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Structure optimization of cam executive component and analysis of
precisely applying deep-fertilization liquid fertilizer

Wengi Zhou, Jinwu Wang’, Han Tang
(College of Engineering, Northeast Agricultural University, Harbin 150030, China)

Abstract: Since there are some problems in the previous cam of deep-fertilization liquid fertilizer applicator, such as poor
precision and low-fertilization performance, a method of the contour line of a cam was proposed based on Matlab GUI
development platform. Bernoulli’ equation between the liquid fertilizer and the pressure valve of the fertilizer-spraying needle
was founded. Moreover, the motion angles of a rise travel and return travel were corrected and the corresponding parameters
of the contour line of the cam were obtained. Equations of cam moving from rise travel to return travel were derived
according to the simple harmonic motion. In addition, 3D model of cam was established by applying the Pro/E software and
the rationality of the cam design was verified. The static analysis of the cam was carried out under working conditions and the
corresponding dynamics analysis was performed based on D’Alembert’s principle. And then relationships between the
binding force and the drag torque were obtained. A bench test indicates that when the pressure of a hydraulic pump is
0.5 MPa and the velocity of a output shaft is 50 r/min, the average consumption of the fertilizer is 19.7 mL for each
measurement, which meets the corresponding agronomic requirement, i.e. 20 mL. When the rotation angle of the cam is 8.6°
and the rise displacement of a plunger is 0.84 mm, the mouth of the fertilizer-spraying needle sprayed liquid fertilizer as soon as
it got into the soil and stopped spraying as soon as it got out of the soil.  The results show that the designed contour line of the
cam meets the requirement, that is, the mouth of the fertilizer-spraying needle should spray liquid fertilizer as soon as it gets
into the soil and stop spraying as soon as it gets out of the soil, which meets the agronomic requirements, that is, fertilizer
should be sprayed deeply and precisely. And this study lays a theoretical foundation for designing the cam of intermittent type
distributor and provides relevant parameters.
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1 Introduction

The technologies for deep-fertilization liquid fertilizer can
improve the crop yield, reduce the pollution and increase the
utilization of liquid fertilizer since the liquid fertilizer evaporates to
the atmosphere™®.  According to the overseas reports, the
deep-fertilization liquid fertilizer applicator mainly employed
crankshaft to drive fertilizer-spraying needle and device of liquid
fertilizer jet for high pressure to impact soil fertilization!®,
however the fertilization efficiency is low. The deep-fertilization
liquid fertilizer applicator designed in China can spray fertilizer
into deep soil by the fertilizer-spraying needle, which is high
efficiencyl’®.

The intermittent type distributor is a key component of the
deep-fertilization liquid fertilizer applicator to spray liquid fertilizer
intermittently. The cam is a core component that can effectively
make the fertilizer-spraying needle sprays fertilizer precisely in the
distributor.  Therefore, the effective design of contour curve of the
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cam has direct influence on the starting time and ending time of
spraying fertilizer. If the starting/ending time is too long, a
pricking hole mechanism which matches the distributor will spray
fertilizer on the soil surface due to earlier spraying time, which
wastes the fertilizer and pollutes the environment. On the
contrary, longer starting time or ending time will make the
insufficient fertilizing amount, therefore less fertilizers will be
absorbed by the crops and the production will be correspondingly
reduced®*Y.

At present, main parameters of the cam are determined by the
angle design of a corresponding planet carrier when a needle gets
into and gets out of the soil.  Although the design requirement can
be met, effects of the pressure valve in needle were ignored™?.
The pressure valve with some elastic energy is designed for solving
the problem, that is, there might be some liquid fertilizers
remaining inside the pipeline systems when the needle is pulled out
from the soil and it averts liquid fertilizer remaining on the soil
surface. Therefore, a fertilization system does not start to work
until its needle gets into the soil by certain depth. The liquid
fertilizer needs some energy to force the pressure valve open.
Moreover, the motion angles of a rise travel and return travel can
be determined based on the energy-balance equation of the liquid
fertilizer inside fertilization system and the angle of the planet
carrier. In this paper, to meet the agronomic requirements for
accurately applying the liquid fertilizer, the energy equation of the
liquid fertilizer in the fertilization system was established and
motion angles of a rise travel and return travel were obtained based
on Matlab GUI platform. The corresponding dynamic analysis
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and the application performance test were carried out so as to
verify the correctness and rationality of the cam design.

