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ABSTRACT

To address the challenges of strong nonlinearity, time-varying parameters, and significant external
disturbances in wet clutch pressure control during tractor powershift operation, this study proposes an adaptive
pressure control method based on Full-Form Dynamic Linearization Model-Free Adaptive Control (FFDL-
MFAC). Sobol global sensitivity analysis is employed to identify the key controller parameters, and an Improved
Mayfly Algorithm (IMA) is introduced to achieve global optimization. The controller performance is evaluated
through co-simulation and hardware-in-the-loop (HIL) testing. The co-simulation results show that, compared
with conventional PID control, the FFDL-MFAC controller reduces the rise and fall times in square-wave
tracking from 2.63 s and 1.27 sto 0.72 s and 0.52 s, respectively, achieving fully monotonic responses without
overshoot or undershoot. In sinusoidal tracking, the maximum pressure error decreases from 0.036 MPa to
0.021 MPa, while the response delay is reduced from 0.07 s to less than 0.005 s. HIL-based clutch pressure
control experiments further verify the effectiveness of the optimized controller when implemented on real
hardware. Compared with the PID controller, which exhibits a 9.44% overshoot, a settling time of 3.12 s, and
a steady-state fluctuation of 0.40 MPa, the FFDL-MFAC controller shows no noticeable overshoot, shortens
the settling time to 1.24 s, and maintains minimal steady-state fluctuation. These results confirm the
effectiveness and superiority of the proposed method for wet clutch pressure regulation and provide a solid
foundation for high-performance control in tractor powershift transmissions.
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INTRODUCTION

With the continuous development of tractors toward higher power, faster speed, lower energy
consumption, and greater intelligence, powershift technology has become essential for improving operational
performance and driving comfort. As the core actuator of the powershift transmission system, the wet clutch
directly determines the smoothness of gear shifting and drivetrain reliability (Cvok et al., 2024, Wang et al.,
2025; Zhou et al., 2018). Its hydraulic system is a highly nonlinear electro-hydraulic-mechanical coupling
system affected by parameter fluctuations, hydraulic lag, oil temperature variation, and external disturbances,
often leading to slow dynamic response and limited control accuracy. Thus, achieving fast, precise, and
adaptive clutch pressure control remains a key challenge in powershift research (Li et al., 2023; Walker et al.,
2011; Zhao et al., 2021).

Traditional PID and its variants feature simple structures and easy implementation but struggle to
balance response speed and steady-state accuracy under nonlinear and strongly disturbed conditions (Han et
al., 2019; Zhang et al., 2022).
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To enhance performance, (Meng et al., 2015), developed a feedforward—feedback hybrid control
strategy using turbine speed variation for real-time adjustment, while Jung et al., (2020), designed an adaptive
feedforward controller to reduce control delay. Song & Sun, (2011), applied a sliding mode control approach
combined with an observer for online estimation of clutch piston displacement. Although these methods
improved dynamic performance, their effectiveness depends on accurate system models. However, the wet
clutch hydraulic system is inherently nonlinear and time-varying, making precise modeling difficult.

Model-Free Adaptive Control (MFAC) eliminates the need for an explicit mathematical model, achieving
adaptive regulation through input-output data with strong real-time adaptability and robustness (Xin et al.,
2025, Zhu & Hou, 2013). The Full-Form Dynamic Linearization MFAC (FFDL-MFAC) algorithm further
enhances dynamic representation and pseudo-gradient estimation accuracy, but its multi-parameter tuning
process still faces issues such as computational complexity, slow convergence, and local optima (Mi et al.,
2025; Xiong et al., 2020). Intelligent optimization algorithms, known for global search and high efficiency, have
been widely adopted for controller parameter tuning (Duan et al., 2024, Feng et al., 2021; Hasan et al., 2023).
For instance, Yuan et al., (2025), used the Hummingbird Optimization Algorithm for adaptive controller tuning,
and Zhao et al., (2025), introduced an improved Northern Goshawk Optimization algorithm for active
disturbance rejection control, achieving enhanced tracking performance and stronger disturbance rejection..

