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Abstract

:

Optimal design of transmission gears is important to ensure product durability and reliability. This study measured a multi-purpose cultivator during a rotary ditching operation and analyzed the strength of the power take off (PTO) gear-train for the cultivator using analysis software (KISSsoft, KISSsoft AG—A Gleason Company, Bubikon, Switzerland) based on ISO 6336 standards and a modified Miner’s rule. A load measurement system was installed on the cultivator to measure the load on the PTO shaft. To measure the load on the PTO shaft, the load measuring system consisting of a data acquisition board (NI USB-6212, National Instruments, Austin, TX, USA) and a torque sensor was installed on the cultivator. Rotary ditching operations were conducted at two ground speeds and two PTO rotational speeds on a field with the same soil conditions. The measured load data were constructed using the rainflow-counting algorithm and the Smith-Watson-Topper equation. When the ground speed or PTO rotational speed increased, the average and maximum PTO torque increased significantly. The average measured torque ratio to rated torque of the PTO input shaft (19.6 Nm) was in the range of 50.1–105.9%. The simulation results using the actual measurement load indicated that the strength of the PTO gear-train tended to decrease with higher transmission gear stage and lower PTO gear stage except for the G2 and G3 gears. The simulation results of the safety factor for contact stress were lower than the minimum safety factor of ‘1.0’ at the T2P1 gear stage (G4 and G2). The simulation results of the fatigue life analysis showed fatigue life of less than service life (1000 h) at T2P2 (G2) and T2P1 (G2, G3, and G4). The simulation results indicate that there is a possibility of gear failure before service life at the T2P1 (G2, G3, and G4) and T2P2 (G2). It is known that the weak parts (G2, G3, and G4) should be the focus of design optimization through gear strength simulation to meet upward of a 1.0 safety factor and service life.
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1. Introduction


In Korea, 42.7% of farmers were female in 2010, with an expected increase to 47.1% by 2050. On the other hand, farmers aged 65 years and over accounted for 6.7% of the total in Korea in 2010, and this percentage is expected to increase to 11.3% by 2050 in Korea [1]. With these demographic shifts, compact, easy-to-use machines are in continual demand on the worldwide agricultural market to accommodate female and elderly farmers. Multi-purpose cultivators are used in areas where farming mechanization using conventional machines is difficult, such as small plots of land and greenhouses. The overseas market for cultivators was $7.57 billion dollars in 2013, and is expected to reach $15.15 billion dollars in 2023 [2]. The agricultural market for cultivators is expected to steadily increase. Cultivators that operate using power take off (PTO) equipment are widely used for various field operations such as rotary ditching, plowing, and vinyl mulching. Given the increasing demand for such cultivators, they have been the subject of recent active research.



Park [3] concluded that the handle vibration of a walking type cultivator could be reduced by adding mass to the handle. This was determined by investigating nodal points of the handle vibration by an operational deflection shapes test to optimize the handle vibration. Sam [4] conducted experiments to measure vibration on walking and riding power tillers to assess the operator’s comfort. This paper addresses machine vibration, hand-transmitted vibration, and whole-body vibration during rototilling under various conditions. Chaturvedi [5] conducted experiments in three operational conditions, including transportation on farm roads, tilling with a cultivator, and tilling with a rotavator, in order to reduce the vibration of power tillers. The results show that the maximum vibration reductions were achieved with the rubber intervention in all three operational conditions. There are very few studies that have focused on the PTO gear-train of a cultivator. The PTO gear-train is used in most agricultural operations and is easily damaged by soil and working conditions, pointing to a need for design optimization. Additionally, load analysis for the major parts of the cultivator during field operation is important for its optimal design and proper service life [6].



There is much research pertaining to the PTO gear-train for agricultural tractors. Lee [7] examined the PTO load severity on a tractor during rotary tillage and baler operations. When the ground speed of the tractor or the PTO rotational speed increased, the damage to the PTO increased. Consequently, the design of the PTO gears should take into account the various loading conditions during operation. Jung [8] investigated the possibility of optimizing the PTO gears according to their face width. The optimal design of PTO gears enhances quality and reduces material cost by improving durability, stability, and reliability during product development. Shim [9] developed an anti-backlash gear to reduce noise in the PTO gearbox for an agricultural tractor. A model was developed, and the system performance was computer-simulated. This study optimizes the design parameters of the anti-backlash gear for the best performance according to the given conditions.



