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ABSTRACT

Tiger-nut is widely cultivated in sandy soils across China, and the mechanization level for harvesting remains
low. Harvesters are mainly medium- and small-sized tractor-drawn models, which exhibit weak driving
capability, a large turning radius, and poor stability. This paper presents the design of a crawler-type tiger-nut
harvester hydraulic-driven travel system, with the required hydraulic motor displacement of 44.65 mL-r' and
hydraulic pump displacement of 44.58 mL-r'. Experimental results from the harvester showed that the
harvester’s linear travel deviation rate ranged from 1.19% to 2.10%, with an average travel speed of 1.08 m-s
" and the average value of radius for forward left turn and forward right turn is 2740 mm and 2748 mm. The
harvester can achieve bidirectional stepless speed regulation in the field, ensuring stable harvesting
performance and meeting the design requirements for the tiger-nut harvester.
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INTRODUCTION

Tiger-nut, often referred to as the "king of oilseed crops," contains rich nutrients in its underground
tubers, which can be used to extract edible oil, sugars, and produce beverages, offering significant economic
value (Rosell6-Soto et al., 2018; Edo et al., 2024; Wang et al., 2021; Cantalejo et al., 1997). China currently
relies on imports for more than 70% of its oilseed crops. In the context of the current international situation,
the development of the tiger-nut industry holds great strategic importance in addressing Chinese edible oil
security issues (Zhang et al., 2020, Zhang et al., 2024).

Mechanized harvesting is a critical and challenging phase in the full mechanization process of tiger-nut
production. To optimize harvesting, tiger-nut is best cultivated in sandy soils. Tiger-nut harvesters are generally
classified into two types based on their travel mechanism: towed and self-propelled (Shang et al., 2004). In
foreign countries, tiger-nut harvesters are typically towed by high-horsepower tractors to perform digging and
transportation tasks. However, these harvesters have large structures with limited functions and require
coordination with transport vehicles for synchronized harvesting, making them unsuitable for small-scale farms.
Currently, the majority of tiger-nut harvesters in China are small- and medium-sized towed models, which
suffer from issues such as weak driving power, large turning radius, and poor stability. These shortcomings
negatively impact the digging, cleaning, and screening quality, severely limiting the development of the tiger-
nut industry (Xu et al., 2016, Wei et al., 2023).
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The tracked travel system provides low ground pressure, high adhesion, strong load-bearing capacity,
and a small turning radius (Jun et al., 2013; McBride et al., 2000; Leggieri et al., 2022). The hydraulic drive
system enables stepless speed regulation, offering smooth transmission, ease of operation, and rapid
response (Lv et al., 2024; Guo et al., 2025; Zhao et al., 2025). By combining the advantages of both systems,
a smooth and efficient harvest of tiger-nut can be achieved. Therefore, this paper presents the design of a
crawler-type self-propelled tiger-nut harvester with a hydraulic drive system, to enhance the harvester's
adaptability and ensure the stability of the harvesting operation.

MATERIALS AND METHODS

Structure and technical parameters of the machine

The developed tiger-nut harvester comprises an excavating device, cab, lifting device, engine, material
box, feeding device, screening device, drive system, crawler travel device, and other components. The overall
structure of the machine is shown in Fig. 1, and the main parameters are shown in Table 1.
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Fig. 1 - The whole structure of tiger-nut harvester
1. Excavating device; 2. Cab; 3. Lifting device; 4. Engine; 5. Material box;
6. Feeding device; 7. Screening device; 8. Drive system; 9. Crawler travel device

Table 1
The main technical parameters of tiger-nut harvester
Parameters Values
Unladen mass [kg] 7500
Full load mass [kg] 10000
Overall dimensions [mm] 6800x2500%3200
Rated engine power [kW] 103
Rated engine speed [r-min] 2300
Working width [mm] 1800
Harvesting speed [m-s™'] 0-0.3
Travel speed [m-s™] 0-1

The general structure of the hydraulic drive system
The key components of the hydraulic drive system designed in this paper include a hydraulic stepless
speed changer, reducer, direction cylinder, and other elements, as shown in Fig. 2.