In this study, an FFDL-MFAC-based clutch pressure controller is developed. Sobol global sensitivity
analysis is employed to identify key controller parameters, and the Improved Mayfly Algorithm (IMA) is applied
for global optimization. Hardware-in-the-Loop (HIL) experiments verify the superior performance of the
proposed method in wet clutch pressure control.

MATERIALS AND METHODS
Modeling of the Hydraulic System of a Wet Clutch

The wet clutch system in the tractor powershift transmission mainly comprises the transmission control
unit (TCU), wet clutch, oil pump, proportional pressure-reducing valve, relief valve, and related hydraulic
components, as shown in Figure 1. The proportional valve includes a pilot valve, solenoid coil, main spool,
return spring, and valve body. During clutch engagement, the TCU energizes the solenoid coil, generating
electromagnetic force that drives the pilot spool to restrict the outlet flow, thereby increasing the pilot chamber
pressure. This pressure shifts the main spool rightward, allowing hydraulic oil to enter the clutch cylinder until
an equilibrium is established among the pilot, feedback, and spring forces. When disengaging, the solenoid is
de-energized, hydraulic oil is discharged to the reservoir, and the main spool returns under spring force,
completing the release process.

’ Proportional pressure- Oil pump \é)-";]/r Relief valve
Sl I reducing valve 1

Transmission

|

control unit (TCU) =
.~
Wet clutch _
Fig. 1 - Schematic Diagra ;wf the Wet Clutch System
Model of the Proportional Pressure-Reducing Valve
(1) Force Equilibrium Equation of the Pilot Valve Spool.
d2
msvjésv + stxsv + ksv (xsv + xst ) + F;v = Fmag - ”4SV (Pvc - PVO) (1 )

where, m;, is mass of the pilot valve spool, kg; B, is viscous damping coefficient of the pilot valve spool, N-s/m;
Fuagis electromagnetic force, N; x, is displacement of the pilot valve spool, m; x, is initial compression of the
pilot valve spring; F, is steady-state hydraulic force acting on the pilot valve spool, N; d;, is diameter of the
pilot valve inlet port, m; P,. is control chamber pressure, MPa; P, is return passage pressure, MPa.
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(2) Force Equilibrium Equation of the Main Valve Spool

2
m i, +B,%, + K, (x,0 +x,)+F, =%(Pm, -P,) (2)
-2C,,C,A4,x,c08(6,)(P, - P,),
0<x,<h,
F, =40, h, <x, <(h,+hy) (3)
2C,,C, 4;x, cos(6,)(P, - P,)
(hv+hd)<xv <X,
2 2
A(d,x):d— arccos[l—£]—2(l—2j i—(iJ (4)
4 d d )\d \d
A,(x,)=n,A(d,h,—x,),0<x, <h, (5)
A (x,)=n,A(d,x,—h,—h;),x, >h,+h, (6)

where, m, is mass of the main valve spool, kg; B, is viscous damping coefficient of the main valve spool, N-s/m;
Xy is initial compression of the main spool spring, m; x, is displacement of the main valve spool, m; F, is
steady-state hydraulic force acting on the main valve spool, N; P,ris pressure in the main valve feedback
chamber, N; K, is main spool spring stiffness, N-m-'; C,, is flow coefficient of the main valve orifice; C, is
velocity coefficient of the main valve orifice; 4. is flow area of the main valve outlet port, m?; 4; is flow area of
the main valve inlet port, m?; 4 is flow area of the orifice-type throttle, m2; 4 is diameter of the orifice-type
throttle, m; x is opening displacement of the orifice-type throttle, m; 6, is jet angle of the main valve orifice, rad;
P, is output pressure of the proportional valve, MPa; £, is initial opening of the main valve outlet port, m; 4, is
initial overlap of the main valve inlet port, m.
(3) Pilot valve pressure—flow equation

2
qsv = Cdstsi (xsv) ;(Psvc _})\10) (7)

where, ¢ is flow rate through the pilot valve orifice, m3/s; Cq is flow coefficient of the pilot valve orifice; p is
density of the hydraulic oil, kg/m3; A, is flow area of the pilot valve orifice, m?;
(4) Main valve pressure—flow equation

