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Abstract – During the flow of the liquid, the pressure wave has a significant impact on the wear of the instrument, 

its stability, and safety. This article takes the pressure control of the high pressure oil pipe of the cam-plunger pump 

oil system as the research object. Under the premise of knowing the law of fuel injection at one end of the oil outlet, we 

established a related mathematical model. Combining the formula of the angular velocity of the cam with the velocity 

of the plunger, we introduced the relevant variables. Under the premise that the cycle of the flow change of the oil inlet 

and the oil outlet is the same, using MATLAB to carry out programming calculations, we solved the angular velocity 

of the cam rotation when the injection flow rate of the inlet and outlet ports in the unit time changes almost identically 

with time. The control cam rotates regularly according to the result of the solution, which can make the fuel increase 

in the high-pressure fuel pipe change to 0 with time, thereby achieving the purpose of controlling the pressure in the 

high-pressure fuel pipe to remain unchanged. 
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I. INTRODUCTION 

In contemporary society, plunger high-pressure oil pumps are used for starting most engines. However, the 

different changes in the amount of oil in and out of the high pressure oil pipe cause a change in pressure inside it. 

Pressure fluctuations and changes not only affect the stability of the diesel fuel injection system, but also often 

cause engine start delays or even failures [1-3]. Therefore, how to control the pressure in the high-pressure oil pipe 

to be as stable as possible has become an urgent problem to be solved. 

In recent years, many people have studied the control of fluid pressure. In 2005, Ma Xijin and others used a 

planetary gear transmission to achieve reciprocating motion from rotation to straight line, thereby achieving the 

purpose of not generating mechanical force between the plunger and the cylinder [4]. In 2007, Xu Qin et al. studied 

the effect of the size of the pressure oil inlet of the hydraulic impact or on its dynamic pressure and flow rate [5]. 

In 2019, Wei Yiyin and others improved the cam by adopting a high-order polynomial three-acting design. This 

method takes into account the impact of high pressure on the plunger cavity and the common rail cavity [6]. 

This article shows how to control the pressure stabilization in the high pressure oil pipe by controlling the cam 

movement of the plunger high pressure oil pump under specific fuel injection conditions. 

 

Fig. 1. Schematic plan view of cam driven high pressure oil pump. 
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Fig. 2. Plane of needle valve and nozzle. 

Injector injection cycle is 100 (ms), and injection duration is 10 (ms) during the cycle. Control the fuel injection 

height by the needle valve lift of the fuel injector. According to Annex 2 in [7], the relationship between needle 

valve lift and time in a unit cycle can be obtained. The injector nozzle configuration is shown in Fig. 4. The 

diameter of the needle valve is 2.5mm and is sealed by a cone with a half Angle of 9°. Its diameter of lower nozzle 

is 1.4 mm. The cam-driven plunger moves up and down to compress the fuel in the cavity of plunger [8]. Refer to 

Annex 1 in [7] for the relationship between cam pole diameter and angle. When the pressure in the plunger cavity 

is greater than the pressure in the high pressure oil pipe, the fuel enters the high pressure oil pipe. The internal 

diameter of the plunger cavity is 5 mm when the plunger moves to the top dead center position, the residual 

volume of the plunger cavity is 20 mm3. When the plunger moves to bottom dead center, the low-pressure fuel 

fills the plunger cavity (including the residual volume). The pressure of the low-pressure fuel is 0.5 MPa. The 

relationship between fuel pressure and fuel density is as follows: 

lnρ = −0.1715e−0.0039P − 0.0464           (1) 

And the flow in and out of the high-pressure tubing is as follows: 

Q = CA√2∆𝑃 𝜌⁄              (2) 

(Q is the amount of fuel flowing through the small hole per unit time (mm3/ms). C is the flow coefficient, and 

A is the area of the small hole (mm2). ∆P is the pressure difference on both sides of the small hole (MPa), and ρ 

is the density (mg/mm3) of the fuel on the higher pressure side). The following issues are required to be resolved: 

To give a scheme for controlling the pressure in the high-pressure oil pipe as stable as about 100 MPa. 