2 Materials and methods

2.1 Operating principle

The intermittent type distributor consists of distributor-fixing
plate, distribution valve, cam, camshaft, valve core and the other
parts as shown in Figure 1.

The driving force drives the camshaft, and at the same time,
the cam attached to the camshaft does the rotational motion around
the axis line of the camshaft and the valve core in contact with the
cam does the up-and-down alternate motion during the operational
process. The valve core is opened when the cam is in the stages
of the rise travel, far repose and return travel. It is closed when
the cam is in the stage of the near repose. The liquid fertilizer
with a certain pressure from the hydraulic pump is provided for the
fertilizer-spraying needle through the distribution valve, which
allows the fertilizer-spraying needle to spray liquid fertilizer as
soon as it gets into the soil, and to stop spraying as soon as it gets
out of the soil. And the displacement of the valve core is a
non-linear variation from zero under the action of the cam.
Meanwhile, the flow of liquid fertilizer is also a non-linear
variation from zero. The energy of the distribution valve in the
fertilizer system can’t be balanced by liquid fertilizer energy when
the fertilization operation starts, which delays spraying fertilizer
when the needle gets into the soil, and stops spraying fertilizer
ahead of the time when the needle gets out of the soil.

Therefore, the reasonable design of the cam directly affects
the stability of the distributor and the working coordination
between the intermittent type distributor and the pricking hole
mechanism.

1. Distribution valve 2. Valve core 3. Distributor fixing plate 4. Liquid
fertilizer 5.Roller 6.Cam 7.Camshaft 8. Fertilizer-spraying needle
Figure 1 Intermittent type distributor of liquid fertilizer

2.2 Analysis of delayed spray

The fertilizer-spraying needle starts to spray fertilizer as soon
as it gets into the soil, which is the pre-guarantee for the
configuration of cam contour line and it can achieve the precise
fertilization. As the pressure valve inside the needle possesses
some elastic energy, the liquid fertilizer can offset the elastic
energy of the pressure valve when the valve core of distributor
moves up by a certain displacement. So, when the
fertilizer-spraying needle just gets into the soil, the liquid fertilizer
has not been sprayed yet, which leads to a delay in spraying
operation. This paper carried out the theoretical analysis, and the
mathematical model of liquid fertilizer energy about between the
fluid section A and B was established as shown in Figure 2.
Eventually, the specific volume of the valve core displacement
which could offset the elastic potential energy of the pressure valve
was obtained. Moreover, motion angles of a rise travel and return

travel were determined.

N: Valve core
r Fluid section A

™ Fluid section B

a. Mouth of the fertilizer-spraying
needle in the soil

b. Enlarged diagram of N area in
Figure a

Figure 2 Analysis diagram of delayed liquid fertilizer spraying

According to the Bernoulli’s law of conservation of energy, the
liquid fertilizer energy equation of between the fluid section A and
B was established:

z+£+a—v2=hw+1kx2 )
rg 28 2
Because the distance from the distributor to the pressure valve
is short, the head loss is small and there are insignificant
differences in the position, the gravitational potential energy and

energy loss of liquid fertilizer were ignored:
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function with the cam angle. When the cam angle is 0, the value
of & is 0, which indicate that the valve core is closed. H is the
maximum rise travel of valve core; mm; d is the rise travel angle
of valve core, (°); & is the elasticity coefficient of the spring, N/mm;
x is the compression amount of spring, mm; p is pressure, MPa;
Q is flow, m¥s; p is the density of liquid fertilizer, kg/m>; ¢ is cam
angle, (°); a is the correction coefficient of the kinetic energy; g is
gravitational acceleration, N/kg; S is the opening area of valve core,
m? r is the opening radius of valve core, m; % is the rise
displacement of the valve core, m; z is the potential energy of
liquid fertilizer, J; A, is the mechanical energy loss of liquid
fertilizer, J.