(oF d? ’2
— ve ve | = P-P 8
9y 4 ,0( K vc) ( )

q, =sign(P, =By ) ==L =

_CdvAexv g(Pv _PVO)’ 0< X, < hv
e,

q, =40, h, <x,<(h,+h;) (10)

2
CdvAexv _(I)s _I)v)7 (hv +hd) < xv < xvm
1%

where, ¢, is flow rate through the damping orifice of the control chamber, m¥s; Ca. is flow coefficient of the
control chamber orifice; Ps is supply pressure of the hydraulic system, MPa; d,. is diameter of the damping
orifice in the control chamber, m; ¢,y is flow rate through the damping orifice of the feedback chamber, m3/s;
Cava is flow coefficient of the feedback chamber orifice; d,ris diameter of the damping orifice in the feedback
chamber, m; P,,is pressure of the feedback chamber, MPa; g, is flow rate through the proportional valve, m3/s.

(5) Flow Continuity Equation of the Feedback Chamber

The hydraulic fluid entering the feedback chamber through the inlet port is partly utilized to compensate
for the oil compressibility, while the remaining portion counteracts the variation in the feedback chamber
volume induced by the motion of the main valve spool. The flow behavior can be expressed by the following
continuity equation:
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» ﬂe ”d\? .
Pvsz | Gy + 2 X, (11)

V)

where, V,ris the volume of the feedback chamber, m?; . is the effective bulk modulus of the hydraulic oil, MPa.
(6) Flow Continuity Equation of the Main Chamber

B (g -q.+ay) (12)

where, V, is the volume of the main chamber, m3; g,. is the clutch filling flow rate, m3/s.
(7) Force Equilibrium Equation of the Clutch Piston
The wet clutch engagement process comprises rapid filling, slipping, and compression stages. The
piston motion is driven mainly by hydraulic pressure and resisted by spring and sealing forces; torque transfer
begins in the slipping phase and rigid coupling is established after full compression.
$ M+ B = Py +Fy = Fy =K\ X, = Fpg = F, (13)

veTrve vc vc

Here: F, =2y, b P.r(R +R,); F. =K, (x,.~A) (x,.>A);F, = %(%w)2 (R -R)(RS + R —2R])

s ve

where, x,. is displacement of the clutch piston, m; S,. is viscous damping coefficient of the piston, N-s/m; P,
is clutch pressure, MPa; A4,. is effective area of the piston, m?; F, is centrifugal hydraulic force acting on the
piston, N; Fi. is frictional force of the piston sealing ring, N; K. is stiffness of the return spring, N/m; Fi is
preload force of the return spring, N; F'. is compressive force on the friction plates, N; yse is friction coefficient
of the piston sealing ring; b; is width of the piston sealing ring, m; R, is inner radius of the piston, m; R; is outer
radius of the piston, m; K, is equivalent stiffness of the friction plates, N/m; A is displacement corresponding
to the friction plate kiss point, m; aw is lag coefficient; w is angular velocity of the clutch cylinder, rad/s; R, is
rotational radius of the clutch oil inlet passage, m.
(8) Clutch Pressure—Flow Equation

. fz
9ve = Slgn(Pv _Pvc)cdvAvci ;(R) _R)c) (14)

where, A4,.; is the inlet port area of the clutch cylinder, m2.
(9) Clutch Flow Continuity Equation

R}C _ ﬁe (qvc B Avc').cvc) (15)
V

vc

where, V.. is the volume of the clutch cylinder, m>.

Design of FFDL-MFAC Clutch Pressure Controller
The wet clutch pressure control system can be abstracted as the following single-input single-output
nonlinear discrete-time system.

y(k+1)= £ ((k) sy (k=n, ) u(k),u(k=n,)) (16)

Where, u(k) is the proportional pressure-reducing valve input voltage at time %; y(k) is the clutch cylinder
pressure at time k; n, and n, are the unknown output order of clutch pressure and input order of control voltage,
respectively; f{ ) is an unknown nonlinear function

The following standard assumptions are made for the full-form nonlinear discrete-time system:

Assumption 1: For the variables u(k),*-*, u(k-L,+1), the function f{ ) has continuous first-order partial
derivatives.

