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Abstract: This study is based on the influence of power shift control on the smoothness of cotton
picker shifts and proposes an optimization method for the smoothness of power shifts with different
control strategies for the gearbox. Through the structural design of the power shift mechanism control
module, the hydraulic power distribution of the hydraulic system of the hydraulic travel module
and its control mode are analyzed, and a regional cooperative shift control strategy is proposed
in conjunction with control theory. A model of cotton picker dynamics was built using AMESim
simulation software. In addition, the traditional control strategy was simulated and compared with
the Statement component automatic control strategy to analyze and discuss the control deficiencies
in power shift smoothness. Then, a particle swarm genetic algorithm (PSGA) was constructed by
integrating the PSO algorithm and the genetic algorithm to verify the effectiveness of the algorithm
in improving the dynamic performance and shift smoothness of the gearbox. The algorithm was
verified using bench tests, and the algorithm improved the harvesting quality and efficiency of the
cotton picker.

Keywords: power shift; shift smoothness; AMESim; PSGA algorithm

1. Introduction

Cotton pickers work in a harsh environment, with a wide range of working condi-
tions and frequent fluctuations in external loads. To adapt to more demanding operating
needs, the gearbox is required to adjust the speed and torque promptly to adapt to the
external load and the constant changes in resistance during driving and ensure the power,
as well as the fuel economy, of the cotton picker [1-5]. The power shift transmission pro-
vides a faster, smoother shifting experience than conventional transmissions. Power shift
transmissions have higher efficiency and faster responses than hydrodynamic automatic
transmissions [6,7], so studying power shift transmission shift smoothness is crucial.

Most long-term research on transmissions has focused on structure and performance
studies [8-11]. With the increasing requirements for smooth gear shifting in transmissions,
the advantages and disadvantages of turn control strategies have become a research hotspot.
The ISAMO framework was proposed in Study 1 to solve the problem of multi-clutch shift-
ing in automatic transmissions [12]. Study 2 presents a method for optimizing the design of
a pressure control valve to improve the stability and response of a clutch actuator system.
The method employs experimental design techniques to identify sensitivity in stability
boundaries and corresponding output-pressure response times for different parameters. It
then applies a particle swarm optimization algorithm for synchronous optimization of the
pressure control valve. The experimental results demonstrate significant improvements in
the response characteristics and stability performance of the system using the proposed
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method [13]. Study 3 addresses the problem of electric vehicle shifting by proposing an
optimal shifting schedule and mode selection diagram that integrates a priority factor into
the motor efficiency to avoid torque gaps and oscillations [14]. Study 4 presents a control
strategy for heavy vehicle shifting, showing how to reduce shift shocks by analyzing the
transient shift phenomenon and applying only ten angular velocity signals [15]. Study
5 compares the effectiveness of different shift strategies in a hydromechanical CVT [16].
The new hydraulic-mechanical power return transmission proposed in Study 6 effectively
improves system efficiency and reduces oil consumption [17]. In Study 7, fuzzy logic
adaptive modifications were used to enhance the performance of pure electric vehicles. The
results showed that the two-speed dual-clutch transmission outperformed the single-speed
main gearbox [18]. Study 8 describes the design optimization of DCT-HEV’s dual-clutch
transmission to minimize fuel consumption. The HPSO algorithm is used to solve the
optimization problem, obtaining the best gear ratios and shift thresholds under various
driving conditions, and resulting in a significant reduction in equivalent fuel consump-
tion [19]. Study 9 investigated methods to improve the switching quality of the wet clutch
in agricultural tractors. Through full factorial performance measurement and analysis,
the key factors affecting the working quality of the wet clutch, such as oil pressure, flow
rate, and load, were determined. In addition, a modeling approach and optimization
strategy for adjustable control factors were proposed. In the experiment, oil pressure and
flow rate should be adjusted according to the size of the load to reduce sliding friction
loss. The results showed that when dynamic load characteristics and speed reduction
characteristics were improved, sliding friction loss was also reduced synchronously by
up to 70.19%. A total of 225 sets of sample data were obtained using the Simulation X
software 2021 simulation platform, and partial least squares and range analysis were used
to comprehensively analyze the impact of multiple factors [20].

