
agriculture

Article

Research on Loading Method of Tractor PTO Based on Dynamic
Load Spectrum

Yu Wang , Ling Wang *, Jianhua Zong, Dongxiao Lv and Shumao Wang

����������
�������

Citation: Wang, Y.; Wang, L.; Zong,

J.; Lv, D.; Wang, S. Research on

Loading Method of Tractor PTO

Based on Dynamic Load Spectrum.

Agriculture 2021, 11, 982. https://

doi.org/10.3390/agriculture11100982

Academic Editor: José Pérez-Alonso

Received: 6 September 2021

Accepted: 4 October 2021

Published: 9 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Beijing Key Laboratory of Optimized Design for Modern Agricultural Equipment, College of Engineering,
China Agricultural University (East Campus), Beijing 100083, China; wysummer@cau.edu.cn (Y.W.);
zongjianhua@cau.edu.cn (J.Z.); lvdongxiao@cau.edu.cn (D.L.); wangshumao@cau.edu.cn (S.W.)
* Correspondence: wangling2017068@cau.edu.cn; Tel.: +86-138-1123-6360

Abstract: The torque load spectrum is an important basis for the strength design and durability
test verification of tractor power take-off (PTO), and the performance and reliability of tractor PTO
directly affect the quality and efficiency of agricultural operations. In this paper, taking the PTO
torque load as the object, a PTO loading method based on the dynamic load spectrum acquired in
the actual field work was proposed in this paper. Based on the Peak Over Threshold model, the
extrapolation of the PTO load spectrum was realized, and the load spectrum throughout the whole
life cycle was obtained. On the basis of this, the mobile tractor PTO loading test bench and Fuzzy-
Proportional-Integral-Derivative (Fuzzy-PID) controller were developed to achieve the dynamic
loading of the PTO load spectrum, and the dynamic characteristics were analyzed and verified by the
simulation and laboratory test. The results showed that with the time domain extrapolation method,
the load extreme value was expanded from (63.24, 469.50) to (60.88, 475.18), and the coverage was
expanded by 1.98%. By comparing with the fitting results, statistical characteristics and rain flow
counting results, the load spectrum extrapolation method was effective. In addition, the response
time of simulation and laboratory test were 0.05s and 0.75s, respectively; the maximum error was
1.77% and 4.03%, respectively; and the goodness of fit was 16.78 N·m, which indicated that the PTO
loading test bench, can accurately restore the dynamic loading of the tractor and the Fuzzy-PID
controller had better accuracy and stability. It would provide a reference for the practical application
of PTO load spectrum of the tractors.

Keywords: dynamic load spectrum; power take-off; tractor PTO loading test bench; Fuzzy-PID controller

