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Introduction:With the development of technology, the hydraulic control system
for hydro-mechanical continuously variable transmission has also made rapid
progress. However, the traditional control system for hydro-mechanical
continuously variable transmission has drawbacks such as efficiency loss and
slow response speed. The study fused the adaptive and pulse width modulation
algorithms to solve these problems effectively, and they were applied to the
hydraulic mechanical continuously variable drive control system.

Method: First, the study analyzed the continuously variable transmission control
of hydraulic machinery and designed the control scheme on the basis of the
analysis. Then, a new scheme fusing adaptive and pulse-width modulation
algorithms was proposed on the basis of the control scheme. Finally,
simulation experiments and practical tests were carried out to verify the
performance of the control scheme.

Results: The results showed that the time to reach the maximum pressure was
2.15 s when the volume of the pilot valve cavity was 5 × 109/L. When the oil flow
rate was 70 L/min, the correspondingmaximum andminimum values of themain
oil circuit pressure were 1.63 MPa and 0.37 MPa, respectively. The time to reach
the maximum value of the pressure was 2.05 s, respectively. These values were in
line with the design requirements and were better than the comparison values.

Discussion: These results confirm that the system has important theoretical and
practical significance, which has a positive promoting effect on the development
of the hydraulic machinery industry. This article aims to provide a new approach
for research and application in related fields.
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1 Introduction

Hydro-mechanical continuously variable transmission (HMCVT) technology is an
innovative technology that combines hydraulic transmission with mechanical transmission.
HMCVT has the advantages of high transmission efficiency, low noise, and high energy
utilization, which is widely applied in the engineering (Fan and Kuang, 2021; Maczyszyn,
2019). However, the traditional hydraulic control system for HMCVT has some problems,
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such as high requirements for transmission efficiency and low
control accuracy (Hu et al., 2020; Mazali et al., 2019). A control
system for continuously variable transmission combining adaptive
and pulse width modulation (PWM) algorithms was proposed to
overcome these issues. Adaptive control algorithm can adjust
control parameters in real-time and intelligently adjust the
transmission process based on the actual operating status of
system to optimize transmission efficiency. PWM is a method of
controlling the output power by changing the pulse width of signal,
which can achieve precise control (Zhang et al., 2022a; Yasien and
Wala’a, 2019). The study first analyzed the control of HMCVT and
designed relevant solutions. Then a system control scheme
combining the adaptive and PWM algorithms was proposed.
Finally, simulation experiments and practical tests were
conducted, and the experimental results were analyzed and
summarized. The research solves the limitations of traditional
control methods and realizes the efficient and precise control of
the continuously variable transmission system of hydraulic
machinery through the innovation of algorithmic level and
optimization of control strategy. The article aims to provide a
new control method for the further development of HMCVT
technology.

The first part of this study introduces the current research of the
HMCVT control system and the adaptive and PWM algorithms in
the application of the continuously variable transmission. Next, the
study constructs the HMCVT control system based on the adaptive
and PWM algorithms. Then the performance of the control system
is verified by using the continuously variable transmission of the
automobile wet clutch transmission as an experimental object. The
final part summarizes the experimental results, and the advantages
and disadvantages of using the method are analyzed.

2 Related works

HMCVT is a method of adjusting the transmission ratio by
controlling the flow and pressure in the hydraulic system, which can
make the mechanical transmission process more stable and efficient.
Traditional mechanical transmission usually adopts a discrete
transmission method, with a fixed transmission ratio that cannot
be adjusted according to changes in working conditions. HMCVT
can adjust the transmission ratio in real-time according to actual
needs, thereby improving the performance and efficiency of
mechanical systems. Numerous experts and scholars have
conducted research on the HMCVT system. Morabito and
Versaci (2001) designed a fuzzy neural method to address the
shortcomings of non-intrusive turbine measurements in hydraulic
mechanical drive systems. Fuzzy reasoning and the concepts of fuzzy
curves and surfaces were utilized to estimate the location of the hole
center from a reduced set of features. Hoodorozhkov et al. designed
an automatic multi-flow gearbox to improve the dynamic
characteristics of the vehicle using a mechanical continuously
variable transmission. The transmission was proposed as a five-
flow mechanical transmission and the kinematics of the eccentric
conversion elements were described in detail. The results showed
that the proposed mechanical automatic transmission had a higher
total efficiency than a typical mechanical transmission, while there
was no power flow interruption due to ratio changes during vehicle

acceleration (Hoodorozhkov and Kozlenok, 2021). Zhang et al.
(2022b) proposed a power return hydraulic transmission system
to develop advanced power performance and reduce energy
consumption. The system utilized the mathematical model of the
power-train to obtain resonance characteristics. These results
confirmed that the power-train resonance frequency of the
system was excluded from the operating range of the engine
(Zhang et al., 2022b).