This article focuses on the power shift gearbox in the 4MZD-6 cotton-packing picking
machine as its research subject. We study the gear shift strategy from two perspectives:
transmission input characteristics and shift time. The shifting process of a power shift
transmission is a complex dynamic process where the clutch undergoes the following phase
changes during the shift: the low-gear phase, low-torque phase, inertia phase, and high
gear phase. The study of power shift transmission shifting strategy will bring significant
challenges to system modeling, simulation analysis, and experimental verification because
the smoothness of shifting is related not only to clutch/brake impact and slip-motion work,
but also to its input characteristics. This paper first establishes dynamic models of different
stages according to the structure of the power shift gearbox, and then, studies the shift
strategy under typical operating conditions according to the input characteristics and shift
time of the power shift gearbox; finally, it verifies the control strategy through experiments.

2. Materials and Methods
2.1. Power Shift Control Theory
2.1.1. Power shift Control Module

The four-part power shift control module studied in this paper consists of an electronic
control module, an electro-hydraulic pilot control valve, a wet clutch/brake, and a trans-
mission system. The drive system of the cotton picker uses a pump-controlled motor to
provide torque. It can change the displacement of the hydrostatic pump and motor, as well
as control the action of the wet clutch/brake through the movement of the multi-functional
control handle to achieve a change in driving speed. In this case, the pump-controlled
motor only provides the torque required for low speed, while the switching of low speed to
high speed is achieved by the mechanical transmission changing the ratio of the planetary
gear structure.

As shown in Figure 1, when the driver performs a shift, the signal is passed to the
CAB controller for processing, and then, sends a PWM control signal with different ratios
to the electro-hydraulic pilot control valve to control the oil pressure. When the solenoid is
energized, the pilot valve spool will be placed correctly. The controlled oil pressure will
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push the main valve spool in the left part, and the high-pressure oil flow into the piston
chamber will push the piston in the direction of the compression friction plate, making
the two drive components in the clutch or brake gradually rotate at the same speed; this
enables the clutch or brake to be engaged. Similarly, when the solenoid valve PWM control
signal has 0 potential, the piston oil pressure will decrease rapidly, and the disc spring will
return to the initial position to complete the separation operation; a multifunctional handle
controls the whole process to realize the idling, field transport and road transport of the
cotton picker.

1
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Figure 1. Schematic diagram of the gearshift control module.

2.1.2. Hydraulic Travel System Module

The hydraulic travel system in a cotton picker is composed of variable hydraulic
pumps, front and rear-drive variable motors, and hydraulic control elements. The system
adjusts the speed and direction of movement by changing the displacement of the variable
pump and variable motor, as shown in Figure 2. During field picking work, a small
displacement variable pump and large displacement variable motor maintain low-speed
and high-torque conditions. In the field and road transport stages, medium and large
displacement variable pumps are used, respectively, to accommodate varying speeds.
The controller adjusts the motor speed using an electro-hydraulic proportional variable
mechanism based on a difference signal between the actual and target speeds of the front-
and rear-drive motors. A cross-coupled controller enables real-time monitoring and optimal
equalization control of irregular motor operating positions.

2.2. Control Strategy and Whole-Vehicle Model Building
2.2.1. Structure Design of Gearshift Mechanism

The input of the planetary gearshift mechanism is connected to the front-drive variable
motor my; the input shaft is integrated with the sun wheel and transferred to the planetary
gear, the planetary gear is fixed to the planetary carrier by its intermediate shaft, and
the planetary page and clutch are integrated. In addition, the planetary gear structure is
controlled by two wet disc sets of clutch C; and brake C,. Four states can be obtained
using control elements such as pilot proportional solenoid valves (after the actual vehicle
verification, the cotton picker works for 1500 h without abnormalities). Table 1 shows the
clutch and solenoid valve solenoid action.
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Figure 2. Schematic diagram of the hydraulic travel system module.

Table 1. Clutch and solenoid valve solenoid operation.

Work Conditions C, C1 YAO0 YA1

Neutral gear
Field Picking
Field transportation
Road Transportation
Braking

e>e o[>
oo DD
e >e o >
oo >DD

Note: In the table, YAQ and YA1 represent the solenoid valve in the solenoid core; o signifies it receives electricity
and then it takes action; /A means it does not take action.

