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Abstrakt – The purpose of the article is to develop a 

mathematical model of the power regulator using an A11VO 

axial-piston pump (Bosch Rexroth) as an example and determine 

the effect of pressure on the control process parameters. A 

mathematical model of the regulator was developed; a scheme for 

its solution in the Matlab-Simulink environment was suggested; 

dependencies of the spool movement (x1), piston (x2), transition 

time (t) and other parameters on the pressure in the pressure line 

(p) have been determined. The mathematical model of the 

regulator establishes the effect of pressure on control process 

parameters. When the pressure increases from 30 to 45 MPa, the 

regulator spool moves at a distance varying from 0.4 - 2.8 mm. 

The spool movement is proportional to the pressure. The piston 

movement is more sensitive to the change in pressure. It changes 

within the range of 3–19 mm, while the relationship is non-linear. 

The cylidner pressure and the ratio of rocker arms are 

proportional to the pressure and increase 1.5 times; the transition 

time of is expressed by a non-linear dependence and decreases 

two-fold. 

Keywords – volumetric hydraulic drive, adjustable axial piston 

pump, regulator, pressure in the pressure line. 

I. INTRODUCTION 

The adjustable hydraulic power drive is used in machines, 

including construction and road, forestry and agricultural ones. 

Large hydraulic machines have small dimensions and weight, 

high power density and torque output, reliable overload 

protection, and an independent layout. This makes a large 

hydraulic drive compact, manageable, and convenient [1-4]. 

Currently, the development of hydraulic drives is aimed at 

increasing its energy efficiency through the use of volumetric 

adjustable machines with hydraulic regulators. These are high-

tech systems that include the power section and the pump 

control system. The control functions are performed by 

regulators which can maintain constant pressure, change the 

pump flow, and limit power. 

II. METHODS AND MATERIALS 

The purpose of the article is to develop a mathematical 

model of the power regulator using an A11VO axial-piston 

pump (Bosch Rexroth) as an example and determine the effect 

of pressure on control process parameters. 

Figure 1 shows a regulator’s design scheme. 

 

 

 

 

The regulator consists of two-position spool 2, spring 1, 

rocker arms 4 with adjustable spring 3, piston 6 with plunger 5 

Fig. 1. Regulator design scheme: 
1 - spring; 2 - 2 position spool; 

3 - adjustable spring; 4 - rocker; 

5 - plunger; 6 - the piston; 7 - spring 
8 - cylinder; 9 –burden system; 10 - spring; 

11 - adjustable pump 

International Conference on Aviamechanical Engineering and Transport (AviaENT 2019)

Copyright © 2019, the Authors. Published by Atlantis Press. 
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

Advances in Engineering Research, volume 188

411



and spring 10, cylinder 8 with spring 7, rod system 9 

connecting piston 6 and cylinder 8 with inclined pump washer 

11. The outlet of pump 11 is connected to one of the lines of 

spool 2 and piston 6; cylinder 8 is connected to the drain 

through the second line of spool 2. 

At the initial moment, the pump outlet pressure is p = 0; 

under the action of adjustable spring 3 and rocker 4, spool 2 

moves to the extreme left position connecting cylinder 8 with 

the drain. Under the action of springs 7 and 10 and rod system 

9, piston 6 occupies an extreme right position where the 

inclined washer of pump 11 is in the minimum flow position. 

The piston outlet pressure is 0 <p <pnom is not sufficient to 

turn rocker 4 and release spool 2 from the action of adjustable 

spring 3; piston 6 remains in the maximum flow position. 

When the pump outlet pressure is p> rnom, plunger 5 

overcomes the force of adjustable spring 3; the force which 

tends to move it to the left begins acting. Since the cavity of 

cylinder 8 is connected to the tank, piston 6 overcoming the 

force of springs 7 and 10 moves to the extreme left position, 

and through the system of rods 9 transfers the inclined washer 

of pump 11 to the maximum flow position. The effort of 

plunger 5 is not enough to rotate rocker 4 and release valve 2 

from the action of adjustable spring 3. Therefore, piston 6 

remains in the maximum flow position. 

At the pump outlet pressure p> rnom, plunger 5 overcomes 

the force of adjustable spring 3; under the action of spring 1, 

spool 2 begins to move to the right, connecting the outlet of 

pump 11 with cylinder 8. 