II. MODEL ESTABLISHMENT AND SOLUTION 

Due to the existence of the pressure difference, the propagation velocity of the pressure wave of the fluid can 

be or even exceed 800 m/s in a very short time [9]. The length L of the high-pressure pipe is only 50 cm, so the 

pressure in the high-pressure oil pipe can be approximated to be uniformly distributed in each space of the oil 

pipe. From the known conditions, pressure and density correspond one-to-one. Therefore, it can be approximated 

that the density in the high pressure oil pipe is uniformly distributed in each space of the oil pipe. 

This topic requires controlling the angular velocity of the cam so that the pressure in the high-pressure oil pipe 

is as stable as possible at the initial pressure of 100 MPa. This is to achieve at the same time the amount of oil and 

the quality of the injection oil equal. 

ρs1v1t = ρs2v2t             (3) 

Obtain: 
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s1v1 = s2v2             (4) 

In other words, to stabilize the internal pressure of the high-pressure oil pipe, it is necessary to ensure that the 

flow rate of the oil inlet and the oil outlet is equal at the same time. According to known conditions, it is possible 

to obtain a more accurate relationship between the output flow rate of the oil outlet and the unit time. Therefore, 

it is only necessary to control the movement law of the cam that drives the pump oil so that the relationship 

between the flow rate of the oil inlet and the time is the same as that of the oil outlet.  

Since the internal pressure of the high-pressure oil pipe is evenly distributed in each space, the scheme in this 

article almost guarantees that the sum of the flow in the high-pressure oil pipe is constant to zero. Therefore, the 

pressure in the high-pressure oil pipe in this paper can be regarded as always 100 MPa. 

2.1 Outlet flow: M(t) 

According to Annex 2 in [7], we made the relationship between needle valve lift and time during the injection 

cycle as follows: 

 

Fig. 3. Curve of needle valve lift over time in unit cycle. 

According to the geometric relationship between the lift of the needle valve and the half angle of the cone, we 

calculated the relationship between the cross-sectional area of the small nozzle of the fuel injection and the lift as 

follows: 

{
 
 

 
 
𝑙 𝑡𝑎𝑛9° = ∆𝑟           
𝑟1 = 𝑟2 + ∆𝑟            
𝑟2 = 1.25                 
𝑟1 + 𝑟2 = 2𝑟2 + ∆𝑟
𝐴 = 𝜋(2𝑟2 + ∆𝑟)∆𝑟

            (5) 

Obtain: 

𝐴 = 𝑙 𝑡𝑎𝑛9°𝜋(2.5 + 𝑙 𝑡𝑎𝑛9°)           (6) 

We also calculated the relationship between the flow rate and time per unit cycle based on the flow formula of 

inlet and outlet high-pressure tubing, and drew the picture. 

{
 

 𝑀𝑖(𝑡) = 𝐶𝐴(𝑡)√
2∆𝑃

𝜌
 , 𝑖 = 1,2,3

∆𝑃 = 𝑃2 − 𝑃1                              
𝐴 = 𝑙 𝑡𝑎𝑛9°𝜋(2.5 + 𝑙 𝑡𝑎𝑛9°) 

              (7) 
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Fig. 4. Curve of the flow rate of the fuel injection port over time in a unit cycle. 

We perform polynomial fitting on the image, and the flow-time relationship expression obtained is as follows: 

𝑀(𝑡) = {

𝑀1(𝑡)

 𝑀2(𝑡) 

𝑀3(𝑡)
= {

−4932.5𝑡4 + 4252.9𝑡3 − 851𝑡2 + 57.77𝑡 − 0.78                0.2 𝑚𝑠 <  𝑡 < 0.45 𝑚𝑠
36.457                                                                                                  0.45 𝑚𝑠 ≤ 𝑡 ≤   2 𝑚𝑠     
284.1𝑡4 + 34708.89𝑡3 − 116128𝑡2 + 171872𝑡 − 94880    2 𝑚𝑠 <  𝑡 < 2 .25 𝑚𝑠

 (8) 

2.2 Inlet Flow: E(t) 

{
𝑥 = 𝜌𝑐𝑜𝑠𝜃
𝑦 = 𝜌𝑠𝑖𝑛𝜃

             (9) 

 

Fig. 5. Curve of cam in Cartesian coordinate system. 