2.2.2. Power Shift Speed Ratio Matching

When the cotton picker is in the picking and transport section, the C; piston is filled
with oil until it is combined. The C; piston is returned to the oil, as shown in Figure 3a,
and the outer low-speed brake drum is locked to the middle low-speed brake drum. Since
the intermediate low-speed brake drum is fixed to the planetary gear frame, the stability
of the planetary gear is ensured so that the planetary gear rotates around the input and
output sun gear. The output speed is lower than the input speed, and the transmission
characteristics are as follows:

Wap Wi
Wef = Wed oo dgplac Wi )
ef — . — — . —_ . .
Ide Ide Ide Isp * Lac * 1de
Tef = —ige - Teq = ige “lac * Top = —isp *ide * lac - T )
Ngp
n T n;
nef = cd — ftac _ TV (3)

Ide ide lsh - lac " ide

where w,y is the low-speed angular speed of the gearbox, rad/s; wy is the low-speed
angular speed of the triplex gear, rad/s; w, is the low-speed angular velocity of the
planetary gear, rad/s; w; is the low-speed angular velocity of the solar wheel, rad/s; Ty is
the low-speed torque output for the gearbox, Nm; T, is the low-speed equivalent torque
from the planetary pinion to the triplex gear, Nm; T, is the low-speed equivalent torque
between the sun wheel and the big planetary gear, Nm; T; is the low-speed equivalent
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torque from the gearbox input to the sun wheel, Nm; 7, is low-speed gear output for the
gearbox, Nm; n., is the triple gear low speed, r/min; n,, is the planetary gear low speed,
r/min; n; is the low speed of the solar wheel, r/min; ig, is the low-speed ratio between the
sun wheel and gear b; i, is the low-speed ratio between triple gear c and gear a; and iy, is
the low-speed ratio between triplex gear d and output shaft gear e.

N Output e Output

Ter,0er
-

~N

b Tav ,Wab

(a) (b)

Figure 3. Sketch of power shift mechanism structure. (a) C; combined power distribution; (b) C;

combined power distribution. In the figure, a and b are the two teeth of the duplex gear; c and d are
the output teeth and intermediate teeth of the triplex gear; e is the output shaft gear; s is the input
sun wheel gear.

When the cotton picker is in the high-speed section of road transport, the C; piston
is filled with oil until it is combined, and the C; piston is returned to the oil; as shown in
Figure 3b, the C; inner drum is combined with the intermediate drum, and the intermediate
drum is rigidly connected to the planetary gear frame, making the input and output
speeds equal.

In Figure 3b with the following transmission characteristics:

!

/ w,

w, =+ 4)
of Ide

T, =—ig-T, (5)
n

n o=t (6)
of Tde

where w' is the high-speed angular speed of the gearbox, rad/s; «'; is the high-speed
angular velocity of the solar wheel, rad/s; T', is the high-speed torque output for the
gearboxes, Nm; T’; is the high-speed equivalent torque from the gearbox input to the sun
wheel, Nm; 1’ ¢ is the high-speed output speed for the gearbox, r/min; and '; is the high
speed of the solar rotation, r/min.

The clutch/brake transmission torque is as follows:

7' Pd
T, = 2205 : for @)

where T, is the C; /C; transmission torque, Nm; z is the number of friction plates; ' is
the coefficient of the kinetic friction of the friction piece during rotation; P is the C;/Cp
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oil filling pressure, MPa; df is the C;/C; average diameter of its friction plate’s working

surface, mm; and s, is the C; /C; piston area of action, mm?.

2.2.3. Shift Smoothness Rating Index

As the core of the transmission control, the relevant factors for optimization are clutch
friction plate slip power, shift shock, clutch binding response speed, etc., which determine
the service life and shift smoothness of the clutch and brake. Smooth shifting is mainly
achieved by controlling the oil filling characteristics of C;/Cy, the manipulation system. In
this paper, the friction plate slip work and cotton picker impact of C;/C; are selected as
the evaluation indexes of shift smoothness.

Sliding work of friction plate. The meaning of slip work is the work performed
by the friction plate and steel plate in the clutch/brake during the individual bonding
process, i.e., the magnitude of the work performed by the friction torque, the mathematical
expression of which is:

t
W= [ Te(wr —wn)d: ®)
Ps
where t; is end of the shift moment, s; tps is the initial moment of gear change, s; T is
the C; /C;, transmission torque, Nm; w; and w, are the active and passive friction plate
angular velocity of C;/Cy, rad/s.

Shift shock. Shock is an indicator of the rate of change of the vehicle’s longitudinal
acceleration, and is closely related to the rate of change of the torque of the engagement
element. It reflects the torque fluctuation of the transmission output shaft when shifting,
and is an important indicator of the smoothness of the shifting process. The German
standard maximum shock degree for j = 10 m/s°.