In this paper, the maximum rise travel of valve core is designed
as 15 mm, the density of liquid fertilizer is 1.05x10° kg/m®, the
correction coefficient of the kinetic energy is 1, the opening radius
of the valve core is 14.1 mm, the pressure is 0.5 MPa, the flow is
60.65 mL/s, the elasticity coefficient of the spring is 0.5 N/mm, the
compression amount of the spring is 4 mm. The above parameters
are substituted into the Equation (3). The cam angle obtained is
8.6° when the rise displacement of the valve core is 0.84 mm. At
this time, the liquid fertilizer will be sprayed from the spraying
mouth. Therefore, motion angles of the rise travel and return
travel of the designed cam are 55.6°, 46.6° respectively!®4,
(Motion angles of the rise travel and return travel of the
pre-designed cam are 47°, 38° respectively)

2.3 Design of cam profile
2.3.1 Theoretical contour curve
The theoretical contour curve of the cam is
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where, x is the x-coordinate of theoretical contour curve of the cam,
mm; y is the y-coordinate of theoretical contour curve of the cam,
mm; s is the displacement of the plunger, mm; ¢ is the cam angle,
rad; rq is the radius of the basic circle, mm.
The displacement of the plunger is obtained by using the
cosine acceleration motion law*®;

g[l— cos(”%m)}
. %[1+ cos("(0 = %) 502)}

0 (0o, + 0,y <6 < 27)

where, 4 is the travel of the plunger, mm; Jo;, g, are the rise travel
and return travel respectively, rad.
2.3.2 Working contour curve

x'=x-rsind
Y=y -r.cosf

(0<35<6,)

(601 <0< 501 + 502) (5)

(6)

sing=(d, /d;)!\/(d, | d,)*+(d,1d,)

where,
cos6=—(d, /d,)!/(d, | d,)*+(d,!d,)

where, x' is x-coordinate of working cam contour curve, mm; y1 is

y-coordinate of working cam contour curve, mm; /" is the radius of

the plunger roller, mm.

In this paper, according to the overall size of the intermittent
type distributor, the base radius of the cam is designed as 35 mm
and the radius of plunger roller is 10 mm. Matlab GUI
human-computer interaction platform is applied to obtain the
contour curve of the cam based on the mathematical model of the
cam by using “for” loop for numeric iterations™*! as shown in
Figure 3.
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Figure 3 Contour curve of cam

2.4 Three-dimensional modeling of cam

In order to verify the rationality of the cam design, a
three-dimensional modeling of cam was conducted. The data
point coordinates of the cam contour curve will be exported
automatically and saved in text file (.txt) format through Matlab
GUI development platform

Txt file containing the data point coordinates of the cam
contour curve is re-saved in the Pro/E coordinate point file (.ibl).
And the codes which make the points become the lines were
written as flows: open, arclength, begin section, begin curve. All
these statements were written in the beginning of the data point
coordinates.

Open the proe5.0 software, enter the three-dimensional solid
configuration interface, click the “curve” and “self-file” buttons
successively, import the modified .ibl file into the Pro/E sketches

interface, get the cam three-dimensional model through the
drawing command™®, as shown in Figure 4.

Figure 4 Three-dimensional model of cam

2.5 Force analysis of cam mechanism

(1) Statics analysis

In order to verify the designed cam can meet various
mechanical characteristics such as good ability to withstand
pressures, sensitive actions and compact size, the force
analysist?>?? was carried out firstly as shown in Figure 5.

g
\\ @,

i O
Figure 5 Force analysis diagram of roller follower

According to the conditions applicable to force balance, the
following equations can be obtained:
XF,=0 XF,=0 XM=0 (7)
Fsin(a+¢,)— (R, —R,)cosgp, =0
Q—-Fcos(a+g¢)+ (R —R,)sing, =0 (8)
LR cosp, — F(L+b)sin(a+¢)=0
where, p;=arctanfy, g,=arctany,.
The solutions to the above equations are obtained:
B F(L+b)sin(a+¢,)

R Lcoso, ®)
R Fbsin(a +¢,) (10)
Lcosg,
0= F[cos(a +¢)- 1+ Z—Lb)sin(a + @) tan (02:| (11)
F= Q (12)

{cos(a +@) -1+ %)sin(a + @) tan {pz}

where, a is the pressure angle of the cam mechanism in the
corresponding figures, rad; R; and R, are the total counter-force of
the guideway, N; F is the total counter-force of the higher pairs of
the cam, N; Q is the load borne by the follower (e.g. the inertial
force and the reaction force of the spring), N; L is the distance
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between two supports of the guideway, m; b is the overhang length
of the follower, m; ¢, is the friction angle between the follower and
the cam contour line, rad; ¢, is the friction angle between the
follower and the guideway, rad.