Through rod system 9, the pressure in cylinder 8 and the 

force of springs 7 and 10 move piston 6 with plunger 5 to the 

right reducing the length of lower rocker arm 4. Due to the 

difference in moments created by plunger 5 and adjustable 

spring 3, rocker 4 turns counterclockwise and, overcoming the 

force of spring 1, moves spool 2 to its original position. 

Cylinder 8 is connected with the drain; piston 6 occupies a 

new equilibrium position corresponding to the reduced pump 

flow. Thus, when the pressure increases, the regulator reduces 

the pump flow rate not changing the pump power rate. 

III. RESULTS 

The works [7-11] are devoted to the mathematical 

description of elements of the volumetric hydraulic drive. 

Based on these studies, the operation of the regulator can be 

described by the following system of differential equations: 

 

  (1) 

        (2) 

                  (3) 

 

where   m1 - reduced mass of plunger 5 and rocker 4, kg; x1 – 

movement of plunger 5, m; р – pump outlet  pressure, Pa; S1 - 

cross-sectional area  of plunger 5, m2; c1(х) – stiffness of 

adjustable spring 3, N/m; l1- length of lower rocker arm 4, m; 

l2 - length of upper rocker arm 4, m; х2 – movement of piston 

6, m; k - coefficient of "fluid" friction, Ns/m; с0 – stiffness of 

spring 1, N/m; х0 – preloading of spring 1, m; m2 – reduced 

mass of piston 6, cylinder 8 and traction system 9, kg; p1 – 

cylinder pressure 8, Pa; S2 - cross-sectional area of piston 6, 

m2; S3 - cross-sectional area of cylinder 8, m2; c2 and с3 – 

stiffness of springs 7 and 10, N/m; k1 - coefficient of elasticity 

of the working fluid and the r wall material; µ - coefficient 

dependent on the shape of the flow area of the spool; b - 

height of the flow area of spool 2, m; ρ - working fluid 

density, kg/m 3; t – regulatory process time, sec. 

When developing the mathematical model, the following 

assumptions were made: 

- due to their small size, movements of the rocker are 

linear; 

- stiffness of spring 1 is sufficient for the joint indissoluble 

movement of the spool and the rocker; 

- adjustable spring 3 is non-linear. 

 - resistance of moving parts is taken into account by the 

coefficient of "fluid" friction. 

Equation (1) characterizes the joint movement of plunger 5 

and rocker 4; equation (2) describes the joint movement of 

piston 6, cylinder 8 and rod system 9; equation (3) determines 

the pressure in cylinder 8. 

To solve the system of equations in the Matlab-Simulink 

environment, a scheme shown in Figure 2 has been developed 

[12]. 

 
Fig. 2. Matlab-Simulink solution scheme 

The scheme contains 4 subsystems having their own inputs 

and outputs connecting the subsystem with other objects. The 

system input is the pressure whose values are specified in 

block 1. The output is the ratio of lengths of rocker arms 4, the 

movement of spool 2 and piston 6, the pressure in cylinder 8 

and other parameters reflected in block 2 and portable 

oscillators. 

Subsystem 1 (Fig. 3) forms the ratio of the arms and the 

movement of the upper arm in the regulation process. 

 

 
Fig. 3. Structure of subsystem 1 
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The subsystem inputs are as follows: 1 – movement of 

piston 6; 2 - pressure; 3 - movement of spool 2. The output are 

as follows: 1 and 4 - the ratio of lengths of rocker arms; 2 - 

plunger force; 3 - movement of the upper rocker arm. 

From the output of block 1, the difference between the 

initial length of the lower rocker arm and the movement of 

piston 6 is removed and fed to block 2, where the value 

reciprocal of the specified difference is formed. In block 5, 

multiplication by the length of the upper rocker arm makes it 

possible to determine the ratio of the arms; in block 4, it 

makes it possible to move the upper rocker arm. 

Subsystem 2 determines the vertical movement of plunger 

5. The input is the ratio of lengths of the rocker arms and the 

plunger force; the output is the plunger movement. 

In blocks 1-3, a nonlinear characteristic of adjustable 

spring 3 is formed. Multiplying it by the movement of the 

upper rocker arm in block 4, we can determine the resistance 

force of the latter. In block 5, the difference between the force 

of the plunger, the resistance of the adjustable spring and the 

“liquid” resistance to the movement of the plunger is formed 

(block 7). Taking into account the reduced masses of the 

plunger and the rocker (block 6), double integration (blocks 8 

and 9) and initial conditions (block 10 and 11), the output is 

the movement of the plunger. 

