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Abstract

The tractor power-shift transmission (PST) research and development is a design process
that incorporates many disciplines such as mechanical, control, and electronics. Modeling
and simulation are typically dependent on various commercial tools for each discipline, mak-
ing simulation, integration, and verification of system-level models problematic. Aiming at
this, we propose a PST multi-domain co-simulation method based on the functional mock-
up interface (FMI) standard, analyze the FMI-based simulation mechanism and the PST
simulation system logical structure, and established the PST mechanical system model,
control system model, tractor engine model, and tractor dynamic model. Based on FMI,
these models are integrated into a PST co-simulation model. The starting speed, final drive
half shaft speed and torque were simulated and tested. Among them, the simulation and the
test starting time are 2.7s and 2.8s respectively, and the two speed curves are consistent;
the simulation and the test final drive half shaft torque are approximately equal with a value
of 1.5kN-m; the average Theil’s inequality coefficients (TIC) value of the simulation and the
test final drive half shaft speed is 0.1375, which is less than 0.25. The results show that the
simulation and the test results are consistent, the PST co-simulation model is accurate, and
the co-simulation method is feasible, which can improve the efficiency of tractor PST system
development.

Introduction

The tractor power-shift transmission (PST) is a complex product that integrates multidisci-
plinary fields such as mechanics, control, and electronics [1]. PST is made up of three compo-
nents: power shift transmission, central transmission, and final transmission. The essential
component of PST is power shift transmission. It employs the transmission control unit
(TCU) as its central processing unit to precisely control one or more pairs of shift clutches to
disengage or engage, allowing for automatic gear shifting without causing tractor power to be
interrupted when under load [2]. PST is frequently utilized in high-power tractors to improve
dynamic performance, economy, comfort, safety, and efficiency [3]. At present, the commonly
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used individual simulation methods of PST subsystems in different fields have been unable to
meet the need of PST product design. The co-simulation technology can solve the problems of
difficult model interaction and poor model integration in the modeling and simulation of vari-
ous disciplines [4-6], effectively shorten the model development and maintenance cycle, and
improve the PST system development efficiency.

By establishing data interfaces between different tools, co-simulation enables real-time data
exchange between various subsystems. As a result, engineers can combine several separate vir-
tual models into one to achieve diverse modeling and simulation. However, there are still sig-
nificant challenges in model integration in practice.

The MODELISAR project [7] has created a standard functional mock-up interface (FMI)
for co-simulation that does not rely on tools [8]. It specifies clear specifications as well as an
application programming interface (API) for integrating simulation components [9]. FMI is
primarily involved in automotive design and simulation, and has already achieved industrial
applications [10]. However, the research of this technology in the field of tractor PST product
development has so far been rarely noticed.

Scholars have utilized different methods to study PST. The mathematical tools were used to
establish the dynamic models of PST, by which the performance of transmission technology
was predicted and evaluated [11-15]. Different software tools were used to model and simulate
the functional components, control and hydraulic system of the tractor transmission system.
For example, the MATLAB/Simulink and AMESim software were applied to establish the PST
control and hydraulic model, and the function of the PST control system was studied [16,17],
which can efficiently and quickly analyze the advantages and disadvantages of the transmission
system control strategy, and reduce production costs. In addition, there is a research on the
control function analysis of power shift tractor transmission system using Dymola software
based on the Modelica language [18]. This method applies the visual modeling technology to
the model establishment, making the modeling and simulation process more intuitive and
user-friendly. However, these studies were limited to a certain aspect and not involved in the
tractor PST co-simulation field. As a result, the complexity of the whole problem will be
reduced, which will inevitably lead to the loss of system integrity and correlation, thereby
reducing the confidence of the simulation results. And in most of the above modeling and sim-
ulation processes, there are problems such as insufficient compatibility of simulation tools and
poor model integration, resulting in low model accuracy and dynamic characteristics far from
the real thing. With the in-depth research of the co-simulation technology, the co-simulation
and verification of the multi-domain modeling simulation environment and other simulation
environments based on the Modelica language were carried out [19-21]. The effectiveness of
multi-source heterogeneous model co-simulation based on the FMI standard was verified [22-
26]. The problem of sharing various professional modeling software models is solved, and the
scalability of the integrated simulation platform is improved, but there is a lack of research and
application in the field of agricultural tractors.