. da &
= — = — 9
= § =3 ©)
where j is the shift impact degree, m/s?; a is the longitudinal acceleration of the cotton

picker, m/s?; and v is the driving speed of the cotton picker, km /h.

2.2.4. Power Upshift Process Analysis

Cotton pickers and other construction vehicles are generally divided into four types of
shift process: power upshift, power down-shift, un-power up-shift, and un-power down-
shift, where the power upshifts when the cotton picker engine outputs torque to provide
the full vehicle with drive torque in the vehicle acceleration process of upshifting [21-24].

As shown in Figure 4, the power upshift process can be divided into four phases,
namely, the low-gear phase, the low-gear torque phase, the inertia phase, and the new-
gear phase:

Low-gear stage. We set a tp,s moment as the power shift point. The CAB controller
issues a signal, and the solenoid valve quickly responds. Regarding the C; and C, control
valves, at the exact moment of receiving the password, the C; piston begins to fill with oil,
and at this time, its friction plate and steel sheet are not combined, so it cannot transfer
torque; the C, piston is still in a high-pressure state, its friction plate and steel sheet maintain
their pressure state, and the transmission torque does not change. At this stage, the power
shift mechanism output characteristics are:

T, =0
T Zz‘lllpzdfczspcz (10)
©— 2

where T is the C; transmission torque, Nm; z; is the number of C, friction plates; P

is the C; oil filling pressure, MPa; dsc; is the average diameter of the C; friction plate’s

working surface, mm; and sy is the C; piston action area, mm?.
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Figure 4. Power distribution when the brake and clutch are combined.

Low-gear torque phase. At this time, the C; piston oil pressure begins to fall. At this
time, the C, piston oil pressure begins to decrease, but the C; friction plate and steel plate
are still in the engaged state. When the engaging C; piston oil pressure starts to rise and
enters the slipping state, the friction plate and steel plate transfer a portion of the torque
moment. The output characteristics of the power shift mechanism are as follows:

T,, = sign(wy — w2)i'sp 1Pn121% (Rﬁl‘Ril)
/ ‘ Ry =Ry (11)
Zo' Pyd
TC2 — 2p 22fc25Vc2
where sign represents the symbolic functions.

. 1 w; — Wy >0
sign(wy — wy) = - 12
g( 1 2) {—1wi—w2<0 ( )

where sy is the C; piston action area, mm?; P, is the C; operation, the piston unit area
action pressure, MPa; z; is the number of C; friction plates; and Rg; and Ri; are the C;
inner diameter and outer diameter, respectively, mm.

Inertial phase. The C, piston oil pressure decreases so that its transmission torque
decreases and enters the inertia phase, Cy1, to be combined. It is in the slip-motor state, and
its friction plate and steel plate transmit part of the torque. The output characteristics of the
power shift mechanism are:

3 3
Rgl—Ry
ROl_Rll

i / 2 ( R—RY,
Te, = sign(wy — w2)'sp, Punz25 -
02 12

T, = sign(wy — wa)p'sp, Pniz13
(13)

where P, is the C;, operation, the piston unit area action pressure, MPa; z; is the num-
ber of C; friction plates; and R, and R, are the C; inner diameter and outer diameter,
respectively, mm.

High-grade stage. The oil pressure of the C; piston drops until it stops sliding and
separates. At the same time, C; begins sliding with the increase in oil pressure. The angular
velocity w; and wy between the driving and driven discs is the same until it gradually
reaches T¢1 = 0. Each component satisfies the following:

dw o
=0 (14)



Agriculture 2023, 13, 1266 8 of 19

where w is the angular velocity of each component.

2.2.5. Shift Control Strategy

Based on the power shift control system analysis above, a shift control strategy, as
shown in Figures 5 and 6, is proposed, with dual-zone power shift transmission with a low
speed-to-high speed power shift used as an example in this paper.

A A
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0,
Front drive motor M1 flow rate 100%
Omax — —~ Rear drive motor Mz flow rate
— = = Mi duty cycle signal
——— Mz duty cycle signal
>
_/E\ Qh‘ e - dp.s‘l §
g S | dps2 2D
:3 Q/MI n
~ [P)
= On =
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= T e e
S NS B e cr 3
© : R U [ NP b/
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QIuZ ‘r K i
QZH / ! 1
E 1 :
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| |
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Time/s

Figure 5. Variable motor partition section control strategy.
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Figure 6. C;C; partition segment control strategy.
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To accelerate the vehicle at low speeds, the pump displacement must be increased to
100%, keeping both motor displacements at 100%. Then, the engine speed is constant, so
the flow rate in the system is conserved; so, to increase the vehicle speed (and the hydraulic
motor speed), the displacement of the hydraulic motor must be reduced (in the medium
speed phase).

