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Abstract: The intermittent hole-digging tree-planting machine shows a periodic short-time peak load
law in planting operation, and the operation process is “idling” for small loads most of the time,
leading to large torque fluctuations in the transmission system, unscientific power matching, and
high energy consumption. To solve the above problems, this article proposes to use a series of energy-
saving flywheels in the transmission system of the tree planting machine. On the premise of obtaining
holes that meet the target young tree planting requirements, the optimal power compensation
strategy for the flywheel system of the tree planting machine is studied to reduce torque fluctuations
in the power transmission system, use smaller power drive units, and save energy. Firstly, the
nonlinear multi-body dynamics simulation model of soil cutting by the hole-digging component
is established. The boundary and contact conditions are set to simulate the power consumption of
the hole-digging component at three rotating speeds. Based on the simulation results, the flywheel
power compensation strategy is discussed, and the torque fluctuation of the flywheel balance system
is analyzed. The results showed that the higher the speed, the greater the power consumption.
The power value suddenly increased from 17.82 kW (1.28 s) to 27.93 kW (1.43 s) when the speed
was 220 r/min. Then, the power value rapidly decreased, and the power consumption presented a
short-term peak feature. The transmission system’s maximum input power is determined as 17.82 kW
according to the various simulated power consumption characteristics. The part exceeding the power
consumption is compensated by the energy storage flywheel. The total compensation energy was
2382.5 J. After the flywheel system was involved, the maximum output power of the tractor power
output shaft decreased by 36.2%, and the peak torque decreased from 445.7 N·m to 285.1 N·m. The
power consumption obtained from the field test and simulation was similar, but the energy required
to overcome peak load was jointly provided by the flywheel and the engine. The actual input power
of the power output shaft during the energy release period of the flywheel system was 18.51 kW
when the rotating speed of the hole-digging component was 220 r/min, and the relative error with the
simulation value was 2.43%. The measured actual speed reduction of the flywheel system was 8.9%.
After installing an energy storage flywheel in the transmission system of the tree planting machine,
the output power of the power unit can be stabilized. Tree planting machines can be equipped with
smaller power units, which can reduce energy consumption and exhaust emissions.

Keywords: tree planting machine; multibody dynamics; flywheel; power; experiments

1. Introduction

Seedling transplanting is a method of efficiently transplanting seedlings from the
nursery to the planting site. Transplanting can increase the spacing and row spacing
between seedlings, expand their survival space, and cut off their main and larger lateral
roots during the transplanting process. Consequently, a large number of horizontal roots
and fibrous roots can be produced from the broken root section, thus improving the survival
rate of seedlings [1,2].
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China transplants many seedlings from fast-growing and high-yielding timber forests
every year. With the “double carbon” goal, simple and extensive transplanting machinery
is far from meeting the current demand. More innovative and advanced technologies
need to be developed for seedling transplanting equipment. However, the development of
equipment technology and energy conservation and efficiency improvement technology
will be the trends in the development of agricultural and forestry equipment. The energy
conservation and emission reduction methods mainly include efficient matching of equip-
ment, preventive maintenance, and energy conservation using new technologies [3–5].
Intermittent digging and transplanting machines are important ecological transplants,
mainly implemented by matching high-power tractors. This transplanting machine has
an intermittent load, i.e., it only bears the working peak load for a short time during a
period of digging and planting seedlings, and most of the time it is “idling” with a small
load. If the tractor is selected according to the working load, the tractor’s power will be
large. Rough statistics show that the selected power of the tractor is more than 3–5 times
the average power in the work cycle. Because power matching is usually ignored during
the design of machines and tools, serious energy waste is caused [6,7]. At the same time,
the frequent rise and fall of the load greatly impacts the tractor transmission system and
reduces the service life of the parts. Experienced tractor operators must adjust the throttle
opening frequently according to the load fluctuation during operation, and the tractor often
emits black smoke. Therefore, it is of great significance to conduct in-depth research on
the collection and release of energy during afforestation equipment operations in order to
improve energy utilization efficiency [8–10].