Based on the above theoretical analysis, some conclusions are
drawn. On equal conditions, the greater the « is, the smaller the
denominator is and the F will be.

(2) Dynamic analysis

The dynamic analysis was conducted on the cam on the
working conditions based on the D'Alembert principle®®?4 and
there are two main situations: 1) The cam is not subjected to the
pressure of the plunger; 2) The cam is subjected to the pressure of
the plunger. For the first condition, the dynamic analysis was
conducted for the cam and the frictional resistance between the
roller and the cam was ignored, as shown in Figure 6 2527,

Figure 6 Force-analysis diagram of cam in the stage of the near
repose

The equilibrium equations under the first condition are listed:

F +F,cos6=0
F,+F;sin0-mg=0 (13)
M — M, —mgecosé =0
The following solutions could be obtained:
F_=-F,cos6
F,=mg—F,sinf (14)
M, =M —mgecosé
where, F;=mew?; F, is the inertial force, N; m is the mass of the
cam and the camshaft, kg; 6 is the angle between the inertial force
and the horizontal line, (°); F is the horizontal binding force, N; F),
is the vertical binding force, N; M; is the resisting moment, Nm; e
is eccentricity, m; O is the point of rotation center; O, is the mass
center of the cam; M is the driving moment, Nm; o is the rotational
speed of the cam, rad/s.

According to Equation (14), the following rules are obtained.
When the inertial force is in the first or fourth quadrant, the
direction of F, is opposite to that of the inertia force. Its value
gradually increased, and then gradually decreased. In the x-axis
positive direction, it reached maximum value which is mew?. In
the y-axis negative direction, it reached the minimum value which
is 0; The value of F, gradually increased. In the y-axis negative
direction, it reached its maximum value which is mg+ mew?. The
direction of M; is opposite to that of driving moment. It gradually
decreased and then gradually increased. In the x-axis positive
direction, it reached its minimum value which is M—mgecos6. In
the y-axis negative direction, it reached its maximum value which
is M. Similarly, the rules of inertial force when it is in the second
or thirdly quadrant can also be obtained.

On the second condition where the cam is subjected to the

pressure of the plunger, the dynamic analysis was also conducted,
as shown in Figure 7.

Figure 7 Force-analysis diagram of cam in the rise travel
The equilibrium equations on the second condition are listed:
F +F,cos0+F,sina=0
F,+F;sing-mg-F, cosa=0 (15)
M -M,-mgecosé - Fysina-H =0
The solutions can be obtained,
F_=—(F,c0s0 + F, sina)
F,=mg + F, cosa - F,sing (16)
M, =M —mgecosf - F,sina-H
where, Fy is the pressure of the cam subjected from the plunger, N;
a is the pressure angle of the cam mechanism in the corresponding
figure,®; M, is the resisting moment, Nm; H is the distance from the
pressure surface to the rotation axis, m.

If the cam is subjected to the pressure from plunger, the values
of F,, F, and M, are mainly related to Fy, and increase with it.

3 Cam’s performance testing

3.1 Conditions and methods

In order to verify the superior performance of the machine, the
cam of intermittent type distributor was tested at Northeast
Agricultural University. As shown in Figure 8, the distributor 4
was connected with the fertilizer pipeline, and it was installed on
the soil bin car, which was fixed on the original position. The
motor 2 drove the hydraulic pump 6, and the liquid fertilizer which
was discharged from the liquid tank 5 went into the intermittent
type distributor 4 with a certain pressure and then was sprayed into
the soil by the fertilizer-spraying needle. The motor 1 drove the
camshaft through the coupling to achieve the functions of
distribution valve, i.e. spraying and stopping the spraying of the
liquid fertilizer. The motors were controlled by the frequency
converter 3. The testbed for the intermittent type distributor was
shown in Figure 8.