Recently, analysis and design optimization of PTO gears have been performed using analysis software. This type of design optimization has seen particular use in the automobile industry and for industrial and construction machinery. Demand for high load capacity, high speed, light weight, and safe products have increased as technology has advanced, and the accurate analysis of each component and design for reliability is critical [10]. Gear studies using analysis software have been performed to improve the quality and reliability of vehicle power transmission systems as well as to reduce development time [11]. Lisle [12] compared the bending stress of external spur gears established by ISO 6336, AGMA 2101 standards and numerical finite element analysis with experimental measurements. Wu [13] analyzed the transmission and load characteristics of a meshing helical gear pair with twist-free teeth using analysis software. When the proposed gear honing methodologies were applied to an external gear, an improvement in contact temperature and power loss was observed. Analysis software has been used for gear optimization in various fields, although there are very few studies that have applied analysis software to agricultural topics.



The goal of this study is to provide guidelines for the optimal design of the PTO gear-train, considering the measured work load on a cultivator during a rotary ditching operation. Specifically, this study (1) constructs a torque measurement system for a cultivator; (2) acquires the PTO torque during a rotary ditching that was mostly used in cultivator operation; and (3) analyzes the strength of the PTO gear-train using analysis software.




2. Materials and Methods


2.1. Multi-Purpose Cultivator


Multi-purpose cultivators (ASC-640, ASIAtech, Daegu, Korea) are generally used as a power source for various operations in the field and in greenhouse farming. The cultivator has a total mass of 93 kg (including the ditching rotor) and overall dimensions of 1530 × 610 × 960 mm (length × width × height). The rated output and the rated torque of the engine of the cultivator were 3.9 kW and 20.7 Nm, respectively, at an engine revolution speed of 1800 rpm. The power transmission efficiency of the belt pulley power transmission system used in this study was generally 95% [14]. Therefore, the rated output and rated torque of the PTO input shaft are 3.7 kW and 19.6 Nm, respectively, considering the power transmission efficiency of the belt pulley. The cultivator was equipped with a manual transmission and a PTO gearbox. The ground speeds of the cultivator at T1, T2, and T3 were 1.3, 1.8, and 4.0 km/h, respectively, and the PTO rotational speeds at P1 and P2 were 335 and 709 rpm, respectively. Figure 1 shows the power flow of the cultivator used in the study. The power from the engine is divided between the transmission and the PTO through the belt pulley. The transmission drives two wheels, and the PTO performs various operations such as rotary ditching, ridging, soil covering, ridge plowing, cultivation, and so on.




2.2. Torque Measurement


2.2.1. Torque Measurement System


A torque measurement system for the cultivator was constructed using torque sensors (T27 Hollow Flange, Interface Inc., Scottsdale, AZ, USA) to measure the PTO shaft torque as shown in Figure 2, and a measurement device (NI USB-6212, National Instruments) was used to acquire sensor signals. It was difficult to directly measure the load of the PTO shaft directly, because the PTO input shaft was connected to the engine by a belt pulley. The PTO output shaft was connected to the rotary ditching implement to deliver power. The transmission shaft and the PTO input shaft were coaxial. To determine the PTO torque, measured engine torque was used together with the overall reduction gear ratios of the transmission (T1: 0.012, T2: 0.016) and PTO (P1: 0.124, P2: 0.263). Data acquisition software was developed using LabVIEW (Version 2011, National Instruments). One-way ANOVA with gear setting and Duncan’s multiple range tests at a significance level of 0.05 were used to analyze the measured torque. SAS (version 9.4, SAS Institute, Cary, NC, USA) was used for the statistical analysis.