Energy storage technology is the main way to improve equipment stability, energy
conservation, and consumption reduction. Typical energy storage technologies mainly
include physical and chemical storage [11,12]. With the rise of energy storage technology,
flywheel energy storage, with its advantages of fast response, unlimited power, small size,
and ease of movement, has been gradually developed and applied in various fields. It
has been used in the automotive field at an early stage and is also widely used in UPS,
subway energy recovery, electric vehicles, electric peak shaving, and other fields [13]. In
the application of mechanical flywheel hybrid power systems in automobiles, the energy
transfer efficiency is better than that of electric drive systems because the energy conversion
form between the flywheel and the transmission system has not changed. When the vehicle
decelerates, the kinetic energy of the vehicle transmission system is directly stored in the
flywheel in the form of mechanical energy. When accelerating or climbing, the rotating
flywheel, as an auxiliary power source, is dynamically coupled with the transmission
system through the clutch (or CVT) to provide instantaneous high-power compensation for
the engine [14,15]. The drilling rig is the key piece of equipment for petroleum exploration,
with an annual consumption of more than 1.5 million tons of diesel. After the intervention
of an advanced energy storage system, it can significantly improve the drilling rig’s ability
to cope with complex conditions, and the impact load damage to equipment can be greatly
decreased. The generator’s fuel efficiency can also apparently be improved. Accordingly,
energy conservation and emission reduction can be achieved by feeding the potential
energy of tripping back into the flywheel and releasing it when lifting the drill [16].

In this paper, aiming at the transplanting of large seedlings such as 2–3-year-old fruit
seedlings and poplar seedlings to solve the impact of periodic short-time peak load of the
intermittent hole-digging tree-planting machine and save energy, an effective method of
installing an energy flywheel in the transmission system of the tree-planting machine is
proposed. The energy storage flywheel will store energy from the power output shaft at low
loads and release energy at short peak loads, leading to an apparent decrease in the loading
rate of the engine. Firstly, the flywheel energy storage system is designed for intermittent
digging and transplanting machines. Then, the nonlinear multi-body dynamic simulation
model of digging parts and cutting soil is established. Finally, the boundary and contact
conditions are set to simulate the power consumption during the intermittent digging
process. Based on the simulation results, the flywheel power compensation strategy is
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discussed, the torque fluctuation after the flywheel intervention is analyzed, and the field
verification test is carried out. This study provides a reference for optimizing the power
matching between the tractor and the implement, reducing transmission torque fluctuation,
and realizing energy savings and consumption reduction.

2. Materials and Methods
2.1. Description of the Tree Planting Machine

As shown in Figure 1, the tree planting machine mainly includes a transmission
system, control system, soil covering device, compaction device, young tree support device,
frame, etc. The transmission system mainly includes universal joint cross shaft assembly
I, double output shaft gearbox, hydraulic pump, electromagnetic clutch I, bearing seat,
flywheel fixed lock nut set, flywheel set, electromagnetic clutch II, universal joint cross
shaft assembly II, single output shaft gearbox, burr parts, and the gearbox. Its purpose is to
transfer the torque and speed of the tractor power output shaft to the digging parts and
simultaneously drive the hydraulic pump to run.
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Figure 1. Three-dimensional modeling of a tree planting machine.

The intermittent hole-digging and transplanting mechanism is shown in Figure 2.
Point (O) is the tractor traction point. During the young tree planting operation, the tractor
pulls the transplanting machine to continuously run at a certain speed. The tractor drives
the hole-digging parts to rotate and cut the soil through the transmission system. The
machine’s initial state is shown in the dotted line position of Figure 2. The floating cylinder
(BE) is controlled to contract through the hydraulic system, and the hole-digging cylinder
(CK) is extended. The frame and the hole-digging parts move down simultaneously, and
the rotated blade cuts the soil. After the frame falls to the lowest position (at the solid line
of the mechanism), it stops moving, and the hole-digging cylinder continues to extend.
When the hole reaches the predetermined depth, the controller detects the sensor signal,
The oil cylinder immediately runs in reverse, driving the excavation component to quickly
lift above the ground. As shown in Figure 1, the robotic arm quickly throws the saplings
into the hole, and the soil cover plate is used to backfill the soil into the hole. To prevent the
root of the hole, the robotic arm drives the saplings to vibrate upwards and lift for a certain
distance. During this process, the young tree support device runs backwards under the
drive of a servo motor, and the mechanical arm always clamps the seedlings to ensure their
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verticality. When the compaction wheel compacts the soil at the root of the seedlings, the
mechanical arm releases the seedlings, and the seedling support device quickly returns to
its initial position. Then, the floating oil cylinder (BE) extends to raise the frame, completing
one planting cycle: hole forming. The parameters of the tree planting machine are shown in
Table 1. The working process of the transmission system is as follows: Start the tractor and
put the PTO operating handle in the combined position, where the hydraulic pump ensures
that the digging parts are raised to the highest point. First, at the low speed of the PTO,
enable the electromagnetic clutch I, causing the flywheel energy storage device to operate.
Then, enable the electromagnetic clutch II to rotate the digging cutter. By adjusting the
throttle opening of the tractor, the predetermined output power and speed can be reached.
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Table 1. Hole-forming parameters of the tree planting machine.