Assumption 2: The system satisfies the generalized Lipschitz condition, that is, for any k;#k>, if k;,
k»=0 and H, , (k)#H, , (k) are given, then:

[yl +1)= (ks + 1| <B[H, . (k)=H, , (k) (17)
where, y(kit D=y (k). ...y(ki-ny)u(k), ... u(ki-n.))» i=1,2; b>0is a constant; H; ,; (k) is the historical data vector

of the proportional pressure-reducing valve input voltage and clutch cylinder pressure, with a dimension of
L,+L,, where L, and L, denote the pseudo-orders of the system output and input, respectively.
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When Assumptions 1 and 2 hold, and ”AHL‘,L (k)” # 0, there exists a bounded pseudo-gradient vector

or1.14(k), such that the system can be transformed into the FFDL model:
Ay(k+1)=g/ L, (k)AH, , (k) (18)

Where, Ay(k+1) is output increment, Ay(k+1)=y(k+1)—y(k) ; @1dk) is pseudo-gradient vector,

bri 1 (k)=[¢l(k),...,¢L\_ (k). 0y, (k). .1, (k)JT ;  AHppn(k)y is input-output increment  vector,
AH, (k) =[Ap (k) Ay(k—L, +1),Au(k), -, Au(k—L, +1)]".

Within the FFDL-based clutch pressure model, the proportional valve input u(k) is optimized for precise
pressure tracking. A weighted one-step prediction error cost function is then formulated to balance tracking
speed and control smoothness:

* 2 2
u(k)) =|y" (k1) =y (k4 1)+ Aue (k) = (k ~1) (19)
where, 4 is weighting coefficient.
Substituting Equation (18) into Equation (19) and taking the partial derivative with respect to u(k), the
optimal control law of the proportional pressure-reducing valve can be obtained as:

L+L

pL“+1¢Lj+1(k)(y*(k+1)—y(k) #, al Zpl ) k—i+1) ¢, a Z pit;( Au(k—Ly—i+1)

i=L,+2

u(k):u(k—l)+ > 3 3
l+‘¢L},+l (k)‘ l+‘¢L},+I (k ‘ ﬂ”+‘¢L“+1 (k)‘

(20)
where, piis step factor, p;€(0,1], i=1, 2,*-, L,+L,

The pseudo-gradient vector ¢y.,...(k) in the FFDL model is time-varying and cannot be calibrated offline.
In this study, an adaptive update algorithm based on the projection concept is adopted. This method relies
solely on input and output data and can iteratively refine the pseudo-gradient while maintaining manageable
computational complexity.

To ensure the stability and convergence of the estimation process, the following performance index
function is introduced:

I () = |y (k)= (k=1) =1, (kYA (k=1 2y (0=, (k=0 (21)

where, 7is penalty weighting factor, 7>0.
By performing optimality analysis on the above equation, the iterative update formula of the pseudo-
gradient can be obtained as:
- - AH, (k_l)J’(k)_J’(k_l) nAH; (k- 1)¢fL L, (k-1)AH (k 1)
Or,n, (k) =r 1, (k=1)+—— > (22)
ceam, , (k=1)| o+ am, (k1) H

where, 7 is step-size factor, n€(0,2]

Controller Parameter Tuning Based on the Improved Mayfly Algorithm

In the FFDL-MFAC clutch pressure controller, control performance is influenced by multiple parameters,
including the step factors in the control law, parameters related to pseudo-gradient estimation, and initial value
settings. Direct high-dimensional global optimization of all parameters can easily lead to the curse of
dimensionality, resulting in low optimization efficiency and poor convergence. Therefore, this study introduces
the Sobol global sensitivity analysis method to identify key parameters and employs the Improved Mayfly
Algorithm (IMA) to optimize them. The output pseudo-gradient order is set to L,=3, and the input pseudo-
gradient order to L,=2. The parameters to be optimized include 2, p1, p2, p3, p4, ps, i, 1, and the initial pseudo-
gradient values ¢,(0), ¢2(0), ¢3(0), ¢4(0) and ¢5(0).