2.2.2. Field Experiment


The field experiment of the rotary ditching operation was repeated three times. The rotary ditching, which is mostly used in cultivator operations, digs and makes a long narrow trench or furrow. It is generally necessary to perform the rotary ditching operation before other agricultural operations such as planting, fertilizing, and so on [15]. The field test was performed on a field with similar soil conditions at two transmission gear stages (T1, 1.3 km/h and T2, 1.8 km/h) and two PTO gear stages (P1, 335 rpm and P2, 709 rpm). T3 (4.0 km/h) is the fastest ground speed, but it is only used for moving the cultivator. The working depth was set at 100 mm, based on a survey of cultivator users in Korea. The field experiment was conducted at a field in Dori 751, Gajo-myeon, Geochang-gun, Gyeongsangnam-do. The cone index (CI), depth, shear force, moisture content, electric conductivity (EC), and temperature were analyzed following the USDA (United States Department of Agriculture) standard for field sites (ASABE 2011a; ASABE 2011b). Environmental conditions of the field showed an average moisture content of 30.4%, an average EC of 1.75 dS/m, an average temperature of 28.9 °C, an average CI of 2605 kPa, an average soil shear force of 18.5 Nm, and an average depth of 12 cm.





2.3. Simulation of the PTO Gear-Train


Figure 3 shows a driveline of the PTO gear-train according to the PTO gear stage in the cultivator. The PTO gear-train consists of five spur gears. The P1 stage is connected by a belt pulley and four spur gears: G4, G5, G2, and G3. The P2 stage is connected by a belt pulley and three spur gears: G1, G2, and G3. The number of teeth of the gears constituting the PTO gear train is 23 (G1), 21 (G2), 31 (G3), 15 (G4), and 29 (G5). Also, the tooth width is 13 mm for G1 and 6 mm for the other gears (G2, G3, G4, and G5). The center distance is half the sum of the reference diameters and is the distance between gears in the PTO gear-train. The center distances between G1 to G2, G2 to G3, and G4 to G5 are 57.03, 67.23, and 57.03 mm, respectively. The detailed specifications of the PTO gear-train used in this study are shown in Table 1. All PTO gears were made with SCM 440 low-alloy steel for structural machine use. The SCM 440 low-alloy steel is composed of 0.13–0.18% carbon (C), 0.15–0.35% silicon (Si), 0.60–0.90% manganese (Mn), 0.90–1.20% chromium (Cr), and 0.15–0.30% molybdenum (Mo). The surface was treated by carburizing and quenching to increase hardness and wear resistance. SCM 440 (SAE-AISI standard, AISI-4242) has a tensile strength of 1100 (N/mm2) and a yield point of 900 (N/mm2). The Young’s modulus for the material is 206,000 N/mm2, and Poisson’s ratio is 0.3. The module and pressure angle of the all the PTO gears were 2.5 mm and 20°, respectively. Also, the addendum coefficient and dedendum coefficient were 1.25 and 1.00, respectively.



To calculate the strength of the PTO gear-train, KISSsoft analysis software developed by KISSsoft AG—A Gleason Company was used in this study. This software can analyze mechanical components such as gears, shafts, bearings, and springs in various environments through virtual modeling. The software is available to analyze gears used in standards such as AGMA (USA), DIN 3990 (Germany), BS 436 (United Kingdom), JGMA 401 (Japan), and the international standards ISO 6336 published in 1996. ISO 6336 standards were used in this study, because ISO 6336 standards are used globally for gear design [16,17,18,19,20].




2.4. Analysis Method


2.4.1. Gear Strength of the PTO Gear-Train


Measured torque data in the agricultural field generally fluctuates [21]. Therefore, simplifying the measured torque data using the cycle counting method is required to determine the PTO gear stress and fatigue life. The rainflow cycle counting method is commonly considered to be the best cycle counting method for estimating fatigue damage. It is regarded as a good procedure for determining damaging events in randomly fluctuating loading conditions [22]. It can convert the measured torque data from the time domain to the frequency domain (ASTM, 1985) [23]. This will separate the individual simple stress cycles from complex irregular load history [24]. Mean torque can significantly affect the fatigue life of the PTO gear-train. Therefore, the effects of mean torque must be considered. Figure 4 shows the computation process for the safety factor and fatigue life of the PTO gear-train.