Parameter Value Parameter Value

Diameter of cutterhead/mm 420 Maximum drilling hole width/mm 350
Rotational speed of cutterhead/rpm 200–240 Minimum drilling hole length/mm 450
Maximum drilling hole depth/mm 350 Minimum throwing soil distance/mm 500

2.2. Consumption Analysis of Soil Cutting Based on Multi-Body Dynamics
2.2.1. Smooth Particle Hydrodynamics (SPH) Algorithm

In soil cutting research, empirical formula calculations or experiments are generally
used to analyze the hole-digging resistance and power consumption characteristics. When
faced with complex operation modes and external conditions, the results obtained by
these methods will have a large error, which seriously affects the evaluation of mechanical
performance [17,18]. With the improvement of the constitutive soil model, the finite element
method has become an effective tool to analyze the interaction between mechanical soil-
contacting parts and soil. In this paper, ANSYS/LS-DYNA software is used to simulate and
analyze the soil-cutting process of the hole cutter, and SPH (smooth particle hydrodynamics
method) is used to establish a soil model to study the interaction mechanism between tool
and soil from a microscopic perspective. Therefore, the law of power consumption change
in intermittent soil cutting can be obtained [19–21]. The simulation process for intermittent
soil cutting is shown in Figure 3.
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SPH adopts a meshless algorithm, which has great advantages in dealing with the
loose fragmentation and separation of the multiphase continuum in the interaction between
soil and tool. To correctly characterize the particle motion, this algorithm needs to construct
an approximate function representing particle motion information [22–24].

∏h f (x) =
∫

f (y)W(x− y, h)dy (1)

where (W) is the kernel function, and the two independent variables (x) and (h) are the
position vector and the smooth length, respectively. The value of (h) directly affects the
calculation accuracy, and the kernel function should be a symmetric decreasing function.
The attributes of particles will diffuse and affect the surrounding particles, and the influence
will gradually decrease with the increase in distance (θ). The kernel function is defined
as follows:

W(x, h) =
1

f (x)v θ(x) (2)

where (v) is the space dimension; (h) is the smooth length; W (x, h) is the spike function.
The most common smooth kernel in SPH is the cubic B-spline, which is defined

as follows:

θ(µ) =


(
1− 1.5µ2 + 0.75µ3)C (|µ| ≤ 1)

0.25C(2− µ)3 (1 < |µ| < 2)
0 (2 ≤ |µ|)

(3)

where (C) is a constant (determined by the spatial dimension).

2.2.2. Establishment of the Cutterhead—Soil Simulation Model

In this paper, the 3D modeling software Pro/E is used to establish the geometrical
model of the hole cutter and soil, and the model size is consistent with the actual size
of the hole-digging parts. To improve the computational efficiency without affecting the
simulation accuracy, the geometrical model of the transmission system and related devices
is reasonably simplified. Specifically, the chamfer, fillet, and other connection features
between the blade and the cutter head are omitted. In order to ensure the accuracy of
the simulation results, a rigid material was selected for the cutterhead, and the MAT147
(MAT-FHWA_SOIL) material model provided by ANSYS/LSPREPOST was used as the
soil model. The main characteristic parameters of the soil model were measured through
actual testing on the test site, including soil density, specific gravity, moisture content, shear
modulus, cohesion, bulk modulus, internal friction angle, angle of repose, and Poisson’s
ratio. The main parameters for the cutterhead and soil are shown in Table 2.
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Table 2. The parameters of the cutterhead and soil in the test location.