Global Sensitivity Analysis Based on the Sobol Method

The Sobol global sensitivity analysis method is based on the variance decomposition theory, which
decomposes the performance index function f{X) into the sum of individual parameter effects and their
interaction terms. By calculating the contribution ratio of each parameter to the total variance of the
performance index, the method quantifies the influence of each parameter on control performance:
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f(X):fO+ifi(xi)+ i fij(xi,xj)+---+f1’2’,.,’n(xl,xZ,---,xn) (23)
i=1

1<i<j<n
where, X is random vector composed of 13 controller parameters to be tuned, X=(&, p;, p2, p3, p+, ps, 1 1, $:1(0),
#2(0), #3(0), ¢4(0), #5(0); fo is expectation of f{x); fi(x;) is first-order effect term; f;(x;,x;) is second-order interaction
effect term; nq is number of parameters to be tuned, ni=13; fi,.. a(x1,X2,...,Xm) is ng-order interaction effect.

Based on the decomposition in Eq. (23), the total variance of the model can be expressed as:

ny  ny

VAN =D V42 D Vy+ot Moaom, (24)

i=1 i i<j
where, V; is the variance contribution of the i-th parameter acting individually; Vj; is the variance contribution
of the interaction between two parameters.

By transforming Eq. (24), the following expression is obtained:

g Ny

=308+ 2308, 4+ Sa (25)

i i<j
where, S; is the first-order Sobol sensitivity index; S;; is the second-order Sobol sensitivity index; Si ... is the
nq- th order sensitivity index.
The total Sobol sensitivity index S can be obtained by summing all orders of Sobol sensitivity indices
as follows:

n, ny
Sp=S8+28;+ 2. Sy++S5.0 (26)
J# Jok#i
Jj<k

Improved Mayfly Algorithm
Lens Imaging-Based Reverse Learning Strategy

To enhance the algorithm’s global search capability, a lens imaging-based reverse learning strategy is
introduced to increase population diversity and expand coverage of unexplored solution spaces. The lens
imaging-based reverse learning strategy is an optimization approach inspired by the optical characteristics of
convex lens imaging. By generating rotational points of original solutions within the solution space, the search
range of the population is expanded and its diversity is enhanced. The behavior of mayflies identifying
rotational points in the space is modeled as the imaging process of a convex lens. Assume that within the
interval [/b,ub], there exists an individual P with a height %, and its projection on the X-axis is denoted as X,
(where Xrepresents the global optimal solution). The reference point O is defined as the midpoint of the interval,
and a convex lens with focal length F is placed at this point. After passing through the convex lens, the
individual P forms an inverted image P* with a height #* and a projection on the X-axis denoted as X*.
According to the principle of convex lens imaging, the following relationship can be obtained:

(ub+1b)/2-X

_—_= 27
X —(ubtib)/2 =7)
where, 7 is the scaling factor, n=h/h".
From Equation (27), the reverse point can be obtained as:
Y _ub+lb ub+lb X (28)

2 2-n n
By adjusting the scaling factor 7, the reverse solution can be dynamically varied, thereby enhancing the
algorithm’s local exploitation capability.

Lévy Mutation Disturbance Strategy

To prevent some individuals from falling into evolutionary stagnation, the Lévy mutation strategy is
applied to perturb mayfly individuals trapped in local optima, thereby enhancing population diversity and
improving the algorithm’s ability to escape stagnation during iterations. The Lévy mutation strategy originates
from the Lévy flight mechanism, which simulates the random walk pattern of albatross foraging. The step length
follows a Lévy distribution, effectively enhancing the algorithm’s global search capability in complex solution
spaces and avoiding local optima.
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The Lévy mutation strategy can be expressed as:

L,(a)= & (29)

- £
i

where, « is distribution index; {and vis Gaussian random variables, ¢ ~ N(O,af)and V~ N(O,l) ; oy is scale

I'(1+a)sin(7za/2)
2 Nar((1+a)/2

Va
parameter determined by a, o, ={ )J ; (") is Gamma function.