Fig. 2 - The overall structure of the hydraulic drive system
1. Radiator; 2. Stepless speed changer; 3. Reducer; 4. Power input;
5. Direction cylinder; 6. Hydraulic oil tank; 7. Filter
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The basic parameters of the hydraulic drive system are shown in Table 2.

Table 2
Basic parameters of hydraulic drive system
Parameters Values
Transmission mode stepless gearbox
Steering type unilateral brake steering
Pump power input method a leather drive belt
Hydraulic pump displacement [mL-r"'] 46
Maximum system pressure [MPa] 32
Rated system pressure [MPa] 16
Hydraulic motor displacement [mL-r] 46
Hydraulic pump input speed [r:min-'] 2300
Low speed reduction ratio 90
High speed reduction ratio 30

Working principle of hydraulic drive system
The working principle of the hydraulic drive system designed in this paper is illustrated in Fig. 3.
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Fig. 3 - Hydraulic schematic of the drive and travel system
1. Variable pump; 2. Charge pump; 3. Check valve; 4. High pressure relief valve; 5. Flush valve;
6. Hydraulic motor; 7. Low pressure relief valve; 8. High pressure relief valve; 9. Charge relief valve;
10. Hydraulic oil tank; 11. Oil return filter; 12. Oil suction filter

The hydraulic pump in the hydraulic drive system is a bidirectional piston variable displacement pump,
while the charge pump is a gear pump. The hydraulic pump is connected directly to the power input shaft,
supplying hydraulic fluid to the system. The hydraulic motor is a bidirectional piston fixed displacement motor,
with its output connected to a reducer, converting hydraulic energy into mechanical output. The charge pump,
charge relief valve, and other components form the charge circuit, which replenishes hydraulic fluid in the
system and maintains stable system pressure. The flush valve, low pressure relief valve, and oil return filter
form the flushing circuit, which aids in reducing system temperature and ensuring proper lubrication. The check
valve and high pressure relief valve together make up the protection circuit, maintaining stable system
pressure. The system operates as follows: The engine drives the hydraulic pump via a belt, powering the
hydraulic system. The hydraulic pump draws fluid from the oil tank, converting the engine’s mechanical energy
into hydraulic energy. As the oil flows through the circuit, it drives the hydraulic motor, which generates
rotational speed and torque, converting hydraulic energy back into mechanical energy. Once the hydraulic
motor discharges the oil, the oil flows directly into the intake of the hydraulic pump, starting the next cycle. If
the system experiences low pressure or oil leakage, the charge circuit replenishes the oil. To adjust speed or
reverse the motion, the operator uses the control handle to adjust the servo control valve. This action moves
the servo cylinder, which adjusts the tilt angle of the hydraulic pump’s swashplate, changing the pump’s
displacement and flow rate, enabling continuous variable speed control. When the system is idle, the hydraulic
fluid returns to the oil tank through the flushing circuit.
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Design of key components of hydraulic drive system
° Traction Performance Analysis and Calculations

The traction performance of a travel system is the traction work capacity exerted under specified ground
conditions and its efficiency. The force model of the harvester while traveling is shown in Fig. 4.