Kharytonchyk and Kusyak proposed an adaptive control based
on PWM signal frequency to make the dry friction clutch engaging
quality ensured. These results confirmed that the algorithm achieved
the adaptive control (Kharytonchyk et al., 2021). Ouyang et al. put
forward a mathematical model for the electronic hydraulic actuator
of heavy-duty automatic transmissions to predict the response
performance of wet clutches to reduce fuel consumption and
shift quality of heavy-duty automatic transmission vehicles. In
this study, PWM was used to control the solenoid valve,
pressurization valve, and pilot valve, simplifying the control
formula of the clutch model. These results confirmed that the
model had certain reference value for performance analysis and
optimization of clutch actuators (Ouyang et al., 2019).

In summary, HMCVT can be achieved through hydraulic drive.
The HMCVT control system adjusts the working parameters to
achieve continuous adjustment of the transmission ratio, thereby
meeting the precise transmission requirements under different
working conditions. Traditional hydraulic mechanical
transmission control systems have drawbacks such as efficiency
loss, slow response speed, and high system complexity. Therefore,
research is conducted on the fusion of the adaptive and PWM
algorithms in a control system for HMCVT based on the summary
of existing technologies. The article aims to provide better technical
support for developing a hydraulic control system for HMCVT.

3 Design and analysis of hydraulic
control system integrating adaptive and
PWM algorithms for HMCVT

A hydraulic control system is a technology that can achieve
HMCVT. This system achieves continuously variable speed change
and power distribution by adjusting the working parameters of the
hydraulic system, thereby achieving precise control of the
mechanical transmission system.

3.1 Control analysis and scheme design
of HMCVT

HMCVT is a method by using a hydraulic system to achieve
continuously variable transmission. In the hydraulic control system
for HMCVT, the speed ratio of the transmission device is controlled
by changing the working pressure and flow rate of the hydraulic
system, thereby achieving continuously variable transmission. There
is a certain difference in power transmission between themechanical
part and the former, and the power transmission of the mechanical
part varies in a step wise manner (Chen et al., 2019; Chen et al.,
2021). In HMCVT, there are positive and negative phase conditions.
Positive phase condition refers to the condition where the overall
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speed of the transmission system increases according to the output
of the continuously variable transmission when the forward
converging planetary array is running, which can be expressed by
Formula 1 (Yan et al., 2022).

nj � 1
1 + K1( ) nt +K1 · nq( ) (1)

In Formula 1, K1 represents the correction factor value. nt
represents the speed of the solar wheel. nq represents the gear
speed. Negative phase condition refers to the situation where the
overall speed of the transmission system increases as the output of
the continuously variable transmission decreases when the planetary
gear is operated in reverse, which can be represented by Formula 2.

nb � 1 + k2( ) · nj − k2 · nq (2)

In Formula 2, k2 represents the correction factor value. nj
represents the speed of the planetary carrier. An important
component of HMCVT system is the continuously variable
transmission unit by combining Formulas 1, 2 with the
characteristic analysis of HMCVT. In the study, hydraulic
transmission units are used as a continuously variable
transmission unit for a hydraulic control system for hydraulic
mechanical transmission. The diversion and confluence devices
are divided into two categories: ordinary planetary gear
combination fixed gear group in the hydraulic mechanical
transmission system. If the input speed and torque are
determined in a fixed gear transmission, they can be allocated to
other speeds and torques through the classification device in the
fixed gear (Yao et al., 2021; Aikhuele, 2022). The speed and torque
are output again after converging through this series of
transmissions, and this process can be expressed by Formula 3.