 

 

Subsystem 3 (Fig. 5) makes it possible to move piston 6, 

cylinder 8 and rod system 9. The subsystem inputs are 

pressure in the pressure line and cylinder 8; the outputs are 

the speed and movement of the piston, the pressure 

difference in the pressure line and cylinder 8. 

 

 

In block 4, the difference between the force of cylinder 8, 

the force of springs 7 and 10 (block 9), the force acting on 

piston 6 and its resistance to "fluid" friction (block 5) is 

formed. Taking into account the reduced masses (block 6), 

double integration (blocks 7 and 9), initial conditions (block 

10 and 11), the piston can be displaced. 

Subsystem 4 (Fig. 6) generates pressure in cylinder 8 

whose inputs are: 1 - movement of the spool 2; 2 - pressure 

difference in the pressure line and cylinder 8; 3 - the speed 

of movement of the piston. 

 
 

 

 

The chain of blocks 1-5 determines the flow of working 

fluid into cylinder 8 through the throttling slot of spool 2; 

blocks 6 and 7 determine the difference between the flow 

and consumption in cylinder 8; block 9 takes into account 

the coefficient of elasticity of the working fluid and the 

material of the regulator walls. After integration (block 9), 

taking into account the initial conditions (block 10 and 11), 

the pressure in cylinder 8 is formed at the output of the 

subsystem. 

Figure 7 presents a simulation fragment. 

 

 

 
 

 

 

 

 

At the initial ratio of the rocker arms k = 0.6 and the 

pressure p = 40 MPa, the regulator spool moves to the right 

(Figure 7-b) and opens the flow area through which the 

working fluid from the pressure line enters cylinder 8. The 

pressure rises to 2.25x105 Pa (Fig.7-g) and is transmitted 

through the system to piston 6 which moves at a distance of 20 

mm (Fig.7-c), reducing the pump flow and increasing the ratio 

Fig. 4. Structure of subsystem 2 

 

 

Fig. 5. Structure of subsystem 3 

 

 

Fig. 6. Structure of subsystem 4 

 

 

Fig. 7. The fragment of simulation results: a - the 

ratio of length of arms of the rocker 4; b - 
movement of the spool 2; c - movement of the 

piston 6; d - pressure in the cylinder 8 
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of the rocker arms to 0.9 (Fig. 7-a). In 0.8 seconds, the 

moments of forces on the rocker arms become balanced, and 

the spool returns to its original position connecting cylinder 8 

to the drain line and preventing further reduction of the pump 

flow. 

Pressure dependences of control process parameters (Fig. 

8) were determined using the mathematical model of the 

regulator. 

When the pressure increases from 30 to 45 MPa, the spool 

moves in the range of 0.4 - 2.8 mm. The displacement of the 

spool is proportional to the pressure, since characteristics of 

the adjustable spring are linear. 

The piston movement is more sensitive to pressure 

changes. When pressure changes in the specified interval, the 

piston moves at a distance of 3 - 19 mm. In this case, the 

dependence is nonlinear. 

 

  
 

 

 

 

Figure 9 shows the dependences of other parameters of the 

control process on the pressure in the pressure line. The 

pressure in cylinder 8 and the ratio of rocker arms 4 are 

proportional to the pressure in the pressure line. They increase 

1.5 times in the specified range, the transition time is 

expressed by a non-linear relationship and decreases two-fold. 

IV. CONCLUSION 

When the pressure increases from 30 to 45 MPa, the 

regulator spool moves in the range of 0.4 - 2.8 mm. The spool 

movement is proportional to the pressure. 

The piston movement is more sensitive to the change in 

pressure. It changes within the range of 3–19 mm, while the 

relationship is non-linear. The cylinder pressure and the ratio 

of arms of the rocker are proportional to the pressure in the 

pressure line and increase 1.5 times; the transition is expressed 

by a non-linear dependence and decreases two-fold. 
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Fig. 8. The dependence of spool movement 

  x1 and piston x2 on the pressure in the pressure 

  line p 

Fig. 9. The dependence of pressure p in cylinder 1, the 
ratio of arms of rocker k and transition time t on  

pressure p in the pressure line 
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