Parameter Value Parameter Value

Elastic modulus/MPa 1.97 × 105

(65 Mn)
Rate of water content/% 16

Cutterhead density/(g/cm3) 7.85 Soil angle of repose/◦ 40.5
Poisson’s ratio 0.282 Shear modulus/MPa 1.56

Cutterhead diameter/(mm) 420 Cohesion/MPa 0.02
Blade working length/(mm) 125 Bulk modulus/MPa 29

Soil density/(g/cm3) 1.73 Internal friction angle/(◦) 35.5
Specific gravity 2.62 Soil poisson’s ratio 0.4

Considering the intermittent digging action and the boundary condition treatment
requirements, a numerical model simulating the interaction of soil and cutter head is
established, as shown in Figure 4, and the soil dimensions are 2000 mm, 400 mm, and
500 mm.
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2.2.3. Boundary Conditions and Loads

According to the actual operating conditions and agronomic requirements, the plant-
ing spacing is 3000 mm, the hole-digging depth and width of the target young tree studied
are both 350 mm, the tractor speed is 0.25 m/s, the hole-digging cylinder speed is 80 mm/s,
and the floating cylinder speed is 19 mm/s. The cutter head speed is set at 200 r/min,
220 r/min, and 240 r/min. The bottom of the soil model is a fixed constraint. The gravity
effect is considered in the entire model, and the gravity acceleration is−9800 mm/s2, which
is set according to the solution time. The modified K-file is generated first and transferred
to the solver of ANSYS 16.0/LS-DYNA software.

3. Results and Discussion
3.1. Simulation Results and Analysis

The soil-cutting process of the hole cutter is shown in Figure 5. Once the LS-DYNA
solution was completed in LS_PREPOST, the process of intermittent cutting of the soil
by the digging parts was observed, and the data and curves of stress change and energy
change between the cutting device and the soil were obtained.
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Figure 5. Soil-cutting process of digging components.

The power consumption curve of the digging process is shown in Figure 6. The
simulation results show that the impact of the rotating speed on power consumption is
relatively significant. The higher the rotating speed, the higher the power consumption,
which is not obvious at the initial stage of digging. The power consumption value increases
rapidly with the depth of the digging part. The main reason is that as the amount of soil
being cut increases continuously, the amount of disturbed and returned soil also increases.
The high rotating speed of the cutter head and the large kinetic energy obtained by the soil
lead to high energy consumption.
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Figure 6. Power consumption curve during digging.

Since the cutter head speed of 220 r/min is conducive to the subsequent soil covering
operation, this paper focuses on analyzing power consumption change characteristics at
this speed. The digging parts contact the soil according to the mechanism’s operation track.
At the start, because the digging parts only cut a small amount of surface soil, the power has
increased slightly. After 0.5 s, the hole-digging knife will penetrate deeper into the soil, and
more blades will simultaneously act on the soil. The soil will be broken due to extrusion
deformation. A significant amount of energy will be consumed at this time, and the power
will increase rapidly. After 1.28 s, the hole digging depth is relatively large. Most of the
hole-digging blades simultaneously work on the soil. A large amount of cut soil needs to
be thrown to the rear and both sides. Hence, the total power consumption increases rapidly.
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The hole digging depth reaches 350 mm at 1.44 s, and the maximum power is 27.93 kW.
Then, the digging parts run upward, and the power consumption decreases slowly. After
1.55 s, the power consumption drops sharply, caused by the small amount of soil cut by
the tool during the return trip. The soil to be cut is damaged, and the binding force of soil
particles decreases, causing the failure to soften.

3.2. Flywheel Power Compensation Strategy and Flat Torque Analysis
3.2.1. Power Compensation Scheme Based on Simulation Results

The schematic diagram of intermittent cavity digging is shown in Figure 7. The
operation is characterized by long-time low-load operation of the machine; the plant
distance (L) is generally large and the spike load appears in a short time. A series of faults
often occur in the actual operation, such as unreasonable power matching, low efficiency,
poor operation effect, no digging, no pulling, high energy consumption, and power output
shaft breaking. The torque fluctuation of the transmission system should be minimized
during large-area transplant operations. The selected tractor should work close to full load
so that power can be effectively used and fuel can be saved.
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According to the simulation analysis results, when the rotating speed of the cutter
head is 220 r/min, the area enclosed by the power consumption curve and the coordinate
axis is the energy required for a planting cycle. The curve is flat before 1.28 s, after
which the power increases sharply and reaches 27.93 kW. Then, the power drops sharply.
There is a short-time peak with a time of only 0.46 s, and the power suddenly increases by
10.11 kW, which has an obvious short-time peak characteristic. According to the operational
characteristics of the mechanical energy storage system, the compensation peak energy of
flywheel intervention is satisfied at this stage. The abscissa of the intersection point of the
straight line (a) and the curve is the flywheel intervention’s start and end time, and the
flywheel’s total energy to be compensated by the flywheel is A2. Therefore, this paper will
use the power value (17.82 kW) corresponding to the straight line (a) as the basis for tractor
selection, and the energy storage flywheel will compensate for the excess energy. With this
scheme, the output power of the power output shaft can be reduced by 36.2% compared
with that without the flywheel.