n1 � n2 � in3
M1 −M2 −M3/i
M1n1 −M2n2 −M3n3 � 0

⎧⎪⎨⎪⎩ (3)

In Formula 3, n1 represents the input speed. n2 and n3 represent
the allocated speed, respectively. i represents the ratio of input to
output.M1 represents the input torque value.M2 andM3 represent
the torque after distribution, respectively. According to analysis,
when the overall structure of gear mechanism remains unchanged,
the ratio of input speed to output speed remains unchanged. When
one value is fixed, the other value is also fixed and does not change.
Therefore, the use of fixed gear pairs to achieve power convergence
or splitting is referred to as “convergence type” or “splitting type.”
The fixed gear pair used in practical applications is called a
“differential torque mechanism.” The analysis of hydraulic power
diversion ratio and efficiency requires defining the ratio of hydraulic
circuit’s output power to all output powers as the ratio of a certain
hydraulic diversion circuit’s output power. The output power ratio
can be calculated using Formula 4 (Huang et al., 2021).

P � Ρh

−Ρ2
� Ρ3

Ρ2
� M3n3
M2n2

(4)

In Formula 4, Ρh represents the output power of the hydraulic
circuit. Ρ2 and represent the allocated structural input power,
respectively. According to the mutual operation relationship
between planetary arrays and the operation formula of

differential gear trains, the conversion relationship formula for
the transmission ratio of the transmission gear train can be
derived, which can be represented by Formula 5.

i21 � 1
1 + A( ) 1 − Ρh( ) (5)

In Formula 5, A represents the characteristic coefficient of
planetary array coupling. Through analysis, relevant selection
plans can be clarified and reasonable combinations can be found.
In the scheme of HMCVT system, the research ultimately chooses a
variable flow pump constant flow motor as the main body of the
continuously variable transmission unit. A proportional speed
output mode is selected for transmission, and a combination of
positive and negative converging planetary arrays is determined to
form the main body of the converging device in this system. Thus,
this can achieve efficient and stable operation of the mechanical
hydraulic composite HMCVT system and ensure the stability and
reliability of the system during operation. Figure 1 is a diagram of the
HMCVT scheme.

In Figure 1, the HMCVT system is a transmission meshing
mechanism consisting of a number of pairs of fixed-shaft gears
assembled on top of the autonomous shift meshing casing a, casing
b, the movement shafts 1 and 2, and the output shaft 3 at the bottom.
Meanwhile, the system is designed with four working gears, i.e., four
forward working transmission segments I, II, II, and IV and one
reverse working segment R. The system is designed with four
working gears.

3.2 Design and modeling of a control system
for HMCVT integrating the adaptive and
PWM algorithms

A control system for HMCVT is a device that utilizes hydraulic
flow and pressure to achieve HMCVT. A control system that
integrates the adaptive and PWM algorithms can achieve precise
control of HMCVT.When designing a hydraulic control system, it is
necessary to address issues such as torque fluctuations in HMCVT to
improve the quality of shifting. For this reason, the hydraulic control
system needs to meet some requirements, such as being able to
achieve buffering pressure increase and decrease, control the
minimum pressure to zero, have overload protection function,
and have no interference between various hydraulic control
branches (Yuan et al., 2022; Zeng et al., 2020). A hydraulic
control system scheme is designed based on the above
requirements in Figure 2. Due to the same structure of CH and
CL hydraulic control branches, CH hydraulic control branch is
chosen as the research object to study its working process in the
buffered boosting state, sliding and bonding state, and buffered
depressurization state.

It is necessary to consider the main oil circuit safety valve to
protect the hydraulic system from overload damage when designing
a hydraulic control system for HMCVT. The overflow pressure
should be greater than the maximum control pressure of the digital
proportional overflow valve to ensure that the safety valve does not
affect the system pressure. The diameter of the inlet and outlet can
be calculated through parameters such as nominal pressure, nominal
flow rate, main valve opening pressure, and unloading pressure. The
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calculation of the diameter can be expressed by Formula 6 (Han
et al., 2021).

ds ≥ 1.134

							
Qg

6000Vg

√
(6)

In Formula 6, Qg represents the nominal flow rate. Vg

represents the oil flow rate at the inlet and outlet ports. The

diameter of the main valve seat hole can be represented by
Formula 7.