Update the velocity and apply the lens . .
PP, L ) . . apply the Lévy mutation
initialize position of male and opposition-based determine whether any . .
. N Y . . . e N N | disturbance strategy to
(Start iteration — population female mayflies, and rank  learning strategy to individuals have stagnated §
— N X . . mutate stagnant
parameters the mayflies according to select the best mayfly in evolution individuals
their fimess values. individuals;

perform crossover between the
superior male and female
mayflies to obtain the global
optimum

theck whether the population has
reached the optimal value or the
maximum number of iterations

output the optimal
arameter values

Fig. 2 - Improved mayfly algorithm process

Controller Parameter Tuning Procedure
To facilitate computation, the parameter tuning of the FFDL-MFAC controller was formulated as a penalty-
based unconstrained optimization problem, as expressed by:

min J (0) = i[y(k)—y* (k' Ly (k)=y" (k)1+ BP, + B,P, (30)

where, y*(k)denote the target clutch pressures, respectively. The first term represents the cumulative tracking
error, while P,, P, are smooth “positive-part” penalty functions corresponding to actuator limits and pressure
safety boundaries respectively; £ and £ are weighting coefficients.

Based on this formulation, the Sobol global sensitivity analysis was used to quantify the influence of each
controller parameter on J(6). Parameters with higher total sensitivity indices were then selected for optimization.
The Improved Mayfly Algorithm (IMA) was employed to minimize Eq.(30) The optimization iterated until
convergence, and the parameter set yielding the minimum objective value was adopted as the optimal
configuration for subsequent validation.

Hardware-in-the-Loop Simulation Platform for Clutch Pressure Control

Traditional bench tests involve complex hydraulic setups, leading to high cost and testing risk. With
Hardware-in-the-Loop (HIL) technology, real controllers can interact with real-time simulation models, enabling
rapid and low-risk validation of clutch pressure control strategies. A HIL platform combining an AMESim
hydraulic actuator model, a Simulink-based control algorithm, and a physical TCU was developed on the NI
PXle-1082 VeriStand system, as illustrated in Fig.3. The HIL setup consists of an NI PXle-1082 chassis, an
EVPT VCU3000-P36 TCU, and a host computer. Analog control signals are conditioned through an SCB-68A
interface card and forwarded to the PXle-1082, where the compiled AMESim model is executed in real time
as a DLL. The key actuator parameters used in the experiments are summarized in Table 1.

¢ LI Host PC (upper|
L) computer)

=
NI PXIe-1082

pressure-reducing

12VDC
power supply

1
|
1
Proportional !
I
I
I
I
i

Wet clutch

Fig. 3 - Hardware-in-the-loop test platform Fig. 4 - Simulation model of the wet clutch actuator
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Table 1
Main parameters of the proportional pressure-reducing valve and the clutch

Parameter Value Parameter Value

Supply pressure, Ps, [MPa] 2 Mass of the main valve spool, mv, [kg] 0.015

Density of the hydraulic oil, p, [kg-m™] 860 Mass of the pilot valve spool, msv, [kg] 0.018

Effective bulk modulus of the hydraulic oil, 1.7X Stiffness of the main spool spring, Ks, 2000
Be, [MPa] 109 [N-m™]

Inlet flow area of the pilot chamber, Asi, [m?] 1.96 X Equivalent stiffness of the friction plates, Kn, 1.6134

10-7 [N-m™] X108

Inlet flow area of the feedback chamber, Avf, 1.96 X Displacement corresponding to the friction 0.004

[m?] 10-7 plate kiss point, A, [m]

Inlet port area of the clutch cylinder, Avc, [m?]  1.96 X Initial compression of the main spool spring, 0.001
10-5 xv0, [m]

Mass of the piston, mvc, [kg] 0.65 Stiffness of the pilot valve spring, kp, [N-m™] 1000

Stiffness of the piston return spring Kvc, 104500 Preload force of the piston return spring, 3094
IN-m™] FvcO, [N]

Radius of the pilot valve spool, rp, [m] 0.0026 Diameter of the throttling orifice, d, [m] 0.003

Outer radius of the piston, R2, [m] 0.07 Inner radius of the piston, R1, [m] 0.035

RESULTS AND DISCUSSIONS
Controller Parameter Sensitivity Analysis and Optimization Tuning Results