Due to the unsatisfactory efficiency of the motor, small displacements should be
avoided. Therefore, the transmission ratio is constantly changed using clutch C; /brake
C; while keeping the motor displacement above a too-low value (here, 35%). The regional
cross-shift control strategy proposed in this paper is divided into four stages:

Low-speed stage (0~tg). At this stage, the pump, front-drive variable motor m;, and
rear-drive variable motor my all reach 100% displacement hold, allowing the vehicle to
obtain high-torque low-speed running capability at start-up; the C; electro-hydraulic pilot
control valve duty cycle signal is 100%, the C; electro-hydraulic pilot control valve duty
cycle signal is 0%, and the status is held until the vehicle speed is Vj.

Medium-speed stage (to~tps). At ty, the moment of the vehicle speeds up to Vj, at the
exact moment of the m; and m?2 duty cycle signals produced by ¢; and c;, respectively,
which are converted to a; and a;. The electro-hydraulic pilot control valve duty cycle
signals of C; and C, are maintained at 100% and 0% until the vehicle speed is V.

High-speed stage (tps~ty). At tps, the moment of the car speeds up to Vi In order
to achieve a higher speed output and power shift, the electronic control module issues a
PWM signal, controlling the C; and C; electro-hydraulic pilot control valve, clutch, and
brake action at the same time. The duty cycle signal undergoes a power shift from 100%
and 0% to 0% and 100%, while the duty cycle signals of motors m; and m; from a; and a;
bail up to dps1 and dps; in a transmission ratio change, until the car speed is Vj,.

Road driving stage (t,~). At t,, the moment of the vehicle speeds up to Vy, so that
the cotton picker moves at the highest uniform speed.

2.3. AMESim Model Building

Using AMESim (2021) software as a tool, a closed-loop hydraulic system control
model was established, and two relief valves, a flushing valve, and a charge pump with
a check valve were used for simulation and analysis. In addition, the performance and
characteristic parameters of the power shift hydraulic transmission system of the cotton
picker were verified, as shown in Figure 7.

To obtain the ideal signals for the hydraulic control system and C; and C,, the Stat-
echart component automatic control model was built in AMESim software based on the
above control strategy, as shown in Figure 8. It enables the calculation of each stage’s
output, considering the transmission ratio. In the high-speed location, the output of the
variable motor is as follows:

Wrtarget

m m
V lcc 2cc
target Tatiol Tatio2

my = my = pump ¢ Vs (15)

where wtareet is the target engine speed, rad/s; Viareet is the target speed of the cotton picker,
km/h; pumpc. is the maximum displacement of the pump, mL/r; 11 is the maximum
displacement of the front-drive variable motor, mL/r; my. is the maximum displacement
of the rear-drive variable motor, mL/1; Vg is the volumetric efficiency, %; ratio1 is the ratio
between the front-drive variable motor and the wheel; and 7, is the ratio between the
rear-drive variable motor and the wheel, mL/r.

The parameter values used in the AMESim simulation tests were mainly determined
based on the structural parameters of the hydraulic system. In contrast, the parameters
affected by the control strategy were derived from multiple structure simulations. The main
parameters are shown in Table 2. Using the AMESim complete machine model illustrated
above, we set the simulation time to 40 s and the step to 0.01.
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Table 2. Shift control parameters.

Name Value Name Value
aj 23.3% by 35%
ap 27.1% dpsl 66.6%
by 36% dpsz 64.8%

Figure 9 shows the response of the vehicle speed and the variable motor (m;) control
signal for the cotton picker under different operating conditions. It can be seen from the
figure that, under the control of the Statechart component automatic control model, the
maximum driving speed of the cotton picker reached 27.52 km/h, and the speed of the car
steadily increased under different working conditions. The speed of the cotton picker can
reach 7.52 km/h when picking in the field, and when transporting in the area, the driving
speed can reach 14.53 km/h. It should be noted that there is a non-linear relationship
between the driving speed and the control signal of the variable motor (m;); this means
that the driving speed does not change proportionally to the control signal; this is due
to the change in speed of the cotton picker during the change in the control signal of the
variable motor (mj) with a change in the throttle pedal opening.