D1s � ds − e (7)

In Formula 7, e represents the valve seat installation value. After
determining the main valve seat aperture, the next step is to calculate
the size of the main valve core. The diameter of the main valve core

FIGURE 1
Hydro-mechanical continuously variable drive program diagram.

FIGURE 2
Hydraulic machinery continuously variable drive hydraulic control system schematic diagram.
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can affect the opening and closing characteristics of themain oil circuit
safety valve. The ratio of the area of the upper and lower sides of the
main valve core directly determines the performance of the opening
and closing characteristics. Based on experience, the ratio of the upper
and lower areas of this core is generally taken as 0.95–0.98. When
designing themain valve, a ratio of 0.96 is selected. The diameter of the
main valve core is calculated using Formula 8 (Li et al., 2022).

D2s � D1s

			
A1s

A2s

√
(8)

In Formula 8, A1s
A2s

represents the area ratio of main valve core’s
upper and lower sides. The length of the valve sleeve that matches
the main valve core can be calculated using Formula 9 (Gao
et al., 2022).

Ls � f ·D2s (9)
In Formula 9, f represents the diameter of valve sleeve, with a

value range of [0.6–1.5]. Because the diameter of the valve port of the
main oil circuit safety valve seat is at a right angle, the angle of the
half-cone angle is taken as 15°, which can provide better sealing
performance. HMCVT is modeled after establishing a hydraulic
control system. In the modeling, this study takes the hydraulic
control branch in the hydraulic section as an example to illustrate,
which has the same structure as the hydraulic mechanical control
branch in the section hydraulic. The research establishes a digital
proportional relief valve model and conducts experimental
verification. Therefore, it is only necessary to reseal the digital
proportional relief valve model in hydraulic control systems. The
input of the model is the hydraulic control branch oil pressure PCH.
The output is the overflow flow QRV, including the flow through the
high-speed on-off valve, safety valve, and main valve. The two-
position three-way directional valve and two-position two-way valve
are responsible for controlling the hydraulic flow direction and flow
rate in the control system for HMCVT, respectively. These two are

important components for achieving hydraulic system control. The
main function of the two-position three-way electromagnetic
directional valve is to switch the oil circuit, which achieves
switching between the main oil and hydraulic control branch
circuits by generating a fixed pressure difference (Du et al., 2019;
Thenathayalan and Park, 2019). Therefore, when modeling, only the
function of switching oil circuits needs to be considered. The input
quantity is the output flow Qp of the oil source, and the output
quantity is the flow Q23 through this two-position three-way
directional valve. The switch signal Swich23 − CH is used to
control the status of the two-position three-way directional valve.
When the signal is 1, the valve switches to the upper position and
connects the oil source and the hydraulic control branch. The flow
calculation can be expressed by Formula 10 (Pang et al., 2021).

Q23 � Qp Swich23 − CH � 1
Q23 � 0 Swich23 − CH � 0

{ (10)

In Formula 10, Qp represents the oil input flow rate. The input of
this two-position two-way valve model is the hydraulic control branch
pressure, and the output is the flow rate passing through two-position
two-way valve. When valve port is fully open, the flow rate through
two-position two-way valve can be calculated by Formula 11.

Q22 � CbπDbδbmax

					
2
ρ
PCH

√
(11)

In Formula 11, Cb represents the flow coefficient value at the
valve port of a two-dimensional two-way valve. Db represents the
diameter of the two-dimensional two-way valve method. δ

represents the flow coefficient value. ρ represents the oil density.
PCH represents oil pressure. In this study, this two-position two-way
valve will automatically open when the pressure is less than 0.4 MPa.
At this point, the relationship between the flow rate passing through
the two-position two-way valve and the control signal can be
expressed by Formula 12.

FIGURE 3
Model of the hydraulic control system based on the PWM algorithm.
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Q22 �
PCH

dbi
Swich22 − CH � 1

0 Swich22 − CH � 0

⎧⎪⎪⎨⎪⎪⎩ (12)

In Formula 12, dbi represents the diameter of inlet and
outlet ports.