The Smith–Watson–Topper method is applied for the incorporation of mean torque effects as shown in Equation (1) [25]. The measured torque data were replaced by an equivalent torque.


Te=(ta+tm)ta



(1)




where, Te is the equivalent torque (Nm), ta is the torque amplitude (Nm), and tm is the mean torque (Nm).



Two causes of gear failure are bending stress and contact stress [26]. Bending stress is caused by repeated torque that is applied at the tooth root. When a stress over the fatigue limit is applied to the root, cracks at the tooth root occur and propagate to the breaking point. Contact stress is caused by rotational torque applied to the tooth surface. The tooth surface becomes damaged when repeated stress over the fatigue limit is applied to the surface, and the repeated load on the surface results in fatigue pitting. The bending stress was calculated using Equations (2) and (3), and the contact stress was calculated using Equations (4) and (5). All gear stresses and factors were calculated based on ISO 6336: 2006 under fluctuating PTO torque during the rotary ditching operation. The bending stress is based on the Lewis equations, and the contact stress is based on the Hertz equation. Both equations have many modifying factors as follows. These modifying factor values were suggested by the software (KISSsoft, L. Kissling and Co. AG) and were applied in this study.


σF0=2000×Ted×bYFYSYβYBYDT



(2)






σF=σF0KAKVKβKα



(3)




where, σF0 is the nominal bending stress (N/mm2), Te is the equivalent torque at the pinion or wheel (Nm), d is the pitch diameter of the pinion or wheel (mm), b is the face width (mm), YF is the tooth form factor, YS is the stress correction factor, YB is the rim thickness factor, YDT is the deep tooth factor, and Yβ is the helix angle factor and was set to 1 because of the gear-train used consists of spur gears. σF is the bending stress (N/mm2), KA is the application factor, KV is the dynamic factor, Kβ is the load factor, and Kα is the transverse load factor.


σH0=ZHZEZeZβ2000Teddpb(u+1u)



(4)






σH=ZBσH0KAKVKβKα



(5)




where σH0 is the nominal contact stress (N/mm2), ZH is the zone factor, ZE is the elasticity factor, Ze is the contact ratio factor, dp is the pitch diameter of the pinion (mm), and u is gear ratio. The helix angle factor Zβ is considered to be 1 for spur gear-trains. σH is the contact stress (N/mm2) and ZB is the pinion single pair tooth contact factor. The simulation-related coefficient input value was determined by KISSsoft.



The torque data calculated from the rainflow cycle counting method and the Smith–Watson–Topper (SWT) equation were input into KISSsoft. Also, the service life of the cultivator was selected to be equal to the service life, which enterprises generally define as 1000 h. Next, the safety factors for the bending stress and contact stress as well as the fatigue life were analyzed. The PTO gear-train should be designed to endure the load at the tooth root and the gear surface. An excessive safety factor will result in increased size and weight, which will lead to increased cost. Therefore, the proper safety factor should be calculated according to various fields. Safety factors are required depending on the material properties, load type, and application and generally have values larger than 1. A safety factor less than 1 could be dangerous because it could result in gear damage or reduced service life. According to the ISO 6336 standard [27], a safety factor of less than 1 indicates a high risk of pitting failure. The safety factor for bending stress was calculated using Equation (6). The safety factor for stress at a single tooth point of contact was calculated using Equation (7).


SF=σFG/σF



(6)






SH=σHG/σH



(7)




where SF is the safety factor for bending stress, σFG is the tooth root stress limit (N/mm2), σF is the bending stress (N/mm2), SH is the safety factor for contact stress, σHG is the tooth flank stress limit (N/mm2), and σH is the contact stress (N/mm2).