Fig. 4 - Force model of the tracked travel device during operation

From the mechanical model, it can be seen that under the action of the driving moment M,, the track
generates a tension T with the value:

T: q :ll ¢e Me (1)
rf{ I/'q

where:
@eis the engine-to-drive-wheel mechanical efficiency, 0.95;

M, is the drive-wheel torque, [N-m];

rg is the drive-wheel radius of 0.16 [m] (Han et al., 2023);

Neglecting the friction loss of tension T, the track attachment force F} is equal to the track tension. The
normal operation of the tiger-nut harvester in the field requires overcoming the rolling resistance F), from the
ground, the inertial resistance of the system Fj, the internal resistance of the system Fj and the ramp
resistance F: and the digging resistance F. when traveling on a ramp. Rolling resistance is mainly the normal
and tangential forces generated by contact with the ground and the deformation of the tracks and the ground
under full gravity, which is related to the resistance coefficient and the weight of the whole machine. The main
working environment of the tiger-nut harvester is sandy loam soil, and the rolling resistance coefficient is taken
as 0.15 (Pan et al., 2014).

M =mg 2)
E, = f M cosa (3)
where:

M is the gravity of the harvester, [N];

m is the mass of the harvester when fully loaded, [kg], calculated as 10000 kg;

a is the slope of the ramp, taken as 20°;

g is the acceleration of gravity, [m-s~];

fis the rolling resistance coefficient;

The rolling resistance F, = 14095.39 N was calculated.
Inertial resistance is calculated by the following formula:
2Mv

Fi:
gt

where:
v is the travel speed during operation, taken as 0.4 [m-s™];
t is the acceleration time, taken as 3 s;
The inertial resistance F;= 2666.67 N was calculated.
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The internal resistance of the system is related to the overall lubrication and precision and is calculated
from the mass of the whole machine and the internal resistance coefficient:

F,=oM (5)
where:

d is the internal friction drag coefficient, typically 0.05-0.07 (Ji et al., 2013), taken as 0.07;

The internal resistance Fy= 7000 N was calculated.

When the harvester travels uphill or downhill, the component of gravitational force acting along the
slope direction generates resistance. This resistance is related to the slope and is calculated using the following
formula:

F. =Msina (6)

The ramp resistance F:= 34202.01 N was calculated.

When the tiger-nut harvester operates in the field, the travel system is simultaneously subjected to
digging resistance. The maximum digging depth of the harvester’s digging mechanism is 200 mm, and the
digging width corresponds to the full working width of 1800 mm (Lv et al., 2022; Zhang et al., 2021). The
digging resistance F. is calculated as follows:

F =2thW (7)
where: 7 is the coefficient of integration per unit of transverse area of the soil mound (Han et al., 2023), taken
as 5 N-cm;

h.is the depth of excavation, [mm];

W is the width of excavation, [mm];

The excavation resistance F.= 36000 N was calculated.

The maximum traction required by the system is equal to the sum of all resistance forces:

F,=F,+F+F,+F +F, (8)
where:

F,is the total tractive force, [N];

The total tractive force F, = 93964.07 N was calculated.

The ground adhesion F, was calculated by the following equation:

F,=pM )
where: @ is the adhesion coefficient factor taken as 1.0 (Liu et al., 2022);

The ground adhesion F, = 100000 N was calculated.

A comparative analysis of the calculated data shows that the total traction force F,is smaller than the
ground adhesion force F), indicating that the system meets the calibration requirements and the harvester will

not experience slippage during field operation.
The drive wheel speed and driving torque are calculated according to the following formula:

_ 60v

x10° (10)
27rrq

n,

Mq=%ZF~rqx10_3 (11)

where:
ng - maximum speed of the drive wheel, [r-min-'];
74 - radius of the drive wheel, 160 [mm];
M, - driving torque, [N-m];
The drive wheel speed nq= 24 rrmin"' and the drive torque M, = 8000 N-m were calculated.

® Determination of travel system operating pressure
The operating environment of the crawler-type tiger-nut harvester consists of sandy loam. The hydraulic
system’s working pressure is initially set at 14 MPa, with a maximum pressure of 32 MPa (Dong et al., 2005).