The height difference between top and bottom dead center is the difference between the maximum and 

minimum polar diameters. Refer to Annex 1, the maximum pole diameter is 7.239 mm and the minimum pole 

diameter is 2.413 mm, so the height difference between top and bottom dead center is ∆ℎ = 4.826 𝑚𝑚 [7]. Since 

the plunger cavity has a residual volume of 20 mm3 when the plunger moves to top dead center, the height of the 

plunger cavity is 

𝐻 = ∆ℎ + 𝑉𝐼 𝜋𝑟
2⁄ = 4.826 + 20 𝜋 (

5

2
)
2

= 5.845 𝑚𝑚⁄                    (10) 

The rotation of the cam drives the plunger to rise. In the process of the fuel pressure from 0.5 MPa to 100 MPa, 

the pressure in the high-pressure oil pump is less than or equal to the pressure in the high-pressure oil pipe, and 

the oil in the plunger cavity will not be pumped out. Therefore, the quality of the fuel is constant. 
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{
 
 
 

 
 
 
𝑚1 = 𝑚2                                               

𝜌1 =
𝑚

𝑉1
                                                    

𝜌2 =
𝑚

𝑉2
                                                    

𝑉1 = 𝑆ℎ1                                                
𝑉2 = 𝑆ℎ2                                                

𝑙𝑛𝜌 = −0.1715𝑒−0.0039𝑃 − 0.0464

                     (11) 

Obtain: 

{

𝜌0.5𝑀𝑃𝑎 = 0.8042  𝑚𝑔 𝑚𝑚3⁄

𝜌100𝑀𝑃𝑎 = 0.85  𝑚𝑔 𝑚𝑚3⁄

ℎ2 = 5.530 𝑚𝑚                   

         (12) 

When the fuel height is h2 and the cam pole angle is 3.66rad, the pressure reaches 100 MPa, and the high-

pressure oil pump starts to supply oil to the high-pressure oil pipe. After that, the pressure in the oil pump before 

the plunger rises to top dead center is considered to be constant at 100 MPa. 

The difference between h2 and the top stop is the fuel height (ℎ) of 100 MPa within one working cycle of the 

cam. We substituted "ℎ" into the volume formula and got the volume of fuel that can be compressed to a pressure 

of 100 MPa in the plunger cavity during one cycle of cam operation. 

ℎ = ∆ℎ − ℎ2 = 4.421 𝑚𝑚         (13) 

𝑉 = 𝜋 (
𝑑

2
)
2

ℎ           (14) 

The volume value is 89 mm3. 

 

Fig. 6. Height in the plunger in different states. 

When the fuel in the plunger cavity reaches 100 MPa, the oil is pumped into the high-pressure oil pipe. As can 

be seen from Figure 1, port C is in communication with port A, and the mass of fuel passing through port C and 

port A remains unchanged. 

𝜌𝑆𝐴𝑣𝐴𝑡 = 𝜌𝑆𝐶𝑣𝐶𝑡          (15) 

So the flow through port A is equal to the flow through port C. 

𝐸(𝑡) = 𝑆𝐶𝑣𝐶            (16) 

It can be seen from the data that the relationship between the cam angular velocity and the plunger rising speed 

[10] is 
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𝑣1(𝑡) = 𝑤(𝑡) 𝑟𝑡𝑎𝑛𝛼          (17) 

(r is the pole diameter and α is the angle between the pole diameter at a point on the cam edge and the normal.) 

 

Fig.7 Relationship between ’ ’and . 

In the figure, 𝑙1 is the tangent to a point on the cam edge, and  𝑙2 is the normal to that point. Let the slopes of 𝑙1 

and 𝑙2  be 𝑘1 and  𝑘2 .Using the formula for calculating the slope in rectangular coordinate system and the 

relationship between the three angles in Fig. 7, we got： 

𝛽 = 𝛼 + 𝜃，𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛(−1 𝑘1⁄ ) − 𝜃        (18) 

Explanation: The above formula is the relation in the first quadrant. It is easy to get the formula in the second 

quadrant is 𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛(−1 𝑘1⁄ ) + 𝜋 − 𝜃. The formula in the third quadrant is 𝛼 = 𝜃−𝑎𝑟𝑐𝑡𝑎𝑛(−1 𝑘1⁄ ) − 𝜋. 