2.4.2. Fatigue Life of the PTO Gear-Train


The modified Miner’s rule [28] with S–N curves of SCM440 and ISO 6336 standards were used to predict the damage sum using Equation (8). The equations of the S–N curves of the PTO gears were Equations (9) and (10) from KISSsoft. The modified Miner’s rule is probably the simplest cumulative damage model, and it includes a procedure for estimating the fatigue life since the fatigue occurs in the number of cycles to failure when the damage sum obtained using the modified Miner’s rule is ‘1’. The number of cycles (n) is determined by an equivalent stress of the load data. The fatigue life cycle (N) is derived from the S–N curve of the PTO gear-train’s material. Then, the damage sum (D) aggregates the calculated 32 stress classes [29]. It can be thought of as assessing the proportion of life consumed at each stress level and then adding the proportions for all the levels together. In general, when the damage fraction reaches 1, failure occurs. The service life of each gear stage is assumed to be 1000 h, which is the manufacturer’s warranty time, because it is very difficult to accurately analyze the usage ratio of each gear stage (T1, T2, P1, P2).


Dtotal=∑i=1kniNi



(8)




where, Dtotal is the damage sum, ni is the number of cycles at the ith stress class, and Ni is the fatigue life at the ith stress class.


σP=2417.9 Ni−0.068



(9)






σP=2858.8 Ni−0.032



(10)




where Equation (9) is the S–N curve Equation of SCM440 at the PTO gear root, Equation (10) is the S–N curve equation of SCM440 at the PTO gear flank, σP is the stress (N/mm2), and Ni is the fatigue life at the ith stress class.






3. Results


3.1. Statistical Analysis


Analysis of variance (ANOVA) using statistical software SAS (version 9.4, SAS Institute, Cary, NC, USA) was conducted to compare and analyze the influence of each gear combination of the transmission and the PTO gear stages on the load of the PTO gear-train. In general, the measurement data in the field of agriculture, which is mainly concerned with the interaction with soil, tend to have non-normality. Therefore, the statistical analysis of the measurement data in this study was performed after assuming a normal distribution of the data using the Central Limit Theorem, which says that treatment means have an approximate normal distribution if the number of measured data is large enough [30,31]. There was a significant effect of gear combinations of transmission and PTO gear stages on torque of the PTO gear-train; F(3) = 3298.26, p = 0.0001. The results of the ANOVA analysis of the PTO torque by gear combination during the rotary ditching operation are shown in Table 2.



Test results of descriptive statistics and Duncan’s multiple range test showed that the mean score for the T2P1 (M = 16.32, SD = 4.80) was significantly different than that of the T1P1 (M = 9.87, SD = 3.35) and the T2P2 (M = 20.84, SD = 6.87). However, the T2P1 did not significantly differ from the T1P2 (M = 15.09, SD = 4.73). Thus, Duncan’s multi-range test results showed that T1P2 and T2P1 were classified in the same group. The results of descriptive statistics and Duncan’s multiple range test of the PTO torque by gear combination during a rotary ditching operation are shown in Table 3.




3.2. Load Analysis


Figure 5a shows the PTO torque at two ground speeds (T1 and T2) and two PTO rotational speeds (P1 and P2). The measured PTO torque shows irregular fluctuations during the rotary ditching operation. The PTO torque increased when the ground speed with the same PTO rotational speed increased. Also, the PTO torque increased when the PTO speed with the same ground speed increased. Figure 5b shows the load spectrum, which is used to analyze the load characteristics under soil and work conditions; it was constructed using the rainflow cycle counting and SWT methods. The maximum equivalent torque for speed combinations of T1P1, T2P1, T1P2, and T2P2 were measured as 22.8, 31.7, 33.9, and 41.3, respectively. When the ground speed increased, the equivalent torque on the PTO was increased. Also, when the PTO speed increased, the equivalent torque on the PTO was increased. The greatest equivalent torque was found at T2P2. The equivalent torque for speed combinations of T1P1, T2P1, T1P2, and T2P2 were similar in the high cycle region from 350 to 400. Relatively low equivalent torque can occur similarly regardless of ground speed and PTO rotational speed. Therefore, as the number of cycles increases, the equivalent torque tends to decrease. The load spectrum was used on KISSsoft for analysis of the PTO gears. The average torque for speed combinations of T1P1, T2P1, T1P2, and T2P2 were 9.87, 16.32, 15.09, and 20.84 Nm, respectively. The average measured torque ratio of each gear combination was 50.1% (T1P1), 82.9% (T2P1), 76.7% (T1P2), and 105.9% (T2P2), respectively, compared with the rated torque of the PTO input shaft of 19.6 Nm. The maximum torque on the PTO shaft for speed combinations of T1P1, T2P1, T1P2, and T2P2 were 21.02, 32.11, 30.61, and 40.79 Nm, respectively. The average torque increased by 38–65% when the ground speed increased by 39% as the transmission gear was shifted from T1 to T2 at the same PTO gear stage. At the same transmission gear stage, the average torque increased by 28–53% when the PTO rotational speed increased by 112% as the PTO gear-train was shifted from P1 to P2. The results show that the PTO torque increased as the ground speed and PTO rotational speed increased. The maximum PTO torque was at the highest speed combination with the transmission set to T2 and the PTO gear set to P2.