® Parameterization of hydraulic motors
The hydraulic motor output speed #n,, torque M,, and displacement V,, are as follows.
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nm :nq 'il (12)
M
M, =—"— (13)
Lemn-mn,
2nM
V= 8 (14)
AP -7,
The synthesized equation yields:
7rquq

v, = , (15)
AP-1, -1, 175 -1

where:

i;is the low-speed reduction ratio (field operation reduction ratio), 90;

n1is the hydraulic motor mechanical efficiency, taken as 0.95;

n2is the reduction gearbox mechanical efficiency, taken as 0.99;

n3is the hydraulic motor volumetric efficiency, taken as 0.95;

AP is the system pressure, MPa;

Bringing in the data, it was calculated that the motor speed m, = 2160 r-min™, the torque applied to the

motor M,, = 94.51 N-m, and the motor displacement V,, = 44.65 mL-r"' during the stable operation of the
harvester in the field.

® Calculation of hydraulic pump parameters

In the selected hydrostatic (HST) transmission system, the hydraulic pump and hydraulic motor are

connected in an integrated closed-loop configuration. By ignoring system flow losses and using the motor

displacement along with the desired operating speed, the system flow rate can be calculated. This flow rate is
then used to determine the required displacement of the hydraulic pump V,;:

n -V

Qm — m m 16

10007, (16)

0,=0, (17)

- IOOOQP

(18)
g 77[7.774

Available:
V,=—m = £ (19)
n,1s -1,

where:

Oy is the hydraulic pump flow rate, [L-min-];

n, is the pump power input speed, [r-min-'];

n4 is the hydraulic pump volumetric efficiency, 0.99;

The hydraulic pump output flow rate 0, = 101.52 L-min-! and the hydraulic pump displacement V), -
44.58 mL-r' were calculated.

The displacement of the charge pump is 20-25% of the displacement of the variable pump, and the
charge pressure is less than 3 MPa.

V:=(0.2~0.25)V, (20)

The charge pump displacement V', was calculated to be 8.92-11.15 mL-r' based on the data.

® Other hydraulic components

When designing and selecting tubing, fittings, and hydraulic fluid, the process should adhere to relevant
national standards (Standardization Administration of the People's Republic of China, 2021, Standardization
Administration of the People's Republic of China, 2022), while considering factors such as connection
reliability, sealing performance, pressure loss, and overall cost.
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The inner diameter of the fuel line is calculated as follows:

d= /4—q><103 21)
v,

where: d is the diameter of the hydraulic pipe, [mm];
q is the flow rate of the hydraulic fluid, [m3-s-];
vois the flow rate of the hydraulic fluid, taken as 4 m-s™;
The calculated inner diameter was d = 18.3 mm. According to standard requirements, the hose inner
diameter was specified as 20 mm, and appropriate tube fittings were selected accordingly.

® Selection of hydraulic drives

Based on the hydraulic principles and component parameters used in the design calculations, a Heckert
HT series variable pump with a displacement of 46 mL-r-' and a rated pressure of 16 MPa was selected, along
with an integrated hydraulic drive unit consisting of a hydraulic pump and motor. The configuration is shown in
Figure 5, and the corresponding parameters are listed in Table 3.

Fig. 5 - Hydraulic drive device

Table 3
Hydraulic drive device parameters
Parameters Values

System displacement [mL-r] 46

Charge pump displacement [mL-r"] 10

Rated pressure [bar] 160

Maximum pressure [bar] 320

Control system mechanical servo

Maximum speed [r'min-'] 3300

RESULTS
Performance Tests

® Site testing

The field tests focused on evaluating the harvester's straight-line travel performance, response
characteristics, and parking brake effectiveness on slopes, as well as measuring its maximum travel speed
and operational stability.

® Travel straightness test

The straight-line movement test of the harvester is conducted according to the GB/T 15370.4-2012
standard (Standardization Administration of the People's Republic of China, 2012). A 20 m correction zone
and a 30 m test zone are defined within the test field. The test factors include the hydraulic pump displacement
(maximum and intermediate displacements) and load size (no load, 200 kg load, and 500 kg load). The
deviation rate is used as the performance indicator to assess the straightness of the movement process.