25

20

Velocity
(Km/h)

"m "stransport:
picking ’

Figure 9. Travel speed of cotton pickers in each section.

In Figure 10, we can see the effect of the power upshift between the conventional
control strategy and the Statechart component control strategy during the operation of
the cotton picker under the same operating conditions. A number of parameter data were
collected after the simulation, including cotton picker driving speed, C; and C; piston oil
pressure, transmission output torque, and shift shock, and were compared and analyzed in
detail.

Regarding the C; piston oil pressure response, we can see that the conventional control
takes 0.45 s to raise the C; piston oil pressure to a maximum of 3 MPa. The Statechart
component control takes only 0.34 s, a 32.3% faster response time, and the entire gearshift
process is much quicker. In addition, for the C, piston oil pressure, the conventional
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control takes 0.63 s to reduce to low pressure (0 MPa). In comparison, the Statechart
component control takes in 0.59 s, which shortens the response time by 6.7% compared to
the conventional control.

—— Statement control
— = - Traditional control
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Figure 10. Power shift simulation curve before and after Statechart component control.

Regarding the transmission shift signal response speed, from the simulation results, we
can see that the CBA controller sends a signal at 13.21 s after both control strategies undergo
hysteresis, and the Statechart component control in C; is 0.03 s ahead of the conventional
control, meaning they are basically the same. The Statechart component control in Cp
overrides the conventional control by 0.25 s. However, the Statechart component control is
significantly better than the conventional control; its response speed is improved by 23.07%
and 62.5%, respectively, enabling faster vehicle shifting.

In the absolute response curve of the transmission output torque float, we can see
that the conventional control exhibits greater instability and oscillation. The Statechart
component control has better stability and robustness and can better control the variable
motor to improve the control accuracy of the whole system. Specific data show that the
Statechart component control is 22% lower than the conventional control, and the final
output torque is reduced to about 389 Nm.

In this experiment, the sum of the peak absolute values of shift impact using the
Statechart component control is 7.6 m/ 3, an increase of 23.68% compared to 5.8 m/ 3 in the
conventional control. This is due to the increased shift shock caused by the shortened shift
time under the Statechart component control. However, there is a contradiction between
different evaluation indexes regarding the smoothness of gear shifts. For example, too fast a
clutch /brake combination time will reduce slip work but increase shift shock; conversely, if
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the bonding time is too slow, it will increase the slip work but reduce the shift impact. At the
same time, excessive frictional work of the clutch/brake will lead to increased power loss
and may make the output torque insufficient to overcome the resistance torque. In addition,
if there are large oscillations in the transmission output torque, the shock level may also be
higher. When designing a transmission control system, different factors need to be taken
into account to optimize the smoothness of shifts. Specifically, the control of clutch/brake
combination time, friction coefficient, and output torque needs to be optimized to achieve
linear acceleration and smooth shifting.

In summary; it is clear that the Statechart component control strategy developed above
is practical. However, the parameters set by the simulation are not optimal, and there is
still a lack of control over the smoothness of power shifts. Therefore, based on the proposed
Statechart component control strategy, the optimization of model parameters based on the
combination of the genetic algorithm and particle swarm algorithm will be presented to
improve the power shift smoothness.

2.4. Model Parameter Optimization and Analysis

This paper proposes a particle swarm genetic algorithm (PSGA) for multi-objective
optimization when multiple parameters are involved. The PSGA algorithm combines
a particle swarm optimization algorithm with a genetic algorithm using the embedded
approach, combining the advantages of both algorithms, avoiding the disadvantage of the
PSO algorithm tending to fall into local optimum; this effectively improves the algorithm'’s
optimization search [25-28].

2.4.1. Optimization Variable Selection

According to the above shift control strategy, the brake and clutch act simultaneously
for upshifting, the clutch C; and brake C, combination time plays a crucial role in the
smoothness of the power shift, and C; and C; combined with time At; and At, are selected
as optimization variables; in addition, the clutch C; binding oil pressure Pc; affects the slip-
motion work produced by the clutch plate. It is also used as an optimization variable. The
search space of the particle swarm genetic algorithm corresponding to the three selected
optimization variables is a three-dimensional 3D space, and the particles are all 3D vectors.