3.3. Strength Analysis


The strength of the PTO gears was evaluated in terms of contact stress and bending stress by calculating the safety factors during a rotary ditching operation. The safety factors for bending stress and contact stress are presented in Figure 6 and Figure 7. These results show that all safety factors for bending stress were higher than the minimum safety factor of 1.0, with the lowest safety factor (1.059) in the gear G2 for the T2P2 gear stage and the highest safety factor (3.584) in the G1 gear for the T1P2 gear stage. However, the safety factor for contact stresses of the G4 (0.998) and G2 (0.991) gears in the T2P1 gear stage were lower than the minimum safety factor of ‘1.0’. In general, the torque tends to increase as the combination of the transmission and the PTO gear is higher [32]. The overall simulation results of the safety factors show that the higher the combination of transmission and PTO gear stage, the lower the safety factor tended to be. However, the results of the safety factor of the G2 and G3 gears have no general tendency for the safety factor to decrease with higher PTO gear stages. It is considered that the safety factor of the G3 gear at P2 is increased because the reduction ratio of P2 (G1-G2-G3) is smaller than that of P1 (G4-G5-G2-G3). In addition, when the PTO gear shifts from P1 to P2, the safety factor of the G2 gear is greatly reduced. This seems to be due to the fact that the G2 gear is the only gear in the P2 gear stage that transmits power at the positions where the gears are in contact with both sides. The safety factor of contact stress had a lower tendency than the safety factor of the bending stress. Based on these results of the safety factors, the T2P1 gear stage (G4 and G2) is considered to be a weak combination of the transmission and PTO gear stage. Therefore, the T2P1 gear stage must be redesigned through the modification of the PTO gear train elements so that the safety factor for bending stress is higher than the minimum safety factor. In particular, the design modification of G2 and G4 gears in T2P1 should be considered.



When the transmission gear stage shifted from T1 to T2, the simulation results of the safety factor at the bending stress decreased by up to 32.1% at P1 (G2) and up to 22.6% at P2 (G2). The simulation results of the safety factor at the contact stress decreased by up to 17.4% at P1 (G2) and up to 11.4% at P2 (G2) when the transmission gear stage shifted from T1 to T2. The gear used for rotary ditching depends on the PTO gear stage (P1: G4-G5-G2-G3, P2: G1-G2-G3). For this reason, the simulation results of the effects of the PTO gear shift were conducted based on two gears (G2 and G3), which are used in all PTO gear stages. In the case of the G2 gear, when the PTO gear stage shifted from P1 to P2, the safety factor of bending stress decreased by up to 19.7% at T1 and up to 8.3% at T2. However, the safety factor of the bending stress increased by up to 42.5% at T1 and up to 35.6% at T2 in the case of the G3 gear because the reduction ratio of P2 is smaller than the reduction ratio of P1. In the case of the G2 gear, when the PTO gear stage shifted from P1 to P2, the safety factor of contact stress increased by up to 0.9% at T1 and up to 1.9% at T2. The simulation results of the safety factor for G3 at the contact stress increased by up to 10.8% at T1 (G3) and up to 13.9% at T2 (G3) when the PTO gear stage shifted from P1 to P2. From these simulation results, it is known that the transmission gear shift has a greater impact on the safety factor than does the PTO gear shift.