3.2.2. Design of Energy Storage Flywheel and Analysis of Torque Fluctuation

By calculating the area of A2 shown in Figure 6, the energy compensated by the energy
storage flywheel is about 2382.5 J. Considering the effect of soil throwing, the maximum



Forests 2023, 14, 1039 9 of 14

allowable speed reduction of the cutter head is 10%. The other parameters are the same as
the simulation parameters. The moment of inertia is obtained by the following equation:

Ec· f w =
1
2

J f wω1
2 − 1

2
J f wω2

2 (4)

where (Ec·fw) is flywheel compensation energy, J; (Jfw) is flywheel rotational inertia; (ω1) is
the angular velocity at the start of flywheel output energy; and (ω2) is the angular velocity
at the end of flywheel output energy.

The flywheel speed cannot be excessive. The flywheel material is an isotropic metal
material. The processing technology is mature, and the price is low. The flywheel is
made of metal. Based on the flywheel optimal control theory, the low-speed and hollow
flywheel is used for structural design and optimization. The structure scheme of the energy
storage flywheel system is shown in Figure 8. The system is composed of a pair of identical
flywheels. After calculation, the rotational inertia of a single flywheel is 1.85/kg/m2, in
which the flywheel diameters D2, D3, and D4 and the flywheel thickness B (which are
not detailed here) are determined according to the flywheel material and the structural
parameters of the transplanter.
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Figure 8. Diagram of the energy storage flywheel system.

After the energy storage flywheel of the transmission system is connected in series,
in order to study the torque fluctuation of the transmission system, the main parameters
of the transmission system are solved based on the simulation results and the flywheel
parameters according to the speed ratio of the power output shaft to the cutter head of
36:11, the transmission efficiency of 0.92, and the maximum speed reduction of the flywheel
energy release of 10%. Consequently, the PTO output torque and speed change diagram
shown in Figure 9 are obtained. In a work cycle, the resistance torque is represented by
Tz1 and Tz2, respectively, in the two stages of cutting soil and idling, and the PTO output
torque is represented by Te. The drive system has a flywheel, which plays the role of
storing and releasing energy. When digging and cutting the soil, the power output torque
of the power output shaft works on the soil at the initial stage. At 1.28 s, due to a sudden
increase in resistance, the flywheel speed decreases and starts to release energy for torque
compensation. Finally, the flywheel speed decreases to ω2. The resistance torque decreases
at 1.74 s, and the flywheel starts to absorb energy. With a decrease in resistance torque, the
flywheel absorbs energy rapidly. After 3.55 s, the flywheel speed is ω1 (720 r/min), and the
energy released by the flywheel is equal to the energy absorbed during the hole-digging
process, i.e., A2 = A2′ . It can be seen from the figure that the maximum output torque of the
power output shaft without the flywheel system is 445.7 N·m. In contrast, the maximum
torque with the flywheel system is 285.1 N·m, i.e., the torque is reduced by 160.6 N·m. The
torque fluctuation of the transmission system is greatly reduced. In the figure, (n) is the
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flywheel speed. When the system torque surges at 1.28 s, the flywheel releases energy and
slows down by 10% (ω2). After that, it absorbs energy and accelerates with the transmission
system. This process accelerates faster in the later stages.