The formula in the fourth quadrant is 𝛼 = 𝜃 − 𝑎𝑟𝑐𝑡𝑎𝑛(−1 𝑘1⁄ ) − 2 𝜋. 

Let 𝜑 = 𝑟𝑡𝑎𝑛𝛼, α can be written as a function of 𝜃, 𝜑 changes with time period, so 𝜑 is a function of 𝜃 (rad) 

and t(ms). (3.66 rad < θ < 6.28 rad.) We draw the picture of 𝜑 − 𝜃 and fit the function relation between 𝜑 and 𝜃. 

φ = 20.3265 − 26.4007𝜃 + 10.7781𝜃2   − 1.69306𝜃3 + 0.08981𝜃4     (19) 

 

Fig. 8. Curves of φ over θ in a unit cycle. 

2.3 Find the Angular Velocity of the Cam Rotation 

We take the cycle of oil flow change as the common cycle of oil flow and oil flow change. It is 100 ms. When 

the cam rotates to a polar Angle of 3.66rad, it is denoted as the position at which the cam begins one cycle. The 

fuel injection flow is equal to the fuel inlet flow. 
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{
 

 
𝑣𝑐(𝑡) = 𝑤(𝑡)𝑟𝑡𝑎𝑛𝛼

𝜑[𝜃(𝑡)] = 𝑟𝑡𝑎𝑛𝛼

𝐸(𝑡) = 𝑆𝐶𝑣𝐶(𝑡)

𝐸(𝑡) − 𝑀(𝑡) = 0

          (20) 

Obtain: 

𝑆𝐶
𝑑𝜃

𝑑𝑡
𝜑[𝜃(𝑡)] = 𝑀(𝑡)          (21) 

The above formula can be used to determine the angular velocity of the cam during the injection process. 

According to attachment 1 [7], the rotation Angle of the cam without oil injection in one cycle is 3.66rad, and the 

time is about t = 100 - 2.05 = 97.95ms. (𝑡 = 100 − 2.05 = 97.95 𝑚𝑠). So the angular velocity without oil 

pumping in one cycle is 0.0373 rad/ms. In summary, the angular velocity (rad / ms) of the cam during the entire 

cycle is: 

𝑤 =
𝑑𝜃

𝑑𝑡
  

=

{
  
 

  
 

0.0373
−18.25𝑡4 + 72.18𝑡3 − 69.54𝑡2 + 30𝑡 − 2.81

75.15
−0.00587𝑡4 + 0.454𝑡3 − 2.31𝑡2 + 3.02𝑡 − 0.834

55.34
1764.08𝑡4 − 14841.75𝑡3 + 46816.39𝑡2 − 65622.37𝑡 + 34490.33

0.0373

        

 0 𝑚𝑠 ≪ 𝑡 ≪ 0.2 𝑚𝑠           
0.21 𝑚𝑠 ≪ 𝑡 < 0.44 𝑚𝑠

𝑡 = 0.44 𝑚𝑠
0.45 𝑚𝑠 ≪ 𝑡 < 2.0 𝑚𝑠

𝑡 = 2.0 𝑚𝑠
2.01 𝑚𝑠 ≪ 𝑡 < 2.25 𝑚𝑠
2.25 𝑚𝑠 ≪ 𝑡 ≪ 100𝑚𝑠

 (22) 

III. CONCLUSION 

In this article, we used Origin and MATLAB software to perform data processing, plotting, and programming 

calculations, and obtained the change law of the angular velocity of the cam when the flow values of the oil outlet 

and the oil inlet are completely equal. By controlling the velocity of cam rotation, the pressure inside the high-

pressure tubing can be kept stable at about 100MPa. The method in this paper ensures that the flow increment in 

the high-pressure oil tube is almost constant to zero in one cycle, making up for the defect of pressure wave caused 

by the constant angular velocity of cam rotation in the high-pressure oil tube, which damages the oil tube. In 

addition, the method in this paper can be applied to any pressure except 100MPa in the high-pressure tubing, and 

the universality is higher than that of this kind of engine before. However, the cam angular velocity obtained by 

the method in this paper is variable, which will have higher requirements on the device driving the cam rotation. 

Because of the periodicity of cam rotation, this paper proposes a mode of intelligent driving cam rotation. 
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