3.4. Fatigue Life


Table 4 shows the fatigue life of the PTO gear-train calculated by the modified Miner’s rule and the PTO rotational speed during a rotary ditching operation. In the T1P1, the minimum fatigue life is 10,410 h (G3) at the gear root and 11,790 h (G4) at the gear flank. The fatigue life of the G5 gear was more than 106 h. In addition, the fatigue life in T1P1 satisfied the service life in all gears. In the T2P1, the minimum fatigue life is 10,410 h (G3) at the gear root and 11,790 h (G4) at the gear flank. The fatigue life of the G5 gear was more than 106 h. In addition, the fatigue life in T1P1 satisfied the service life in all gears. In T2P1, the simulation results at the gear root showed that the fatigue life was shorter than the service life at the G4 gear (668 h), G2 gear (674 h), and G3 gear (884 h) but not at the G5 gear (3757 h). Of all the combinations of gear stages, it was determined that the fatigue life was lower than the service life in T2P1 at G4 gear (972 h), and G2 gear (889 h). In T1P2, fatigue life greater than service life was shown in all gears, and fatigue life was the longest of all combinations of transmission and PTO gear setting. In T2P2, the simulation results showed the lowest fatigue life at the G2 gear (258 h). As with the safety factor results, the G2 gear is located between the G1 and G3 gears and appears to be affected by the high torque at T2. In addition, the fatigue life of the results was analyzed according to the gear shift affect. In the case of the transmission gear shift (from T1 to T2), fatigue life at the gear root decreased by 93.8–95.8% and fatigue life at the gear flank decreased by 90–92.5%. In the case of the PTO gear shift (from P1 to P2), fatigue life at the gear root decreased by 41.8–61.8%, but fatigue life at the gear flank increased sharply by 141–221%. However, the fatigue life in the gear flank increased sharply when the PTO gears stage increased. The results of fatigue life show that the higher the combination of transmission and PTO gear stage, the shorter the fatigue life, similar to the safety factor. Based on these results of fatigue life, the simulation results show that the design of the gear-train should be modified to meet the service life (1000 h) of the weak gear combination (T2P1 and T2P2). Especially, the design modification of gears G2, G3, and G4 in T2P1 and G2 gear in T2P2 should be considered.





4. Discussion


The results for this study indicate that ground speed (transmission gear selection; T1, T2) and PTO rotational speed (PTO gear selection; P1, P2) impact the strength of the PTO gear-train. Therefore, we can analyze the weak points among the combinations of gear stages on a multi-purpose cultivator during a rotary ditching operation.



The average torque increased up to 65% when the ground speed increased by 39% as the transmission gear was shifted from T1 to T2 at the same PTO gear stage. At the same transmission gear stage, the average torque increased up to 53% when the PTO rotational speed increased by 112% as the PTO gear was shifted from P1 to P2. The results show that the measured torque tended to increase when the ground speed and PTO rotational speed were increased. The average measured torque ratio to rated torque of the PTO input shaft (19.6 Nm) was in the range of 50.1–105.9%. In particular, the T2P2 gear stage (105.9%) and T2P1 gear stage (82.9%) showed high torque ratios.



The analysis of the simulation results for the strength of the PTO gear-train are as follows: When the transmission gear level of the cultivator increased at the constant P1, the safety factor for bending stress decreased by as much as 47%, and the safety factor for contact stress decreased by as much as 21%. When the transmission gear stage of the cultivator increased at the constant P2, the safety factor for bending stress decreased by as much as 29%, and the safety factor for contact stress decreased by as much as 13%.