1. Motor 1 2. Motor 2 3. Frequency conversion cabinet 4. Intermittent type
distributor 5. Liquid tank 6. Hydraulic pump
Figure 8 Testbed of intermittent type distributor of liquid fertilizer

In order to examine the effects of pump pressure on the amount
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of fertilizer applied per time, the speed of the camshaft was set as a
fixed value 50 r/min, and the pump pressure was considered as an
influencing factor. The amount of fertilizer was 20 mL and it was
taken as an impact indicator. The pump pressure was set to 5
levels, 0.2 MPa, 0.3 MPa, 0.4 MPa, 0.5 MPa and 0.6 MPa
respectively.  Five trials were repeated at each level. The
amount of fertilizer was measured for 10 times and the average
value was calculatted. The computational formula for the sprayed
fertilizer per time can be obtained as follows:

>0

0= 10

where, Q; is the single amount of fertilizer at the spray mouth, mL;
Q is the average amount of fertilizer per time, mL.
3.2 Results and analysis

The test results are shown at Table 1. It can be seen from the
table that the amount of fertilizer measured each time at the spray
mouth is basically the same. When the pump pressure is at
0.5 MPa, the amount of fertilizer can meet basically the agronomic

17)

requirement, i.e. 20 mL. When the pump pressure is less than
0.5 MPa, the flow of the liquid fertilizer is insufficient. The main
reasons are as follows. When the rotational angle of the cam is
over 8.6°, the pressure energy and the kinetic energy of liquid
fertilizer are too small to open the pressure valve, so the measured
amount of fertilizer is small. Besides, no fertilizer is sprayed
immediately when the needle gets into the soil, which results in
time lag. When the pump pressure is equal to 0.5 MPa, the flow
of the liquid fertilizer is close to 60.65 mL. The pressure valve
can be opened because the pressure potential energy and kinetic
energy of the liquid fertilizer are equal to the elastic potential
energy of the pressure valve. When the cam rotates over 8.6°, the
displacement of the plunger is 0.84 mm so that the needle can spray
fertilizer timely and accurately. When the pump pressure is
greater than 0.5 MPa, the flow of the liquid fertilizer is too much.
The main reason is that the pressure potential energy and kinetic
energy of the liquid fertilizer are larger than the elastic potential of
the pressure valve when the cam rotates over 8.6°, which leads to
the earlier fertilizer-spraying operation.

Table 1 Result of the stability of fertilizer application

Unit: mL
Sequence number
Pump pressure Average
IMPa 9
1 2 3 4 5 6 7 8 9 10
0.2 13.2 13.0 13.1 13.2 13.0 13.2 135 13.2 13.2 13.4 13.2
0.3 15.5 15.6 15.4 155 15.6 15.6 15.4 155 15.2 15.2 155
0.4 16.6 16.5 16.8 16.6 16.9 16.5 16.5 16.8 16.8 16.9 16.7
05 19.6 19.8 20.0 19.7 195 19.8 20.0 19.6 19.8 19.6 19.7
0.6 226 22.8 226 23.0 22.7 22.7 22.8 22.8 23.0 23.0 22.8
The above analyses show the performance of the cam designed [References]

based on theoretical analysis and calculation. The test results
indicate that this mechanism can make the needle spray fertilizer
timely and accurately as soon as it gets into the soil.

4 Conclusions

Bernoulli equation was used to optimize the motion angles of
cam rise travel and return travel, and the cam contour line was
obtained based on the Matlab GUI platform, which enabled the
fertilizer-spraying needle to spray fertilizer accurately.

In order to provide a theoretical basis for reducing vibration of
the cam mechanism, the change rules of the force and the resistance
moment were obtained based on the statics and dynamics analysis.
By applying the Pro/E software, a three-dimensional model of the
cam of the intermittent type distributor was established and the
rationality of the cam was verified.

In the test, the average amount of fertilizer is 19.7 mL when
the pump pressure is 0.5 MPa and the rotational speed of the
camshaft is 50 r/min. It shows the optimized cam can achieve the
anticipated effects, that is, the spray fertilizer-spraying needle
sprays liquid fertilizer as soon as it gets into the soil and stops
spraying immediately when it gets out of the soil so as to spray
fertilizer accurately.
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