Within the specified parameter bounds, Sobol sequence sampling generated NX (n,+2) sets (where
N=500, 7,500 total samples). The controller was executed for each set to compute the performance index. As
shown in Fig. 5, parameters A, n, and p1 exhibited the most significant influence on system performance, with
total sensitivity indices all exceeding 0.3. The initial pseudo-gradient value ¢:(0) had an Sy of 0.221, indicating
relatively high sensitivity as well. The parameters p2, ps, p4, ps, u, $2(0), $3(0), ¢4(0), and ¢s(0) had Sy values
below 0.2, and were classified as less sensitive parameters. Therefore A, , p1 and ¢(0) were selected as the
key sensitive parameters to be tuned for the controller.

The Improved Mayfly Algorithm (IMA) was applied to minimize J(8). with a population of 50 and 300
iterations, terminating when fitness improvement fell below 107 for 10 generations. As shown in Fig. 6, the
IMA converged to J=0.60 after 143 iterations, while the baseline MA required 179 iterations, demonstrating
faster convergence and higher optimization accuracy. The optimal controller parameters obtained from the IMA
were A=0.18, n=1.20, p1=0.34, and ¢:(0)=1.10.

v 0""’“ 1.8+
B :

Spi 0, 4

Improved MA
- = = Original MA

-
slze
|2
gz=
—
. W
o
Fitness value

%

L/ P

g

0.25
0.3

7 0 . . . : . : .
Qagyp T80 v 0 50 100 150 200 250 300
0.066 08 .
[teration
Fig. 5 - Sensitivity analysis results Fig. 6 - Fitness curve

Results of the Clutch Pressure Control Simulation

To comprehensively evaluate the proposed FFDL-MFAC algorithm, the verification workflow was first
carried out in a co-simulation environment. This stage aimed to isolate the controller behavior from hardware
and hydraulic nonlinearities, thereby assessing its intrinsic tracking capability under idealized actuator
dynamics. Two representative tests were conducted: square-wave pressure tracking and sinusoidal tracking
(Figs. 7 and 8). These tests emulated the repeated pressure rise and fall occurring during periodic gear shifting
and allowed quantitative evaluation of tracking accuracy, response speed, and dynamic consistency.
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Square-wave pressure tracking test

A 20s square-wave pressure-tracking test was conducted, as shown in Fig. 7a. The target pressure was
1 MPa during 0-2 s and 7-10 s, and 1.8 MPa during 2—7 s. At the 2 s rising step, both controllers followed the
pressure increase, but their transient responses differed. Using the +2% band, the adjustment times of PID
and FFDL-MFAC were 2.63 s and 0.72 s, respectively. PID produced a 4.11% overshoot and persistent
oscillations, whereas the FFDL-MFAC output rose monotonically with no overshoot. During the 7 s pressure
drop, the adjustment times were 1.27 s and 0.52 s, and PID exhibited a 3.56% undershoot, while FFDL-MFAC
showed none and achieved a smoother descent. The steady-state errors were —0.013 MPa for PID and
negligible for FFDL-MFAC (on the order of 10™* MPa). Overall, FFDL-MFAC delivered superior transient
behavior and much lower steady-state error than PID.

1.81
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180 ——PID 1.0+ ——— FFDL-MFAC
—— FFDL-MFAC

f “1.79 Y 5 8 r\

L

0 5 10 15 20 10 15 20
Time/s Time/s
(a) (b)
Fig. 7 - Pressure tracking test results under square-wave signal
a) Clutch pressure; b) Pressure tracking error
Sinusoidal pressure tracking test
A 10 s segment of the sinusoidal pressure-tracking experiment was shown in Fig. 8. The reference

pressure had an amplitude of 0.465 MPa, an angular frequency of 0.628 rad/s, and a mean level 1.465 MPa.
Both PID and FFDL-MFAC controllers were capable of tracking the continuously varying trajectory. The PID
controller resulted in a maximum tracking error of 0.036 MPa, accompanied by evident transient deviations
around the peak and valley regions and a response delay of approximately 0.07 s. In contrast, the FFDL-MFAC
controller reduced the maximum tracking error to 0.021 MPa and exhibited no appreciable delay. These results
indicated that the FFDL-MFAC controller substantially mitigates dynamic response lag while preserving high
tracking accuracy, thereby demonstrating superior performance under continuously varying pressure
trajectories.
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Fig. 8 - Pressure tracking test results under sine-wave signal
a) Clutch pressure; b) Pressure tracking error
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Hardware-in-the-loop (HIL) bench test results