The travel offset rate was calculated based on the formula:

AC =X, - X, (22)
_lad]
S

where: X; is the perpendicular distance between the track and the reference straight line before the test, [m];
X is the perpendicular distance between the track and the reference straight line after the test, [m];
H is the offset rate, [%]; AC is the offset, [m];  S'is the test distance, [m].

H (23)
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The results of the offset rates obtained for different operating conditions are shown in Table 4.

Table 4
Offset test results
Hydraulic o or of Unladen 200 kg Load 500 kg Load
um
disprljace?nent tests Offset rate [%] Offset rate [%] Offset rate [%]
1 0.14 0.15 0.12
Maximum 2 0.09 0.12 0.19
displacement
3 0.15 0.20 0.1
1 0.10 0.15 0.12
Intermediate 2 0.18 0.13 0.16
displacement
3 0.16 0.12 0.14

The field test results show that the deviation rate of the harvester ranges from 0.09% to 0.20%,
significantly lower than the standard requirement of 6%, demonstrating that the harvester exhibits excellent
straight-line movement and that the hydraulic drive system fulfills the performance criteria. Additionally, the
deviation rate remains relatively consistent across different displacements, indicating that the displacement of
the hydraulic pump has a minimal effect on the straight-line movement performance. Furthermore, the
deviation rate remains relatively consistent under different loads, suggesting that the hydraulic drive system
demonstrates robust adaptability to different load conditions.

® Travel speed measurement test
The travel speed measurement test is conducted to verify the speed control stability of the designed
hydraulic drive system and to determine the maximum field travel speed. The theoretical maximum travel
speed of the designed harvester is calculated using the following formula:

My = l—m (24)
2
2 -

where: ngnis the theoretical travel speed of the driving wheel, [r-min-'];

nnis the output speed of the hydraulic motor, [r-min-'];

i is the high speed reduction ratio, 30;

v is the maximum theoretical travel speed, [m-s™];

The maximum theoretical travel speed of the crawler-type tiger-nut harvester was calculated to be 1.18m-s™".

In the test field, a 50-meter distance was measured as the travel speed measurement interval. Buffer
zones for acceleration and deceleration were marked 10 meters before and after the measurement interval.
The central 30-meter section was divided into six equal intervals, each 5 meters in length. The time to traverse
each 5-meter interval was recorded, and the speed for each interval, as well as the average speed over the
entire section. The harvester was tested in an unloaded state under high gear conditions, with the control lever
for speed pushed to its maximum, and the test was repeated three times. The 18 speed measurements
obtained from the six segments across the three tests were processed as shown in Fig. 6.
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Fig. 6 - Speed stability analysis
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As shown in Figure 6, the measured field travel speed ranged from 1.05to 1.15 m-s™', with an average
speed of 1.08 m's~' and a standard deviation of 0.03 m-s™'. The overall data exhibited minimal fluctuation, with
no significant outliers, indicating good speed stability of the hydraulic drive system. However, due to internal
leakage within hydraulic components, track slippage, and other influencing factors, the maximum measured
travel speed was slightly lower than the theoretical value of 1.18 m's-'. Nonetheless, the maximum travel speed
of the harvester meets the design requirements, and the travel process remains stable and reliable.

) Starting and braking performance tests

The time required for the harvester to accelerate from rest to maximum speed is defined as the startup
acceleration time, which reflects the responsiveness of the hydraulic drive system. The time for the harvester
to decelerate from maximum speed to a complete stop is termed the braking deceleration time. Three
measurements were conducted, and the average value was taken. The average values are shown in Table 5.

The relationship between the drive wheel speed monitored by the tachometer and the travel speed is
described by the following equation:

n = 60 . o6
2, (26)

As can be seen from the speed test results in Fig. 6, the maximum travel speed obtained in the field
test was 1.15 m's™!, which was substituted into the data to calculate the driving wheel speed at the maximum

speed of 64.46 rrmin-t.