Forests 2023, 14, x FOR PEER REVIEW 10 of 14 
 

 

of storing and releasing energy. When digging and cutting the soil, the power output 
torque of the power output shaft works on the soil at the initial stage. At 1.28 s, due to a 
sudden increase in resistance, the flywheel speed decreases and starts to release energy 
for torque compensation. Finally, the flywheel speed decreases to ω2. The resistance 
torque decreases at 1.74 s, and the flywheel starts to absorb energy. With a decrease in 
resistance torque, the flywheel absorbs energy rapidly. After 3.55 s, the flywheel speed is 
ω1 (720 r/min), and the energy released by the flywheel is equal to the energy absorbed 
during the hole-digging process, i.e., A2 = A2′. It can be seen from the figure that the max-
imum output torque of the power output shaft without the flywheel system is 445.7 N·m. 
In contrast, the maximum torque with the flywheel system is 285.1 N·m, i.e., the torque is 
reduced by 160.6 N·m. The torque fluctuation of the transmission system is greatly re-
duced. In the figure, (n) is the flywheel speed. When the system torque surges at 1.28 s, 
the flywheel releases energy and slows down by 10% (ω2). After that, it absorbs energy 
and accelerates with the transmission system. This process accelerates faster in the later 
stages. 

 
Figure 9. PTO output torque variation diagram. 

3.3. Performance Testing 
3.3.1. Test Preparation 

A test system for the power consumption of the transplanting machine digging holes 
is built, and the field digging experiments are carried out to verify the accuracy of the 
simulation results and further analyze the power change after the series flywheel system, 
as shown in Figure 10. The main test equipment is the Dongfanghong 504-1 tractor, in 
which the engine rated power and speed are 35 kW at 2300 r, the maximum torque speed 
is 1500–1700 r/min, the power output shaft speeds are 720 r/min and 1000 r/min, the trans-
planter prototype (because of the research on intermittent digging power consumption in 
this paper, the transplanter will remove the young tree planting and soil covering com-
paction mechanism), the JN-DN3-1500 N·m rotary (dynamic) torque sensor, and the 24 
DV/500 mA power supply Intelligent display controller (±0.05% FS) and data processing 
equipment. The (dynamic) torque sensor is installed between the flywheel and the power 
take-off, and the intelligent display controller is fixed below it. First, the field test was 
carried out without the flywheel, focusing on the system power change after the flywheel 
was installed. The test was conducted on 5 October 2022 at the experimental field of North-
east Forestry University in Heilongjiang Province, located in the central part of the 

Figure 9. PTO output torque variation diagram.

3.3. Performance Testing
3.3.1. Test Preparation

A test system for the power consumption of the transplanting machine digging holes
is built, and the field digging experiments are carried out to verify the accuracy of the
simulation results and further analyze the power change after the series flywheel system,
as shown in Figure 10. The main test equipment is the Dongfanghong 504-1 tractor, in
which the engine rated power and speed are 35 kW at 2300 r, the maximum torque speed
is 1500–1700 r/min, the power output shaft speeds are 720 r/min and 1000 r/min, the
transplanter prototype (because of the research on intermittent digging power consump-
tion in this paper, the transplanter will remove the young tree planting and soil covering
compaction mechanism), the JN-DN3-1500 N·m rotary (dynamic) torque sensor, and the
24 DV/500 mA power supply Intelligent display controller (±0.05% FS) and data process-
ing equipment. The (dynamic) torque sensor is installed between the flywheel and the
power take-off, and the intelligent display controller is fixed below it. First, the field test
was carried out without the flywheel, focusing on the system power change after the
flywheel was installed. The test was conducted on 5 October 2022 at the experimental
field of Northeast Forestry University in Heilongjiang Province, located in the central part
of the Songnen Plain. The geographical coordinates are 126◦5′ E and 45◦5′ N, and the
experimental terrain is sloping with a maximum slope angle of less than 8◦. It needs to be
emphasized that the tree planter can adapt to most terrain. If it encounters obstacles such
as thick tree roots or large stones, the controller will cut off the electromagnetic clutch after
detecting the signal, and the planting mechanism will rise above the ground. The saplings
used in the experiment were Lesser Black Poplar, with an average height of about 2 m and
an average ground diameter of about 1.5 cm. The soil characteristic parameters of the test
site are shown in Table 2. The slip rate of rubber tires is 5%–8% when plowing on the test
site. The driving speed in the test study is the actual driving speed of the transplanter after
considering the tire slip rate.
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Figure 10. Field experiment. (a) Intermittent hole digging and tree planting machine (b) Test system
and planting.