To further evaluate controller performance under practical execution conditions, a hardware-in-the-loop
(HIL) step-response test was conducted using the real TCU integrated with the high-fidelity hydraulic actuator
model, as shown in Fig. 9. In contrast to the co-simulation stage, the HIL setup captured actuator filling delays
and the actual computation-to-actuation characteristics of the controller. As a result, it provided a realistic
assessment of the transient response, steady-state behavior, and hardware feasibility when the controller is
executed on physical electronics. As shown in Fig. 9(a), two tillage load cases were applied, corresponding to
moderate and heavy load condition obtained from field measurements in our previous study (Fu et al., 2025).
The reference pressure increased from 0 MPa to 1.5 MPa in Fig. 9(b).
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Under both load conditions, the measured pressure responses throughout the entire clutch pressure
control test were nearly identical: the actuator exhibited an inherent filling delay of approximately 0.2 s due to
clutch chamber geometry, and the external load exerted negligible influence on the filling dynamics. After filling,
the PID controller reached a peak pressure of 1.64 MPa with a 9.44% overshoot, while the FFDL-MFAC
controller achieved monotonic rise without overshoot. Using the +2% tolerance band, the settling times of the
PID and FFDL-MFAC controlled systems were 3.12 s and 1.24 s, respectively. In steady state, the PID output
exhibited noticeable steady-state fluctuations, while FFDL-MFAC maintained near-zero fluctuation and
negligible deviation from the reference. These results confirmed that the filling behavior is largely load-
independent and that the proposed controller maintained consistent transient and steady-state performance
across different tillage loads.

Moderate load condition

25 ——— Heavy load condition
7 Reference value
1.707 ——— PID-Heavy load
20 >_,,._————“ FFDL-MFAC-Heavy load
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i 15 Z 02 ‘
3 2
8101 £ 068 |
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51 5o I |
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2 T
Time/s

(a) (b)
Fig. 9 - HIL-Based Evaluation of the Clutch Pressure Control Performance
a) tillage load variation; b) Clutch pressure tracking curves

CONCLUSIONS

This study presents an adaptive clutch pressure control method for tractor powershift transmissions
based on the FFDL-MFAC algorithm to overcome nonlinearity, strong coupling, and disturbance sensitivity:

(1) A dynamic hydraulic model of the tractor powershift wet clutch was established, and an FFDL-MFAC
controller was developed to tackle the strong nonlinearity, parameter time-variation, and significant external
disturbances in clutch pressure control. To enhance tuning efficiency, Sobol global sensitivity analysis was
applied to identify the key parameters, followed by global optimization using the Improved Mayfly Algorithm
(IMA). Co-simulation results showed that the FFDL-MFAC controller achieves markedly superior tracking
performance compared with PID control. In square-wave and sinusoidal tests, it reduced rising and falling
adjustment times by 72.6% and 59.1%, lowered the maximum tracking error by 41.7%, and shortened the
response delay by 92.9%, while maintaining fully monotonic and overshoot-free behavior.

(2) A hardware-in-the-loop (HIL) system was established, and clutch pressure control tests were
conducted under two tillage load conditions to evaluate the effectiveness and robustness of the proposed
FFDL-MFAC algorithm. The measured pressure responses throughout the entire clutch pressure control test
were nearly consistent between the two tillage loads. Under these scenarios, the PID controller produced a
9.44% overshoot, a 3.12 s settling time, and a 0.40 MPa steady-state pressure oscillations. In contrast, the
FFDL-MFAC controller eliminated overshoot, reduced the settling time to 1.24 s, and substantially suppressed
steady-state fluctuations, demonstrating stable and superior control performance across different tillage depths.

Future work will aim to extend the proposed control strategy to coordinated multi-clutch powershift
operation and to evaluate its performance under more complex shifting scenarios.
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