The results show that all safety factors for bending stress were higher than the minimum safety factor of ‘1.0’. Among the safety factors for contact stress, the safety factor at T2P1 (G4 and G2) was lower than the minimum safety factor of ‘1.0’. However, the gear strength of the G3 gear is affected by the reduction ratio of the PTO gear stage, so that the safety factor and fatigue life increase when the PTO gear stage increased. The results of the fatigue life at the PTO gear root showed fatigue life of less than service life at T2P1 (G2, G3 and G4) and T2P2 (G2). In addition, the results of the fatigue life analysis of the PTO gear flank showed fatigue life of less than service life at T2P1 (G2 and G4). Therefore, the weak gear combination T2P1 (gear root; G2, G3, and G4, gear flank; G2) and T2P2 (gear root; G2) should be considered as the weak parts that require redesigning in the PTO gear-train elements to meet and exceed the minimum safety factor and service life.




5. Conclusions


In this study, the strength analysis of a PTO gear-train of a multi-purpose cultivator was performed using actual measured loads during rotary ditching operation. The safety factor and fatigue life of a PTO gear-train were analyzed with respect to four gear combinations of transmission and PTO gear stages. The main conclusions are summarized as follows.



According to the simulation results about the strength of the gear-train of a multi-purpose cultivator, the safety factor and fatigue life of the PTO gear-train tend to decrease when the combination of gear stages are higher, except for the G2 and G3 gears. The strength of the PTO gear-train greatly depends on the combination of gear stages (transmission and PTO gear stages). Thus, to achieve the optimal design of a cultivator, the main gear selection of the cultivator must be considered depending on the various operations the cultivator will perform.



The results of this study provide a guide for predicting the life of the PTO gear-train and selecting the weak combination of gear stages using the measured fluctuating load during actual rotary ditching operation. Based on the results obtained according to this research method, it is expected that the life of the gear can be increased according to the designed purpose by modifying the gear material, the gear ratio, the center distance of gear, and the gear-train elements such as the number of teeth, face width, and gear-train modules [33].



Generally, farmers tend to conduct rotary ditching operations using a multi-purpose cultivator at higher gear combinations of transmission and PTO gear stages to reduce the total working duration. However, higher gear combinations cause greater load on the PTO input shaft, which affects the strength of the PTO gear-train. Therefore, farmers using multi-purpose cultivators need to select an appropriate gear combination considering soil conditions and the load severity of the PTO gear-train.



In this study, all combinations of gear stages were limited to a service life of a minimum of 1000 h. Therefore, it is necessary to calculate the service life by applying the actual usage ratio obtained through user surveys. It is possible to analyze the gear strength in various regions using the guidelines presented in this study.
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Figure 1. Schematic diagram of the power flow for the cultivator. PTO = power take off. 
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Figure 2. Torque measurement system for the cultivator. 
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Figure 3. Driveline of the PTO (power take off) gear-train of the cultivator; (a) in PTO gear stage 1 (P1) and (b) in PTO gear stage 2 (P2). 
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Figure 4. Computation process for safety factor and fatigue life of the PTO (power take off) gear-train. 
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Figure 5. (a) PTO torque and (b) load spectrum during a rotary ditching operation. 
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Figure 6. Safety factor at P1 during a rotary ditching operation. 
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Figure 7. Safety factor at P2 during a rotary ditching operation. 
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Table 1. Specifications used to study the PTO gear-train.
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	Item
	Gear 1
	Gear 2
	Gear 3
	Gear 4
	Gear 5





	Number of teeth
	23
	21
	31
	15
	29



	Face width (mm)
	13
	6
	6
	6
	6



	Pitch diameter (mm)
	57.5
	52.5
	77.5
	37.5
	72.5



	Module (mm)
	2.5
	2.5
	2.5
	2.5
	2.5



	Profile shift coefficient
	0.45
	0.47
	0.53
	0.6
	0.3
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Table 2. ANOVA analysis of the PTO torque by gear combination during a rotary ditching operation.
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	Variation
	Degrees of Freedom
	Sum of Squares
	Mean Squares
	F-Value
	p-Value





	Between Groups
	3.00
	293,269.77
	97,756.59
	3298.26
	0.00 *







* There are significantly different at p < 0.05.
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