1. Introduction

Tractor power take-off (PTO) is an important component for driving agricultural
implement such as rotary tillage and harrowing [1,2], and its performance and reliability
directly affect the quality and efficiency of agricultural operations [3,4]. Nowadays, the
tractor PTO loading test bench is a commonly used piece of equipment for PTO performance
test, sensor device calibration, and reliability test. Wang Jiankang [5] and Sumer et al. [6]
built a PTO loading test-bed with alternating current (AC) dynamometer and eddy current
dynamometer, respectively, which was mainly used to test the performance of tractor
PTO and determine its load characteristics. Siddique et al. [7] used PTO dynamometer to
analyze the fuel consumption level of tractor under different loads in order to optimize the
load characteristics. Roeber et al. [8] used a PTO loading test bench dynameter of Nebraska
tracker test lab to calibrate the tractor torque measurement system. In addition, some
companies such as HORIBA group (Kyoto, Japan) and Powerlink Company (Bangkok,
Thailand) have also developed PTO loading systems, which could realize the detection of
speed and torque performance of tractors. Until recently, these loading test benches are
performed in a fixed load mode, which is different from the load borne by the tractor in
actual field operation, resulting in errors in the detection results [9]. Moreover, there are
few studies on dynamic loading methods for tractor PTO.
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The PTO load spectrum can reflect the time history of the torque load borne by tractor
PTO in actual operation [9], which is an important way to explore the relationship between
the operating load and the performance and reliability of tractor PTO. However, due to
the limitation of time and cost, it is impossible to obtain the load time-history during its
whole life cycle in the load spectrum collection process. Therefore, it is necessary to extend
the load coverage by extrapolating the load spectrum. The commonly used load spectrum
extrapolation methods can be divided into frequency domain extrapolation method (FDE),
rain-flow domain extrapolation method (RDE) and time domain extrapolation method
(TDE) [10]. The main approach of the FDE method is to use normal distribution and
Weibull distribution to fit the mean value and the amplitude value of the load spectrum,
and then the extrapolation can be realized based on the load joint distribution function [11].
Jixin Wang et al. achieved the extrapolation of transmission load of wheel loader based on
FDE method [10]. For the RDE method, it uses nonparametric estimation to achieve data
fitting based on the distribution characteristics of rain flow matrix [12,13]. However, there
is a common problem with both approaches, that is, the load signal in the time domain
should be converted to the frequency domain in the process of extrapolation, which will
break the time sequence of the original load and bring inconvenience to the application of
the load spectrum. The TDE method was proposed by Johannesson and Thomas [14] and
Johannesson [15], and the extrapolation can be actualized on the basis of the extreme value
distribution characteristics of the original load based on the extreme value theory [11].
This approach offers a way to retain the time-domain order and reduce the conversion
error. Yang Zihan et al. [9] extrapolated the load of tractor drive shaft based on the Peak
Over Threshold model. The optimal thresholds of the upper and lower limits in the time-
domain load data were determined by comparing with the values of grey correlation degree
corresponding to different threshold, and the extrapolation model was built to realize the
extrapolation of the load spectrum of the tractor drive shaft. Yan Xianghai et al. [16] studied
the compilation method of the PTO dynamic torque load spectrum in time domain under
multiple working conditions and the durability test was carried out on PTO torque loading
test bench by using the load spectrum. The test results showed that the actual failure time
of tractor PTO was basically consistent with the theoretical, which verified the effectiveness
of the load spectrum.

At present, although there are many studies on the extrapolation and compilation
methods of the load spectrum, there are relatively few studies on the application in actual
field load test. Therefore, in this paper, taking the tractor PTO torque load as the object,
the load spectrum compilation and loading method of tractor were studied. Firstly, the
extrapolating method of the torque load spectrum of tractor PTO was studied based on
the Peak Over Threshold model. The threshold was selected by using the ForwardStop
sequential test method, and the extrapolation of tractor PTO torque load spectrum was
realized. Secondly, a movable tractor PTO loading test bench was developed. The torque
control of the eddy current dynamometer was realized by using Fuzzy-Proportional-
Integral-Derivative (Fuzzy-PID) controller and the dynamic response characteristics of the
system were simulated and analyzed. On this basis, the load spectrum loading test was
carried out. The test results showed that the tractor PTO loading test bench can realize
the dynamic control of torque. It can provide reference for the compilation and practical
application of PTO torque load spectrum of tractors.

This paper is organized as follows: Section 2 outlines the method applied and presents
the data used. The experiments and results are presented in Section 3; Sections 4 and 5
discuss and summarize the article, respectively. The paper ends with the conclusions.

2. Materials and Methods
2.1. Extrapolation Method of Tractor PTO Torque Load Spectrum

In this paper, the TDE method of the tractor PTO torque load based on Peak Over
Threshold model is realized. Under such approach, the extreme value obtained from
the actual operation conditions can further extrapolate the possible theoretical extreme
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load [17], as well as the bidirectional extrapolation of the maximum and minimum values,
expand the load coverage range, and improve the effectiveness of load spectrum loading.
The extrapolation process is shown in Figure 1.
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where, u means the threshold, x− u means the excess, ξ means shape parameter, and σ
means scale parameter.