According to Figure 3, the hydraulic mechanical continuously
variable drive control system that fuses the adaptive and PWM
algorithms is simplified to some extent to adapt it to practical use.
The first is a linear simplification of the nonlinear characteristics.
Because many components in a hydraulic system, such as pumps,
valves, and motors, exhibit nonlinear characteristics. These
nonlinear relationships are often approximated as linear to
simplify the mathematical model. Then the dynamic response is
simplified. In a real system, the dynamic response may be affected by
a variety of factors, such as the viscosity of the hydraulic fluid, the
damping, and the inertia of the system. These complex factors may
be ignored or approximated to simplify the model. Finally,
parameter simplification, a large number of parameters may need
to be considered when building the mathematical model, such as the
density of the hydraulic fluid, viscosity, leakage coefficients, and so
on. It is assumed that these situations do not occur during the
experiment to simplify the model. The mathematical model can be
applied more effectively to analyze and optimize the performance of
the HMCVT control system through these simplification measures.

4 Application analysis of control system
for HMCVT

This study took HMCVT of a wet clutch transmission as the
experimental object to verify the performance and application
effectiveness of the constructed system.

4.1 Application performance analysis based
on control systems

A digital proportional relief valve model was studied to verify the
performance of this control system. Digital proportional relief valve
is a proportional control component used in hydraulic systems to
achieve continuously variable transmission control of hydraulic
machinery by controlling the flow rate of the hydraulic system.
Specifically, the digital proportional relief valve controls the
movement speed of the hydraulic motor or cylinder by adjusting
the flow rate in the hydraulic system, thereby achieving transmission
control of hydraulic machinery. The performance of the digital
proportional relief valve was optimized to improve the control
accuracy, response speed, and stability of the continuously
variable transmission control system of hydraulic machinery by
reasonably selecting and designing the volume of the pilot valve
cavity. Figure 4 shows the effect of different pilot valve chamber
volumes on the characteristics of digital proportional relief valves.
The pilot valve chamber volume selected for this study was 5 × 109/L.

According to Figure 4A, as the volume of the pilot valve chamber
increased, the pressure response rate slowed down, and the pressure
fluctuation also decreased. The time for main oil circuit to reach
maximum pressure corresponding to 5 × 107, 5 × 108, and 5 × 109/L
volumes was 2.15, 2.35, and 2.51 s, respectively. According to
Figure 4B, as the volume of pilot valve chamber changed, there
was not much difference in the pressure curves under three volumes.
This indicated that the volume change of pilot valve chamber did not
affect the duty cycle of continuous pressure changes, which verified
that the volume of pilot valve chamber selected in this study met the
design requirements. The high-speed development valve is an
important component, used to control this hydraulic system’s
flow and pressure. The overall flow of this hydraulic system can
be controlled by adjusting the valve port diameter of the high-speed

FIGURE 4
Comparison results of digital proportional relief valve characteristics with different pilot valve cavity volumes. (A) Pressure versus time (B) Pressure
versus duty cycle.
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development valve. Precise flow adjustment was achieved by
combining it with the digital proportional relief valve control.

4.2 Practical application effect analysis of
control systems

Research was conducted on applying the control system to
HMCVT of automotive wet clutch transmissions to further verify
the application effect of the control system. In the control system for
HMCVT, the boost buffering characteristics were adopted. This
effectively reduced hydraulic pulsation and impact in the system,
thereby enhancing the stability and reliability of the transmission
system and improving the work efficiency and service life of the
mechanical transmission system. Figure 5 shows the results of the
hydraulic control system’s boosting and buffering characteristics.

According to Figure 5A, within 0–3 s, the CL hydraulic control
branch was connected to the fuel tank, and the oil circuit’s pressure
was 0. After 3 s, the directional valve changed direction. At this
point, the oil circuit was connected, and the oil pressure began to
rise, reaching the maximum pressure value at 4.09 s. According to
Figure 5B, when buffering between pressure and duty cycle, the
range of duty cycle varied between 20% and 81% when the pressure
continuously changed. When the duty cycle was less than 20%, the
corresponding pressure value was 0.4 MPa, and the maximum value
was 1.61MPa. This indicated that the buffering characteristics in the
control system designed in the study met the requirements of
practical applications. The stability and smoothness of the system
were improved by optimizing the boost buffer characteristics, the
pressure shock and transmission instability were reduced, and the
work quality and efficiency were improved. The static characteristics
describe the relationship between the input and output of a system in
a stable state. In the control system for HMCVT, the static
characteristics reflect the impact of the control input signal on
the system output. Static characteristics are mainly used to