To meet the current multi-domain modeling and simulation requirements of tractor PST,
this paper proposes the co-simulation method based on FMI standard to study the PST system
and establishes the co-simulation model of the PST system. The model accuracy and the
method feasibility are verified with the combination of simulation and test.

The remaining part of the paper proceeds as follows: it starts by analyzing the FMI-based
simulation mechanism and the PST simulation system logical structure. It will then go on to
the PST co-simulation model establishment. The fourth section carries out the model verifica-
tion. And the final section provides a concise summary of the key findings.
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Methodology

With the rapid development of simulation technology, single-disciplinary field simulation is
gradually developing in the direction of multi-disciplinary field co-simulation. Simulation
tools such as MATLAB/Simulink, Adams, and AMESim have been widely used in multi-disci-
plinary co-simulation [27-30]. These simulation tools provide a one-to-one interface for co-
simulation, but this co-simulation method is only suitable for specific tools, and the interface
is not universal, making multi-disciplinary co-simulation based on a unified modeling specifi-
cation difficult to fully execute.

There are primarily two types of methodologies for integrating complex system simulation
models currently available. One way is based on a unified interface, which implements infor-
mation transfer across different tools via a unified interface while leaving the internal imple-
mentation process relatively unrestricted. For example, the method based on high level
architecture (HLA) [31], however HLA is still incomplete in several areas, making it impossi-
ble to significantly improve the operational efficiency of run time infrastructure (RTI) [32],
and RTI compatibility between manufacturers is weak. The other way is based on a common
language, but it is not yet mature, and separate models must be constructed independently to
suit the actual modeling and simulation requirements.

Taking into account variables such as platform scalability, simulation equipment cost, and
operation ease, the use of common simulation model packaging interface standards to estab-
lish a collaborative simulation platform can partially overcome the following shortcomings:
commercial tools have high requirements for software and hardware, the program’s non-open
source nature limits the platform’s scalability, and simulators find it difficult to gain additional
control over the simulation process.

The FMI standard is a general third-party interface standard [33]. It not only specifies the
way of data definition and preservation but also defines the interface of all externally accessible
functions. It does not rely on the unique interface form of any tool. There is no need to develop
a large number of software customization interfaces for co-simulation of models like tradi-
tional methods. It standardizes the model and data structure, and interface format, and pro-
vides effective support for solving the problems of poor model reuse, difficult interaction
between models of various disciplines, and difficulty in simultaneous co-simulation of differ-
ent tools [34]. Fig 1 shows the mechanism of FMI-based co-simulation mode. The model com-
ponent functional mock-up unit (FMU) is derived from the slave program that contains the
model and the solver. The master program calls FMU through the interface provided by the
FMI standard to achieve co-simulation be-tween different simulation tools [35].

In this paper, the PST system co-simulation model is established based on FMI. Fig 2 shows
the logical structure of the PST simulation system.

In Fig 2, the tractor PST system mainly includes mechanical and control subsystems, and
simulation components mainly involve MATLAB/Simulink and OpenModelica software. The

I FMI |

Fig 1. FMI-based co-simulation mechanism.

https://doi.org/10.1371/journal.pone.0263838.9001
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Fig 2. PST simulation system logical structure.

https://doi.org/10.1371/journal.pone.0263838.g002

operating space of the PST mechanical model is the OpenModelica environment, which is an
open source Modelica environment that supports the use of the Modelica language for model-
ing and enables efficient and large-scale FMI-based simulation [9]. The operating space of the
PST control model is the MATLAB/Simulink environment. Based on the FMI universal inter-
face standard, the PST mechanical subsystem model and the PST control subsystem model are
integrated into the PST system model. The information interaction between the models, that
is, the simulation component performs operations such as storing and taking out the input/
output of the model, which is completed through the standard interface between the model
and FML.