The GPD shape parameters and scale parameters can be calculated by the maximum
likelihood estimation [18], and it is necessary to select an appropriate threshold value to
establish an accurate Peak Over Threshold model [19]. In this paper, the ForwardStop rule
is used to calculate the threshold value. Based on the multiple test method, the p-value
of the hypothesis test of the threshold fitting results is corrected. The accuracy of the
threshold selection can be improved by controlling the false discovery rate (FDR) of the
fitting results [20]. The specific process is as follows:

Considering the torque load data X = (x1, x2, · · · , xn) and the candidate thresh-
old sequence U = (umin < u2 < · · · < umax), for each candidate threshold ui, the excess
sequence is yi = x|xi>ui − ui . For each peak over sequence yi, the corresponding null
hypothesisH0i is proposed as:

Hi
0: The distribution of the excess sequence yi follows the GPD.

Therefore, for the candidate threshold sequence U = (umin < u2 < · · · < umax), there
are l null hypotheses in total: H0 =

(
H1

0 , H2
0 , · · · , Hi

0
)
. To perform the hypothesis test-

ing on Hi
0 sequentially, the corresponding sequence of p-values: p1, p2, · · · , pi ∈ [0, 1]

are obtained.
The p-value of a single hypothesis test is calculated by using Anderson–Darling test

(AD test) in this paper. The weight coefficient is introduced in the AD test, which makes it
possible to pay more attention to the tail-distributed data in the calculation process and is
more sensitive for the detecting data that deviates from the sample [21,22].

For the threshold ui, when the corresponding AD test statistic does not meet the
expected threshold value, the null hypothesis Hi

0 is rejected. Additionally, according to
the distribution properties of GPD, for umin ≤ uk < ui, Hi

0 Hk
0 will be rejected because the
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hypothesis test is performed in a monotonic order of the threshold value. On this basis,
the ForwardStop rule is applied. Firstly, in the monotonically increasing order, the null
hypothesis Hi

0 with each threshold value is inspected by the AD test, and the corresponding
AD test statistic can be obtained to construct the p-value sequence; then, the Equation (3) is
used to correct the p-value sequentially, and the new p-value sequence is constructed at the
same time; finally, the minimum k̂ that meets the expected threshold α is found, and the
threshold value corresponding to the sequence k̂ is the optimal threshold value.

k̂ = max

{
k ∈ {1, · · · , l} : −1

k

k

∑
i=1

log(1− pi) ≤ α

}
(3)

When the threshold value is selected, the maximum likelihood estimation is used to
fit the GPD of the excess. The extrapolated data can be generated randomly based on this
GPD function. Then, the 1-time extrapolated load spectrum can be obtained by replacing
the extreme value data of the original load.

2.2. Data Acquisition and Preprocessing of Tractor PTO Torque Load Spectrum

On 7 November 2018, the load spectrum collection test was carried out at Shangzhuang
Experimental Station of China Agricultural University (Haidian District, Beijing, China).
The detailed parameters are described in Table 1. The tractor PTO torque is measured in
real time by using the torque wireless monitoring system, and the trend term and abnormal
data are removed by preprocessing. The load cycle, being less than 10 % of the maximum
amplitude of the load cycle, is omitted to simplify the load time history. The time history
of tractor PTO torque load after preprocessing is showed in Figure 2.

Table 1. Parameters of load spectrum acquisition test.

Item Parameter

Tractor type TS404

Manufacturer Shandong Wuzheng Group Co., Ltd.
(Rizhao, Shandong, China)

Test condition Rotary tillage
Implement type 1GLN-0145

Tillage depth 200 mm
Tillage width 1800 mm

Average operating speed 7.3 km/h
Torque sampling frequency 20 Hz
Torque sampling duration 900 s

2.3. Extrapolation Model Establishment of Tractor PTO Torque Load Spectrum

The ForwardStop rule is used to select the threshold value of the processed data;
afterwards, the load spectrum extrapolation is realized. For the maximum value in the
load sample, the candidate threshold interval is selected as (63.00, 469.00), increasing by
0.5. Similarly, for the minimum value, the candidate threshold interval is (469.00, 63.00),
decreasing by 0.5. Finally, the calculated upper threshold is 419, and the number of excess
data is 125; the lower threshold is 97.50, and the number of excess data is 170.