2.4.2. Constraint Establishment

Regarding the AMESim entire-vehicle simulation test, since none of the power shift
times exceed 1 s, and considering there is no action before C; binding, the upper limit of
At was set within 1 s and At, was set to 0.8 s. The lower limit of time in reference [29] is
0.1's, and combined with the simulation test, in this paper, the lower limits were set to 0.2 s
and 0.4 s, respectively, and the PC1 interval was set to (1.5-3) MPa.

In summary, the search space of the particle swarm genetic algorithm for power shift
simulation can be expressed as:

02,1
xi= 104,08
15,3

2.4.3. Objective Function Establishment

Consider the impact of all target indicators to achieve a balance between the different
objectives. According to the optimization objective, we can apply the multi-objective
particle swarm genetic algorithm to establish an objective equation to solve the dynamics
problem [30,31]. First, define the objective of the problem: reducing the shock, sliding work,
and transmission input torque oscillation amplitude (variable motor m1 output torque).

To optimize all objectives, they need to be weighted to obtain the weighted objective
equation:

F(x) = w1 f1(x) + wafa(x) + w3f3(x)
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where, w1y, wy, and w3 are the weighting factor for these objectives, f;(x), f2(x), and f3(x) are
functions of the state variables for shock degree, slip work, and torque.

Using a multi-objective particle swarm genetic algorithm, optimization can be per-
formed on different objective functions to satisfy the above three objectives simultaneously.
After reaching equilibrium, the set of optimal keys can be obtained, where each solution is
optimal and non-dominated for all objectives [32,33].

2.4.4. Analysis of Simulation Results

We edited the multi-objective particle swarm genetic algorithm-based program in
Matlab (2021-b) software. A nonlinear regression equation was derived from the simulation
curves in Section 2 and substituted into the algorithm program for simulation optimization,
and the simulation parameters were set as in Table 3, the algorithmic objective function
adaptation of the optimization process is shown in Figure 11, after the optimization of
the algorithm, it can be seen that it starts to converge after the 49th iteration, the optimal
solution is 0.3266, At; = 0.7533 s, Aty = 0.5315 s, P = 2.8912 MPa.

Table 3. Parameters of multi-objective particle swarm genetic algorithm.

Maximum Number of Number of Initial
Iterations Particle Groups

Value 100 100 2 2 2

Parameters w1 w»y w3

0.346

0.344

0342

0.340

0.338

0.336 |

Adaptability

0.334

0332

0.330

0.328 |

0.326

0 20 40 60 80 100
Number of iterations

Figure 11. Particle swarm genetic algorithm adaptation curve.

We substituted the optimal solution into the AMESim model. The parameters obtained
afterthe simulation are shown in Table 4. The slip mo work after particle swarm genetic
optimization is 1215.9 ], and the reduction is 8.0% and 14.6% compared to the Statechart
component control strategy and the conventional control strategy, respectively. The op-
timized impact degree is 5.21 m/s®, which is 31.4% and 10.1% lower than the Statechart
component control strategy and the conventional control strategy, respectively. The ab-
solute value of the output torque amplitude of the variable motor m1 is optimized to be
893.3 Nm, which is 6.4% and 14.2% less than the Statechart component control strategy
and the conventional control strategy, respectively. A data comparison curve of the cotton
picker traveling speed simulation optimization is shown in Figure 12. After optimization,
the response time to reach the target vehicle speed is advanced by 2.67 s. Due to the
reduction in slip-motor work, the shift time is correspondingly reduced. As can be seen
from the partial magnification, the vehicle speed oscillates at all power shift points, and the
vehicle speed increases by 0.21 s compared with the power shift time before optimization,
and the integrated shift smoothness is optimized by 18.3% after optimization.
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Table 4. Comparison of evaluation indicators after optimization.
Objectives Traditional Statechart Pal:tlde S.wa.lrm. Target Changes
Component Genetic Optimization
W () 1423.2 1321.5 1215.9 {
J (m/s3) 5.8 7.6 5.21 1
AT (Nm) 1033 954.2 893.3 {
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Figure 12. Particle swarm optimization curve. (a) C; oil pressure change curve; (b) C; oil pressure
change curve.

3. Bench Test Verification
3.1. Test Stands

The experimental test setup is shown in Figure 13a, and the real test rig is shown
in Figure 13b. A 250 mL/r displacement variable pump provides flow to a 160 mL/r
displacement variable motor, which then provides power to the gearbox via the motor. In
addition, a brake matching the gearbox is installed at the output shaft of the power shift
gearbox, torque speed sensors are installed on each side of the two brakes, and the rest of
the sensors are lined up on the variable pump, variable motor, gearbox, and other devices
being tested.