Table 5
Starting and braking performance measurement results
Ordinal number Start-up acceleration time [s] Brake deceleration time [s]
1 3.1 1.5
2 3.7 0.8
3 3.3 1.2
Average value 3.4 1.2

As shown in Table 5, the hydraulic drive system of the harvester demonstrates good startup and
braking performance. The startup time is close to the simulation response time of 2.8 seconds, which also
validates the accuracy of the simulation. The higher measured response time compared to the simulation may
be due to the manual stopwatch measurement, which could introduce errors in reaction time.

[ Ramp parking brake test

The ramp parking brake performance test was conducted in accordance with GB/T 3871.6-2006
(Standardization Administration of the People's Republic of China, 2006). The harvester was driven steadily
onto a ramp, and the engine was then shut off to perform parking brake tests in both uphill and downhill
conditions. Each test maintained a parking duration of 3 minutes. The test setup is illustrated in Figure 7.

=

Fig. 7 - Ramp braking test
a. Uphill parking brake test b. Downhill parking brake test

The test results showed that the harvester remained stationary during the entire ramp parking duration,
demonstrating excellent parking stability. This meets the test requirements and indicates that the hydraulic
system provides reliable parking brake performance on slopes.

Field trials

To comprehensively evaluate the performance of the harvester and its hydraulic drive system, field
tests on straight-line driving and turning performance were conducted after the simulations and field trials of
the hydraulic system.
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® Linear travel test

In a test field, the harvester was driven at maximum speed without adjusting the control handle to further
assess the straight-line driving performance of the designed drive system. Three sets of tests were conducted,
and the track marks were processed to evaluate the straight-line performance. The results are shown in Fig.8.

c. Third test track processing
Fig. 8 - Field straight-line travel test

According to the field straight-line driving performance test, the harvester's deviation rate ranges from
1.19% to 2.10%. The sideways slipping of the harvester, caused by soft soil and subsidence, leads to a slightly
higher deviation rate compared to the field test, but it still meets the national standard requirements. The test
results indicate that the harvester has good straight-line driving performance, meeting the requirements for
tiger-nut harvesting.

® Field steering trials
In order to verify the steering ability and steering radius of the harvester in the field, three tests were
conducted with forward left and right turns respectively, and the steering test and radius measurement process
are shown in Fig. 9, and the results are shown in Table 6.

T S

Table 6
Field Turning Test Results
Serial number Left Turning Radius [mm] Right Turning Radius [mm]
1 2714 2807
2 2763 2726
3 2742 2711
Average value 2740 2748
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The theoretical radius R, is 2720 mm when steering in the field, and the average value of radius for
forward left turn and forward right turn is 2740 mm and 2748 mm. There is a track offset within the permissible
range when steering, and it can be accomplished by unilateral braking steering in the field as required.

CONCLUSIONS

(1) To improve the adaptability of the tiger-nut harvester and ensure stable harvesting operation, a
hydraulic drive system for the crawler-type harvester was designed. The required displacement of the hydraulic
motor was calculated to be 44.65 mL-r', and the displacement of the hydraulic pump was determined to be
44 .58 mL-r'. A unified hydrostatic drive unit with a displacement of 46 mL-r' and a system pressure of 16 MPa
was selected.

(2) Field evaluations demonstrated that the harvester exhibits a straight-line deviation rate of 1.19—
2.10% and an average travel speed of 1.08 m-s-'. The effective implementation of the steering mechanism,
which reliably regulates turning performance under various field conditions, confirms the system’s capacity to
achieve stable and efficient harvesting operations.

(3) Field trials in sandy loam soils show that the hydraulic drive system performs stably under varying
loads and speeds, with low deviation and precise turning. These results confirm its reliability for tiger-nut
harvesting and support further optimization and industrial application.
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