According to the threshold selection results, the GPD parameters is estimated by using
maximum likelihood estimation method in Matlab. The GPD fitting result is shown in
Table 2.
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Figure 2. The time history of tractor power take-off (PTO) torque load after preprocessing.

Table 2. Generalized Pareto Distribution (GPD) fitting result.

Threshold Shape Parameters Scale Parameters

419.00 −0.4737 25.858
97.50 −0.6776 23.486

Therefore, the GPD functions of the PTO load sample for the maximum and minimum
value are shown in Equations (4) and (5).

G(x; u, σ, ξ) = 1−
(

1− 0.4737× x− 419
25.858

)2.1107
(4)

G(x; u, σ, ξ) = 1−
(

1− 0.6776× x− 97.5
23.486

)1.4756
(5)

Furthermore, the load spectrum with extrapolation factor of 1 is obtained by replacing
the excess of the original load with the random data from Equations (4) and (5). The load
spectrum with the extrapolation factor of 10 and 131 can be obtained by repeating the
above steps. When the extrapolation factor is 131, the cumulative frequency of the load
spectrum is extrapolated to 106, and it represents that the load spectrum contains the
load data throughout the whole life cycle of the PTO torque. The comparison of original
load time history and 10 times extrapolated load time history is shown in Figure 3. The
sinusoidal curve is used to be a smooth transition at the starting point of the PTO torque in
order to avoid the sudden change of load.
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2.4. Development of Tractor PTO Loading Test Bench

The structure principal diagram of the tractor PTO loading test bench is shown in
Figure 4, which is developed for the load spectrum loading under indoor conditions to
simulate the loads in actual field operations. The loading test bench is mainly composed of
the movable chassis, PTO loading system, data acquisition system (DAQ) and personal
computer (PC) software.
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The PTO loading system consists of two eddy current dynamometers, eddy current
dynamometer controller, torque sensor, coupling, and torque output shaft. The PTO
torque loading is implemented by the two eddy current dynamometers in series, and the
maximum torque loading range is up to 3000 N·m. The torque sensor is used to measure
the real-time loading torque and speed, and through the feedback adjustment of the
dynamometer controller, the dynamic control of PTO torque is achieved. The measurement
and control signals are obtained and output by the DAQ, which adopts NI-CompactRIO
embedded system based on NI-FPGA (National Instrument Co., Ltd, Austin, Texas, USA).
The structure of PTO loading system is shown in Figure 5.
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2.5. Development of Fuzzy-PID Controller

The dynamic loading response characteristics and accuracy of the eddy current dy-
namometer determine the reproducibility of the load spectrum. The loading torque of the
eddy current dynamometer is related to its structure, material, speed, temperature, and
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other factors, and it is dynamic in the running state of the eddy current dynamometer.
The Fuzzy-PID controller has better robustness and dynamic characteristics than PID con-
troller by the online correction of the PID parameters according to the error changes and
deviations on the basis of fuzzy rules [23].

2.5.1. Determination of Input and Output Variables

The Fuzzy-PID control includes two parts: the fuzzy controller and PID controller.
The input of fuzzy controller is torque deviation (E) and deviation change rate (EC), and
the output are the correction values of PID three parameters ∆Kp, ∆Ki, and ∆Kd. The input
of PID controller are torque deviation (E) and parameter correction value, and the output
is the eddy current dynamometer control signal. The principle of Fuzzy-PID controller is
shown in Figure 6.
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2.5.2. Determination of the Membership Function and Fuzzy Subset

According to the torque loading range, the universes of input variables E and EC of the
fuzzy controller are determined as (−600 600), and the universes of output variables ∆Kp,
∆Ki, and ∆Kd are determined as (−2 2), (−0.5 0.5), and (−0.1 0.1), respectively. The quanti-
zation levels of input and output variables are divided into 7 levels, and the corresponding
fuzzy subset is {NB, NM, NS, ZO, PS, PM, PB}, which represents negative big, negative
middle, negative small, zero, positive small, positive middle, positive big, respectively. The
Gaussian function is selected as the membership function of each fuzzy subset.