evaluate the performance of a hydraulic system in non-operating
or stable operating conditions. The results of the static
characteristics are important for understanding system
performance, optimizing system design, and predicting system
behavior. This study was validated by combining the dynamic
characteristics of pressure reduction and buffering to further
verify the control effect of the system on the displacement of
each hydraulic control branch and clutch piston. Figure 6 shows
the corresponding control effect.

According to Figures 6A, B, the end time of CH clutch sliding
was 3.9 s, and the directional time of the corresponding 2-way
directional valve was also 3.9 s. At this time, the duty cycle of PWM
control signal decreased. After 3.9 s, the duty cycle reached 100%.
The time for both clutches to slip and wear simultaneously was
adjusted by adjusting the release time of CH clutch. This indicated
that the constructed hydraulic control system adjusted the pressure
buffering according to the actual pressure situation. This helped to
reduce pressure shocks, improve transmission smoothness, increase
system reliability and safety, providing guidance for further system
optimization. The efficiency loss of the clutch under different states
is further compared, and the results are shown in Table 1.

Table 1 shows the comparison of efficiency loss values under
different CH clutch states. The results show that when CH clutch is
in a combined state, all its parameter values are 0. At the same time,
compared with other parameters, it can be seen that the speed
difference, strip torque, power loss and efficiency loss of CH clutch
are proportional to each other, that is, when the speed is at the
minimum of 40 rad/s, the corresponding remaining parameters are
also the smallest, in which the strip torque is 15 N-m, the power loss
is 1,200W, and the efficiency loss is 10%. At the same time, when the
maximum speed is 80 rad/s, the corresponding other parameter
values are also maximum, where the strip torque is 40 N-m, the
power loss is 3,200 W, and the efficiency loss is 20%. The results
show that the disengaging state of the clutch has a significant impact
on the efficiency of the system, while the engaged state of the clutch

FIGURE 5
Hydraulic control system boost buffer characterization results. (A) Pressure versus time (B) Pressure versus duty cycle.
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has a negligible impact on the efficiency. According to the research
results of F Concli, we compare the loss shares under different
allocation (Concli and Gorla, 2013). The relevant results are shown
in Table 2.

Table 2 is a comparison of the loss share of five different
configurations, the results show that the different configurations
of the load-related losses, load-independent losses, other losses and
total losses are somewhat different, by comparing the relevant

configuration of the CVT can be found in the form of a
combination of the load-related losses of the highest value of
30%, and at the same time, three kinds of CVT configurations of
the load-independent losses are close to the value of the value of the
CVT configurations, the maximum value of 18% of other losses and
total losses are located in the maximum value level. The torque
converter with lock-up clutch has the highest value of load-
independent losses, with a value of 18%, while the other losses

FIGURE 6
Results of the hydraulic control systemon the displacements of each branch and clutch piston in the buck cushioning dynamic. (A) Pressure changes
in each hydraulic control circuit (B) Clutch piston displacement.

TABLE 1 Comparison of efficiency losses in different states of the CH clutch.

Clutch condition
Speed difference (rad/s) Torque with row (N-m) Power loss (W) Efficiency loss (%)

Secession 40 15 1,200 10

Secession 60 25 2000 15

Secession 80 40 3,200 20

assemble 0 0 0 0

TABLE 2 Comparison of loss shares for different configurations.

Configuration name Load-related
losses (%)

Load-independent
loss (%)

Other component
losses (%)

Total
loss (%)

CVT with hydrodynamic coupling
combination

25 10 5 40

CVT with electromagnetic clutch
combination

28 12 6 46

CVT with torque converter combination 30 8 7 45

Double-flow hydro-mechanical
transmission

22 15 8 45

Torque converter lock-up clutch 20 18 12 50
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and total losses of this configuration are at the maximum level, with
the other losses and total losses being 12% and 50%, respectively, so
this configuration is suitable for driving conditions that require high
efficiency, and the combination of the CVT and the hydrodynamic
coupler has low load-independent losses, which makes it suitable for
occasions with frequent start-ups.