PST system model establishment
PST mechanical system model

Fig 3 shows the power transmission of the tractor PST mechanical system. The power shift
part includes four shift clutches (A, B, C, D) and high and low gear clutches (H, K), which can
realize eight gear shifts. The power shuttle part includes forward and reverse clutches (F, R).
The section shift part includes four section shift gears (LL, L, M, V). This paper adopts the
dynamic analysis of the working conditions when the clutch H is engaged in the power shift
part, the clutch F is engaged in the power shuttle part, and the synchronizer is engaged in the
V section shift position in the section shift part. Power transmission route is shown by the red
dashed line in Fig 3.

Table 1 shows the main parameters of the PST mechanical system.

On the basis of these parameters, we established a mechanical system model in OpenMode-
lica software and named it PST_mechanical_system, as shown in Fig 4. The mechanical system
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Fig 3. PST mechanical system power transmission diagram.

https://doi.org/10.1371/journal.pone.0263838.g003

model includes power shift, power shuttle, section shift and final drive half shaft subsystem
models. The input parameters are the engine speed and torque, and the PST gear signal, and
the output parameters are the torque and speed of the PST system.

PST control system model

Formulating the shift schedule is the basic problem that needs to be solved in the development
of tractor PST control system. Under normal circumstances, tractors work in the field for a
long time and require great power. Therefore, we formulate a three-parameter shift schedule
including speed, slip rate and throttle opening. The tractor driving force is selected as the tar-
get control variable, the functional relationships between the tractor driving force and the

Table 1. PST mechanical system parameters.

Parameter Value

Transmission ratio i =1.825
iy = 1.556
i = 1.327
iy =1.132
gy = 1.455
ip=1.180
iy = 0.390
ip = 6.300
is = 6.000
Clutch friction plate number A:6 B:7 C:6 D:6

Shaft moment of inertia 0.01

Friction coefficient 0.12

https://doi.org/10.1371/journal.pone.0263838.t001
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Fig 4. PST mechanical system model.

https://doi.org/10.1371/journal.pone.0263838.9g004

vehicle speed, slip rate, and throttle opening are constructed, and finally the shift rules for
upshift and downshift at different throttle openings and slip rates are obtained.

The shift logic of power shift can be represented by MATLAB/Stateflow state machine,
which we named ShiftLogic. Fig 5 shows the shift logic judgment model. The method for
determining the target gear is as follows:

1. Input the throttle opening, slip rate and current gear signals into the shift schedule to obtain
the critical vehicle speed for upshift and downshift;

2. Compare the current vehicle speed with the critical vehicle speed;

3. Output the gear shift signal for shifting if the gear shift conditions are met.

PST co-simulation model

To realize the construction of the PST co-simulation model, we take MATLAB as the master
pro-gram and OpenModelica as the slave program. Firstly, the PST mechanical system model
needs to be generated as an FMU file, which can be achieved by setting the type of compiler,
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adding input and output parameters to the model, and selecting the corresponding FMI ver-
sion and simulation mode. Then, import the FMU file into MATLAB/Simulink, which will
automatically parse the XML file in it to obtain the model information, and call the solvers for
simulation according to the same step length. In addition, it is necessary to establish the engine
model and vehicle dynamic model for co-simulaiton, which are named Engine and VehicleDy-
namics respectively. Table 2 shows the main parameters of the engine and the tractor.

Table 2. The engine and tractor parameters.