3.2. Test Results

Figure 14 shows a comparison between the test and simulation of the C; and C;
pressure responses under the optimized parameters of the particle swarm algorithm. In
Figure 14a, the C; oil pressure response time is 0.09 s ahead of the simulation, and the
switching process lasts 0.63 s, which is 13% less than the simulation time, and the oil
pressure finally drops to 0.18 MPa. This is because the C, hydraulic control valve oil port is
not completely closed, and there is a discrepancy with the simulation. In Figure 14b, the
C; oil pressure response lags by 0.07 s compared with the simulation, and the switching
process lasts 0.52 s, which is 5% less than the simulation time. The pressure overshoot is
more significant than the simulation. After comparing the test and simulation, it is found
that the test results indicate that the oil pressure stability was relatively poor. Upon further
analysis, it is found that there was a discrepancy between the experimental and simulation
results. Additionally, the difference is due to the influence of valve clearance leakage. The
simulation model did not consider the influence of valve gap leakage, resulting in low
experimental results. In addition, hydraulic line leakage was also considered, and the
results show that the experimental oil pressure was slightly lower than the simulated oil
pressure.
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Figure 13. Schematic diagram of the test stand. The experimental test setup is shown in (a), the real
test bench is shown in (b).
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Figure 14. Experimental and simulation results of pressure response. (a) C; oil pressure change
curve; (b) C; oil pressure change curve.

Figure 15a shows the change curve of the output torque of the variable motor during
the power shift, and the comparison analysis shows that the response time of the torque



Agriculture 2023, 13, 1266

17 of 19

Torque(Nm)

-200

-400

800

600 |

N

(=3

(=]
T

353

[=3

(=}
T

curve derived from the test is 0.06 s ahead of the simulation time. Nevertheless, Figure 15b
shows a large amplitude of the impact degree variation curve, whose highest value reaches
5.6 m/s®, which is 30.2% higher than the simulation. Ess, the simulated curves, show
good agreement with the experimental results. However, the consistency of the test and
simulation result trends is poor, and the oscillation amplitude is large, which is due to the
high temperature of the hydraulic fluid in the test system; when the temperature increases,
the viscosity of the hydraulic fluid decreases, resulting in increased oscillation of the shift
shock (the temperature fluctuation range of hydraulic oil was tested to be 0-88 degrees
Celsius). These findings suggest that we need to set and adjust the model details and
parameters more accurately in order to further validate the simulation data.
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Figure 15. Test data and optimization data. (a) m; output torque curve; (b) impact change curve.

4. Conclusions

(1) This paper takes the power shift gearbox of a cotton picker as the research object,
explores the influence of the power shift gearbox on the performance of a cotton picker,
develops a power distribution diagram of the gearshift mechanism, and analyzes the
transmission characteristics. On this basis, the power upshift process is analyzed, the output
characteristics of each stage of the upshift process are analyzed, a regional coordinated
shift control strategy is proposed, and control of the whole cotton picker is carried out.

(2) Based on the above control strategy, AMESim models the whole vehicle, including
the shift mechanism control module, the hydraulic travel module, and the control signal
module. In addition, in order to obtain the ideal signals of a hydraulic control system and
C; and Cy, based on the above control strategy, the Statechart component automatic control
model is built in AMESim to simulate, compare, and analyze the traditional control signal
via the Statechart component control strategy, to verify the regional cross-shift control
strategy and determine the driving speed of the cotton picker, C; and C, piston oil pressure,
transmission output torque, and shift shock variation curves. The Statement control is
better than the traditional control, the response speed is relatively increased, by 23.07% and
62.5%, respectively, and the transmission input torque floating absolute value is reduced
by 22%.

(3) The absolute value of the difference in shock magnitude under Statement control is
relatively higher, by 23.68%, and the shift shock increases. In this paper, the advantages
of the PSO algorithm and genetic algorithm are combined, and the disadvantages of the
PSO algorithm are improved. An embedded method is used to combine the particle swarm
algorithm and genetic algorithm to form a particle swarm genetic algorithm (PSGA), and
multi-objective optimization is performed in Matlab to determine the shift impact degree,
slip friction work, and transmission input torque.

(4) The final research results obtained through bench test verification show that the
PSGA optimization algorithm can effectively improve the dynamic performance and shift
smoothness of the gearbox, and improve harvesting quality and work efficiency.
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