5 Discussion

In the research results, with the increase of the pilot valve chamber
volume, the pressure response rate as well as the pressure fluctuation are
gradually reduced, and at this time, the time to reach the maximum
pressure of the main oil circuit corresponding to the three volumes of
5 × 107/m3, 5 × 108/m3, and 5 × 109/m3 are 2.15 s, 2.35 s, and 2.51 s,
respectively; meanwhile, the pressure of the oil circuit in the time of
0–3 s is 0, and 3 s after the reversing valve changes direction, the oil
pressure starts to rise, and reaches the maximum value of pressure at
4.09 s. Secondly, in the process of buffering between the pressure and
the duty cycle, the range of the duty cycle varies between 20% and 81%
when the pressure changes continuously, and when the duty cycle is less
than 20%, the pressure corresponds to the value of 0.4 MPa, and the
maximum value of 1.61 MPa. Also there are some differences in the
values of efficiency losses for different CH clutch states and in the share
of losses for different configurations. At this stage, Y ZHAO et al. have
designed a simple design for improving the tractor’s fuel economy, a
simple single planetary gear was designed to consolidate the power and
analyzed the energy as well as fuel consumption, the results show that
the parasitic power is obtained when the variable pump displacement is
negative and at the same time the maximum power of this hydro-
mechanical transmission can reach to 87% as well as 89%, which is
simpler in structure as compared to the hydro-mechanical transmission
with Simpson’s planetary gears and consumes less energy as well as less
fuel, the transmission is similar to the transmission is similar to the
hydraulic transmission scheme described in the study (Zhao et al.,
2023).Wang et al. (2024) designed a new type of variable structure dual-
motor hydrostatic transmission system to improve the control
performance and energy efficiency of the hydrostatic transmission
system of the wheel loader, and also proposed a fuzzy sliding-mode
control based multi-control strategy, which verified the stability of the
transmission system by establishing a simulation model of the
transmission system, and it was more effective than the traditional
control strategy, and was able to actively adapt to disturbances, and was
more efficient than traditional control strategy, and was able to actively
adapt to disturbances, and was able to actively adapt to disturbances.
And it can actively adapt to disturbances, and its transmission efficiency
is improved by 30% compared with the traditional torque converter
loader transmission system, which is important for reducing energy
consumption, which is more similar to the research results (Wang et al.,
2024). In summary, the research proposed stepless transmission system
for hydraulic machinery has high accuracy and shows good
performance in the control of hydraulic machinery.

6 Conclusion

The traditional control system for HMCVT has problems
such as efficiency loss, slow response speed, and high system

complexity. In this regard, a control system for HMCVT was
designed by integrating the adaptive and PWM algorithms in
the experiment. These results confirmed that there was a
significant decrease in pressure when the CH hydraulic
control branch was buffered. When the pressure of CL
hydraulic control branch and the pressure of CH hydraulic
control branch were at 0.58 MPa, there was a time crossing
situation, with a time of 3.35 s. The end time of CH clutch
sliding wear was 3.9 s, and the corresponding reversing time of
two-way directional valve was also 3.9 s. At this time, the duty
cycle of PWM control signal decreased. After 3.9 s, the duty
cycle reached 100%. In summary, the research results of a
control system for HMCVT that integrated the adaptive and
PWM algorithms provided new solutions for the development
of the hydraulic machinery industry. The design and
implementation of this system fully utilized the advantages of
adaptive control and PWM, improved the control accuracy and
performance of hydraulic mechanical transmission, and had
important theoretical and practical significance. However,
there are still shortcomings in this research. Strategies
related to pressure buffering control are designed, and the
characteristics of the strategies are only open-loop control
strategies. More algorithms can be combined to study closed-
loop control strategies in the next step to achieve better system
control effects. The paper can continue to deepen the research
on the adaptive and PWM algorithms to explore more advanced
and efficient control strategies. Meanwhile, this paper can focus
on the reliability and safety of the system and develop a more
stable and reliable HMCVT system to meet the needs of various
complex application scenarios.
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