Parameter Unit Value
Rated speed rpm 2200
Calibrated torque N-m 800
Rated power kW 179
Torque reduction factor - 0.03
Minimum use quality kg 8600
Driving wheel radius m 0.967
Total efficiency of mechanical transmission - 0.9
Rolling resistance coefficient - 0.07
Rotating mass conversion factor - 1.2

https://doi.org/10.1371/journal.pone.0263838.t1002
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According to the parameters in Table 2, the engine model and dynamic model are estab-
lished in MATLAB/Simulink. Then, the mechanical system model, control system model,
engine model, and dynamic model are integrated into the PST system co-simulation model
through FMI, see Fig 6.

In Fig 6, the PST system co-simulation model mainly includes: the engine model (Engine),
the shift logic model (ShiftLogic), the dynamic model (VehicleDynamics), and the mechanical
model component FMU derived from OpenModelica. Its inputs are the gear signal (Shift_-
signal_in), torque (Te_in) and speed (n_in), and the outputs are speed (n_out) and torque
(T_out).

PST co-simulation model verification

Starting quality and shifting quality are important performances of the tractor PST system.
The tractor starting speed, the torque and speed of the PST final drive half shaft are important
basis for measuring the starting quality and shifting quality. Therefore, we verified the effec-
tiveness of the PST system co-simulation model through a combination of simulation and test
according to the tractor starting speed, the torque and speed of the PST final drive half shaft.

Simulation and test

In the PST system co-simulation model, the throttle opening and slip rate are input for simula-
tion. The PST test bench shown in Fig 7 is used for testing. The loading unit is connected to
both sides of the PST drive shaft and the PST half shaft respectively. MATLAB/Simulink and
PST test bench components are running in the control room. The PST test bench data acquisi-
tion controller collects PST test bench sensor signals and outputs PST test bench and PST shift
actuator control signals.

The simulation and test conditions of the tractor starting speed and the PST final drive half
shaft torque are set as follows: the starting gear is I gear, the input rotational speed is 2200 r/
min, the input shaft load is 0.55 kN-m, and the driving shaft load is 0.75 kN-m. The tractor
driving speed can be calculated by Eq (1):

V=(1-0)nrn/30 (1)

where J is the slip rate, which is 0.15; r is the driving wheel radius, which is 0.967m; # is the
rotational speed of the PST output shaft.

The simulation and test conditions of PST final drive half shaft rotational speed are set as
follows: the power shift transmission gear is upshifted from |l gear to Il gear and then down-
shifted to |l gear. The simulation outputs the gear signal when the gear is upshifted or down-
shifted through the control system, and the power shift signal is sent out through the shift
handle button in the PST bench test.

Result and discussion

Fig 8 shows the comparison between the simulation and test results of the tractor driving
speed, and the PST final drive half shaft torque when starting at the first gear with the high
gear and light load. In Fig 8(A), the simulation start time is 2.7s, and the test start time is 2.8s.
In the interval of 4.5s to 5s, the test driving speed fluctuates, which is caused by the elastic
interference of the transmission shaft and gear meshing of the PST test bench. This is within a
reasonable range and does not affect the accuracy of the test results. In Fig 8(B), the PST is
steadily engaged in the first gear after 9s, and the final drive half shaft torque value of the simu-
lation and test tends to the same value, which is 1.5kN-m.
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Fig 9 shows the comparison of simulation and test results of PST final drive half shaft rota-
tional speed. To check the validity of the simulation data, we can perform empirical mode
decomposition on the simulation data and test data to form two sets of multi-order intrinsic
mode function (IMF) and residuals, and calculate the Theil’s inequality coefficient (TIC) of the
two sets of IMF components and residuals to perform a consistency check [36]. When TIC is
less than 0.25, it can be considered that the simulation and test data are consistent. TIC value
can be calculated by Eq (2):

N
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N

N
2 —M\2
Y OMP 4 [52 (ME ")