2.5.3. Determination of the Fuzzy Rules

The fuzzy control rule is determined based on the influence of PID parameters on the
torque control of eddy current dynamometer and the actual operation experience. The
fuzzy control rules are shown in Table 3. The Fuzzy controller adopts two-dimensional
Mamdani reasoning method, in which, the max–min method is used for control decision,
and the defuzzification is realized by the Centriod method.

Table 3. The fuzzy rules of ∆Kp, ∆Ki, and ∆Kd.

∆Kp/∆Ki/∆Kd
EC

NB NM NS ZO PS PM PB

E

NB PB/NB/PS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/ZO ZO/ZO/PS
NM PB/NB/PS PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/ZO/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/PS NS/PS/ZO
ZO PM/NM/ZO PM/NM/NS PS/NS/NS ZO/ZO/NS NS/PS/NS NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/ZO ZO/ZO/ZO NS/PS/ZO NS/PS/ZO NM/PM/ZO NM/PS/ZO
PM PS/ZO/PB ZO/ZO/NS NS/PS/PS NM/PS/PS NM/PM/PS NM/PB/PS NB/PB/PB
PB ZO/ZO/PB ZO/ZO/PM NM/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS NB/PB/PB
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2.5.4. Simulation Model of Fuzzy-PID Controller

The mathematical model of the eddy current torque loading system is established by
using the step response identification method. Based on that, the simulation model is built
in Simulink, which is shown in Figure 7. The initial parameters of the PID controller are
0.785, 0.2117, and 0.0148.
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3. Results
3.1. The Results of Load Spectrum Extrapolation
3.1.1. Validation of GPD Fitting Results

In order to verify the GPD fitting results, the fitting test, standard deviation of pa-
rameter estimation, correlation coefficient, and goodness of fit are analyzed. The results
are shown in Table 4. It can be seen that the GPD fitting results of the maximum and
minimum values both pass the Kolmogorov–Smirnov test (K-S test) and Chi-square test
at the confidence level of 95%; that is, the fitting results are acceptable. The correlation
coefficient between the fitted GPD and the original data is greater than 0.99, and the fitting
results have a high coincidence with the excess data; the goodness of fit is 2.8676 N·m
and 1.9804 N·m, respectively, indicating that the overall error of the fitting results is small.
Therefore, the GPD fitting results are effective and accurate.

Table 4. Analysis of GPD fitting results.

Item Upper Threshold Lower Threshold

Threshold 419.00 97.50
Shape parameter −0.4737 −0.6776
Scale parameter 25.858 23.486

Standard deviation of Shape parameter 0.0781 0.0626
Standard deviation of Scale parameter 2.8676 1.9804

K-S statistic value 0.9762 0.7082
Chi-square statistic 0.4427 0.6818

Correlation coefficient 0.9913 0.9971
Goodness of fit 2.8676 1.9804

3.1.2. Comparison of Statistical Characteristics of Extrapolated Load Spectrum

By comparing the statistical characteristics of the original load spectrum and the
extrapolated load spectrum, the effectiveness of the extrapolated load spectrum is verified.
It can be seen from Table 5 that with the increase of the data volume, the range of load
extreme value expanded from (63.24, 469.50) to (60.88, 475.18), and the load coverage
expanded by 1.98%; in addition, the mean value, standard deviation, and variance of the
extrapolated load spectrum are basically consistent with the statistical characteristics of the
original load data, and the extrapolated load spectrum is effective.
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Table 5. Statistical characteristics of power take-off (PTO) load spectrum after extrapolation.