During the test, the digging depth is 350 mm, the power output shaft and cutter head
speed ratio is 36:11, and the cutter head speed is set at 200 r/min, 220 r/min, and 240 r/min,
respectively. The movement parameters of the transplanter are the same as the simulation
parameters. The clutch is smoothly combined during the test to rotate the transmission
system at a low speed. Then, slowly control the throttle until the MCK-Z intelligent display
control instrument displays the power output shaft speed in real-time. The sensor obtains
the torque data during the digging process in real-time. The change in torque output by
the transmission shaft directly reflects the power consumption of the digging system. See
Formula (5) for the power change.

P =
Ten

9549
(5)

where (P) is the power consumption of digging process, kW; (n) is the speed of digging
cutter, r/min.

3.3.2. Test Results and Analysis

Considering the influence of unknown factors on the system test results, each group of
tests was carried out randomly. A total of 10 groups of tests were carried out. Each group
of tests completed six pits in succession. The test data corresponding to two consecutive
tree-planting pits in the middle were selected, and the measured results were taken as
the average. In the test without a flywheel, the maximum value displayed by the torque
sensor was 454.6 N·m, which is similar to the simulation and theoretical solution. Figure 11
shows the power consumption curve of the test digging process. The measured power
values at three speeds are higher than the simulation results. The main reason is that the
speed of the flywheel is reduced during power compensation. As the load increases, the
power of the power output shaft increases, i.e., the energy released by the flywheel and
the engine act together at the peak load, and the energy released by the flywheel accounts
for a large proportion. When the cutter head speed is 200 r/min, the power output shaft’s
power fluctuation is small. The rotating speed of the cutter head is 240 r/min, the power
fluctuates, and the driving speed of the tractor is unstable. The main reason is that the
rotating speed is high and the work done by throwing soil has increased. Even though the
flywheel energy storage increases, it is still lower than the energy consumption increased
by digging and throwing soil. The enclosed areas of the power consumption curve and
a line at different speeds are S1, S2, and S3. The higher the speed, the higher the actual
output energy of the engine power output shaft. The three points, A, B, and C, are the
maximum power consumption coordinate points corresponding to the cutter head speed at
240 r/min, 220 r/min, and 200 r/min, respectively, during the simulation analysis without
a flywheel. The field test results show that the output power of the power output shaft
decreases significantly once the flywheel system is added, i.e., by 10.54 kW, 10.11 kW,
and 5.82 kW with respect to different cutter head speeds. The test results also show that
the maximum output power peak will move backward when the flywheel is installed in
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the transmission system. The output power will decline slowly and then rapidly, mainly
because the flywheel needs to store energy when accelerating with the transmission system.
When the cutter head cuts the soil at 220 r/min, the lowest flywheel speed measured is
656 r/min. The speed decreases by 8.9%, which is 1.1% lower than the simulated value.
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4. Conclusions

This paper mainly studies the power compensation strategy of the tree-planting
machine transmission system after installing an energy storage flywheel. The expected
results have been achieved through theoretical, simulation, and experimental research.
Achieved smoother output power from the driving unit. Tree planting machines allow for
the use of more power-matched and lower drive units, reducing energy consumption and
exhaust emissions. A non-linear multi-body dynamics simulation model of soil cutting by
digging parts is first established, and boundary conditions and contact conditions are set to
simulate the power consumption of the digging process. The simulation results show that
the higher the speed, the higher the power consumption. When the speed is 220 r/min,
the power increases from 17.82 kW (1.28 s) to 27.93 kW (1.43 s), and then decreases rapidly
after the peak, and the power consumption shows short-time spikes. According to the
simulation results of power consumption curve characteristics, the total compensation
energy is 2382.5 J. Because of the flywheel system, the torque fluctuation of the tree planting
machine reduces by 160.6 N·m. Field test results are similar to the simulation results; the
test shows that the energy required to overcome the spike load is provided by the flywheel
and engine together; when the digging parts speed is 220 r/min, the actual power input
to the power output shaft during the energy release of the flywheel system was 18.51 kW,
with an error of 2.43% compared to the simulated value, i.e., the input power was reduced
by 9.42 kW after the flywheel was installed, and the actual speed reduction of the flywheel
system was measured to be 8.9%. There are still issues with studying the installation
of energy storage flywheels in tree planting machines to achieve energy collection and
compensation. In our future work, we will continue to study the electromagnetic coupling
flywheel energy storage system and topology optimization of flywheel structure, focusing
on researching and improving the energy utilization rate of afforestation equipment.
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