1600
16 4— — ITeslt VailueI b I./:"_I-' o
14 4— + — Simulation Value/.f" il I
- 7 -
= - 1400 - -
g 127 v/ 7 5 — -+« =Test value
= y 1300 - N IR L N
< 10 ,// Z 1mulation value
Q
2 R 5 1 1200 -
2 7 3
2 X i © 1100 - -
§ 6 ./ ~
'5‘ 4 /7 4 1000 - .
2 - // - 900 - -
/
0'_‘| T T 800 T T T T T T T T T
3436384042444648505254 0 4 8 12 16 20 24 28 32 36 40
Time/s Time/s

Fig 8. Simulation and test values of driving speed and final drive half shaft torque. (a) Driving speed (b) Final drive half shaft torque.
https://doi.org/10.1371/journal.pone.0263838.g008
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where TICy is the TIC value of the kth order IMF component of the simulation data and the (k
+F-M)th order IMF component of the test data; N is the number of data time series points;
IMF;; is the kth order IMF component of the simulation data IMF; IMF};"*~" is the (k+F-M)th
order IMF component of the test data IMF; M is the number of IMF decomposed by simula-
tion data; F is the IMF number decomposed by test data, M<F.

The simulation data and test data of the PST final drive half shaft speed are empirically
decomposed. The simulation data obtains the 4th order IMF component, and the test data
obtains the 5th order IMF component. The calculated four TIC values are 0.12, 0.13, 0.18,
0.12, respectively. The average TIC is 0.1375, which is less than 0.25, indicating that the simula-
tion data is consistent with the test data. The speed changes slightly around the shift point,
indicating that the PST did not appear to be power interrupted during the shifting process.

The simulation and test results of tractor starting speed, and the torque and rotational
speed of the PST final drive shaft show that the simulation data matches the test data, proving
the effectiveness of the PST co-simulation model and the feasibility of the PST co-simulation
method based on FMI standard.

It can be seen from the research results that the way of using FMI-based co-simulation
method combined with test verification method for tractor PST research is effective, which has
a technical contribution to the development of tractor PST.
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Conclusions

In the present stage of tractor PST product development, multi-domain modeling and simula-
tion are crucial tools. Through a mixture of modeling, simulation, and testing, this research
explores and evaluates the tractor PST. Following are the key conclusions:

A method to solve the problem of tractor PST system co-simulation based on FMI standard
is proposed, and the simulation mechanism based on FMI and the logical structure of PST
simulation system are analyzed. The PST mechanical system model, control system model,
engine and tractor dynamic model are established, and then the PST system co-simulation
model is established based on FMI.

The simulation and test were carried out for the tractor starting speed, the PST final drive
half shaft torque, and the PST final drive half shaft rotational speed. The results show that the
simulation data is consistent with the test data, the established co-simulation model is accurate,
and the proposed PST co-simulation method is feasible.

The PST co-simulation research carried out by this method can accurately and stably simu-
late the operation effect of a real tractor PST. Furthermore, the simulation object is not
restricted to a fixed tractor PST model. Even if the demand changes, all that is required is to
replace and modify the corresponding model, and then load different models to simulate and
test them. As a result, it is reusable and extensible. PST developers can be liberated from the
construction of the repetitive mechanical simulation environment in this way, which provides
greater convenience for the design and iteration of the tractor PST, and improves the develop-
ment efficiency of the PST system.

In summary, the method can significantly shorten the model development and mainte-
nance cycle. It serves as an excellent guide for the digital design of the tractor PST as well as
the development of the tractor as a whole. It generates new concepts for co-simulation research
in the realm of agricultural machinery. In the future, models of the PST hydraulic system and
other fields can be established and integrated on the basis of the method, and the PST simula-
tion model can be gradually improved to enrich and complete the tractor transmission system
design model library. The existing design and manufacturing technology can be further devel-
oped and integrated for use in the tractor product life cycle management process, allowing dif-
ferent professionals to test, analyze, and evaluate products from their own unique perspectives
for remote collaborative development.
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