Extrapolation Factor Data
Volume

Maximum
Value/(N·m)

Minimum
Value/(N·m)

Mean
Value/(N·m)

Standard
Deviation/(N·m)

Variance
/(N·m)2

Load sample 17892 469.50 63.24 211.78 70.73 5050.22
After pre-processing 12743 469.50 63.24 222.18 70.74 5003.93

1 time 12743 464.26 63.02 215.79 70.76 5006.91
10 times 127430 471.78 61.89 215.81 70.74 5004.35
131 times 1669333 475.18 60.88 216.54 70.73 5003.33

3.1.3. Comparison of Rain Flow Counting

The rain flow matrixes of the original load data and 1-time extrapolation load data are
shown in Figure 8. From the overall distribution of the rain flow matrix, the extrapolated
load spectrum has the same distribution law as the original load data, which proves that
the extrapolation method is feasible and reasonable. Moreover, the essential function
of the time domain extrapolation method is to reconstruct the data above the threshold
value, while the data below the threshold value remains unchanged. It can be seen from
Figure 8b that the extrapolated load spectrum has two peaks marked by red circles in the
distribution area of the maximum and minimum values, and they are distributed at both
ends of the graph, which mean that the extreme value has been successfully extrapolated.
The frequency in Figure 8 represents the concentration degree of the load cycle; the higher it
is, the higher the cumulative frequency is. Compared with the original data, the frequency
corresponding to the extrapolated extreme value is higher. Therefore, it can be considered
that the extrapolation effect with this approach is obvious.
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3.2. Simulation Test of Fuzzy-PID Controller
3.2.1. Simulation of Step Response

The step response is used to simulate the Fuzzy-PID controller and PID controller,
respectively, in Simulink; the result is shown in Figure 9.

It can be seen that the response characteristics of both controllers are fast and accurate.
The signal tends to be stable after 2.15 s of the Fuzzy-PID controller, while it is 3.25 s of the
PID controller, which has a maximum overshoot of 358.7 at 2.35 s. The steady-state errors
are 0 of both controllers.

3.2.2. Simulation of the Load Spectrum

The load spectrum is used to verify the dynamic response characteristics of the
two controllers. The simulation results in the first 35 s are shown in Figure 10. The
response time of Fuzzy-PID controller and PID controller are 0.05 s and 0.02 s, respectively,
and the maximum error are 1.77% and 7.27%, respectively. The simulation results show that
the dynamic response characteristics are fast, and the PID controller has a larger overshoot.
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The response time is long for the Fuzzy-PID controller; however, the stability and accuracy
are better to simulate the load spectrum loading.
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3.2.3. Test Verification

The load spectrum loading test is carried out to verify the actual performance of the
PTO loading test bench and the Fuzzy-PID controller. The loading test site is shown in
Figure 11, and the parameters of the test equipment are shown in Table 6. The three-phase
motor is used to simulate the tractor PTO for the loading test, and the motor rotational
speed is 540 r·min−1. The actual loading load spectrum is consistent with the load spectrum
used in the simulation, and the loading frequency of the load spectrum is 20 Hz. The test
results of the two controllers are shown in Figure 12.

It can be seen that the dynamic loading of the load spectrum can be realized based
on both the Fuzzy-PID controller and the PID controller. The change trend and results are
similar with the simulation. The response time of the two controllers is 0.75 s and 1.05 s,
respectively, and due to the mechanical lag of the PTO loading test bench, the response
time is a little slower compared to the load change at the initial stage. In terms of the
loading accuracy, the maximum overshoot is 15 N·m, the maximum error is 4.03%, and the
goodness of fit is 16.78 N·m for the Fuzzy-PID controller. In comparison, there is a large
overshoot when the load changes greatly for the PID controller, the maximum overshoot is
52 N·m, the maximum error is 14.53%, and the goodness of fit is 29.46 N·m.

The results show that it has high accuracy and stability for the dynamic loading control
of the load spectrum of the Fuzzy-PID controller proposed in this paper, and the PTO
loading test bench is available for the loading of the dynamic load spectrum, which can
provide the reference for the tractor performance test.
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Table 6. The parameters of the test equipment.

