ziegler-Nichols-tuned PID controllers may exhibit significant errors, such as
larger overshoots or longer settling times. In such cases, additional tuning is usually required
to improve the control precision.

Complexity and ease of use

Calculated PID gains with fine adjustments. The process of calculating the initial
PID gains and then fine-tuning them is relatively complex. It demands a solid understanding
of control theory, system dynamics, and the specific characteristics of the controlled system.
For example, in the case of the Valvistor valve, engineers need to be familiar with hydraulic
principles, the behavior of the valve under different loads, and the interaction between the
valve and the control system. The fine-tuning process often involves a trial-and-error ap-
proach or a detailed analysis of system responses, which can be time-consuming. This com-
plexity may limit its use in situations where quick solutions are required or where the exper-
tise in control theory is limited.

Ziegler-Nichols method. In contrast, the Ziegler-Nichols method is relatively easy to
use. It does not always require a detailed mathematical model of the system. For example, in
some simple industrial processes, operators can use the Ziegler-Nichols rules to quickly ob-
tain initial PID settings without a deep understanding of the system internal dynamics. This
makes it accessible to a wide range of users, including those with limited control engineering
knowledge. It can serve as a good starting point for getting a system up and running in a rela-
tively stable state, especially in situations where time is of the essence.

Adaptability to different systems

Calculated PID gains with fine adjustments. This approach is highly adaptable to
different types of systems. Since the fine-tuning process can be customized based on the spe-
cific characteristics of the system, it can effectively handle systems with non-linearities, time-
varying parameters, and complex interactions. For example, in a hydraulic system with multi-
ple Valvistor valves operating under varying loads and pressures, the PID gains can be adjust-
ed to account for the unique behavior of each valve and the interactions between them. This
flexibility allows for better control performance across a wide range of operating conditions.
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Ziegler-Nichols method. The Ziegler-Nichols method is most effective for linear,
time-invariant systems. In these systems, the relationships between the inputs and outputs are
relatively straightforward, and the empirical formulas used in the method can accurately pre-
dict the optimal PID settings. However, for highly non-linear systems, where the behavior of
the system changes non-linearly with the input, or time-varying systems, where the parame-
ters of the system change over time, the Ziegler-Nichols method may not perform well. In
systems with multiple inputs and outputs, the method also struggles to account for the com-
plex interactions between the different variables, leading to sub-optimal control performance.

Conclusions

This paper conducts an in-depth study on the electronic closed-loop control charac-
teristics of Valvistor valves, a type of proportionally enlarged valve, using the SIMULA-
TIONX simulation platform. Through experimental measurements, theoretical analyses, mod-
el construction, parameter optimization, and comparison of multiple PID tuning methods, the
following conclusions are drawn.

e The PID parameters are calculated by the genetic algorithm and fine-tuned, and the opti-
mal parameters (k, = 1.759, ki = 7.8391, and kq = 0.0098) for a 25 mm diameter Valvistor
valve are determined. Compared with the original valve, the optimized PID control sig-
nificantly improves the dynamic characteristics of the valve. In the step response of the
main valve displacement, the rising response time is reduced by 45 ms, the descending
response time is shortened by 20 ms, and there is almost no overshoot, meeting the re-
quirements of precise and rapid control of valves in hydraulic systems.

e Considering the variable pressure differences at the valve port in actual working condi-
tions, the parameters of the feed-forward controller are corrected. Through iterative simu-
lations within the pressure difference range of 0.5-2 MPa, a parameter curve of the feed-
forward controller is obtained. This curve can be used to determine appropriate feed-
forward gain values based on the detected pressure difference at the valve port, ensuring
that the valve displacement output can meet the actual operation requirements under dif-
ferent pressure conditions.

e The method of calculating PID gains with subsequent fine-tuning relies on mathematical
models based on physical characteristics in the early stage, and the process is complex.
However, after fine-tuning based on system performance, it can achieve high-precision
control and has strong adaptability to different types of systems. The Ziegler-Nichols
method is convenient for obtaining initial PID settings and is suitable for linear, time - in-
variant systems. However, for complex or non-linear systems, due to its reliance on em-
pirical formulas, the control accuracy is poor, and additional tuning is often required.

e This research has certain limitations, such as the lack of physical experiment verification
and the need to improve the universality of research results. In the future, physical exper-
iments can be carried out to verify the research results, the research can be extended to
the application of complex systems, and control algorithms can be further optimized to
promote the performance improvement of Valvistor valves and the control accuracy of
hydraulic systems.

In summary, this research provides theoretical support and practical guidance for op-
timizing the performance of Valvistor valves and improving the control accuracy of hydraulic
systems. Future research can explore in-depth based on the existing deficiencies to contribute
to the development of related fields.
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