Item Parameter

Manufacturer Lu’an Yisheng Motor Co., Ltd. (Wenling, Zhejiang, China)
Model YVP-225S-8
Power 37.5 kW

Rated voltage 380 V
Rated speed 1000 r·min−1

Rated torque 356 N·m
Maximum torque 523 N·m
Transmission ratio 1:2.78
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4. Discussion

The tractor PTO is the key power transmission component when used in the rotary
tillage and driven harrow operations, and the main loading part of the bench test for the
tractor drive train. In the current tractor performance test, the torque loading of tractor
PTO is mainly based on static loading or static step-by-step loading, and the dynamic
characteristics of PTO load output by this mode is different from that of PTO load in the
actual field operation, which leads to the difference in test results between the bench test
and the actual field operation. To solve this problem, in this paper, the dynamic loading
method of the tractor PTO torque based on load spectrum is studied.
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First, an accurate PTO torque load spectrum using the extrapolating method of tractor
PTO is studied based on the Peak Over Threshold model, and in order to obtain a more
accurate Peak Over Threshold model, an automatic threshold selection method based
on FDR control is proposed. Compared with the traditional method [9,16], the method
proposed in this paper has a simple process and higher GPD fitting accuracy which is more
suitable for the extrapolation of tractor PTO torque load. In addition, a novel movable
tractor PTO loading test bench is developed which has a more compact structure and in
which it is convenient to carry out various PTO loading tests compared with the test bench
proposed in references [5–7]. More importantly, on this basis, the loading test method
of the tractor PTO load spectrum is studied by using the PTO torque load spectrum as
the input signal; the load change in actual operations can be fully reflected and the load
characteristics are closer to the reality. Theoretically, the test results based on the load
spectrum will be more real and reliable, which can provide new ideas and reference for the
tractor PTO test.

5. Conclusions

There is relatively little research on the loading test of tractor PTO based on the load
spectrum acquired in the actual field work; thus, the performance and reliability of tractor
PTO is difficult to evaluate and test. In this study, the time domain extrapolation method
based on a Peak Over Threshold model is proposed for extrapolating the tractor PTO
torque load spectrum throughout the whole life cycle. The tractor PTO loading test bench
with two eddy current dynamometers and control system are developed based on the
Fuzzy-PID control algorithm, and the test bench and the control algorithm are evaluated
for the step signal and dynamic load spectrum. The results are as follows:

1. With the approach of the time domain extrapolation method based on a Peak Over
Threshold model, the extrapolation of the tractor PTO torque load spectrum is realized.
The results show that the load extreme value is expanded from (63.24, 469.50) to (60.88,
475.18), and the coverage is expanded by 1.98%. In the GPD fitting part, the correlation
coefficient between the fitting model obtained by the ForwardStop rule and the original
data is greater than 0.99, and the goodness of fit is 2.8676 N·m and 1.9804 N·m, respectively,
indicating that the fitting results are highly accurate.

2. The tractor PTO loading test bench and control system is developed, which adopts
Fuzzy-PID controller to realize the torque loading control. The simulation results show that
the response time of the Fuzzy-PID controller is 0.05 s, and the maximum error is 1.77%.
Compared with the PID controller, it has a better follow effect on the loading control of the
load spectrum of the Fuzzy-PID controller.

3. The loading test method of the tractor PTO load spectrum is explored. The actual
test results show that the output torque of the loading system has a good response to the
input load spectrum. The response time is 0.75 s, the maximum overshoot is 15 N·m, the
maximum error is 4.03%, and the goodness of fit was 16.78 N·m, which indicate that the
PTO loading test bench can meet the dynamic loading test demand of the tractor.

The limitation of this study is that only the preliminary research on the laboratory
test of the loading method and effect based on the PTO load spectrum has been carried
out and has not been applied in the field operation for the tractor PTO test. For future
directions, we intend to take the actual tractor PTO as the object to explore the impact of
PTO load spectrum on the fatigue damage and reliability of PTO, and compare it with
the traditional test method. It is hoped that the research results can be used to guide the
actual tractor test and provide a reference for the optimization method of agricultural
machinery and equipment. We look forward to using the research results to conduct
the actual tractor test and provide reference for the optimization method of agricultural
machinery and equipment.
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6. Patents

A patent has been applied for in China for the PTO test bench reported in this
manuscript (Patent No. CN201910661680 and Application No. CN201921117795).
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