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Abstract: Mobile machine hydraulic circuits tend to adopt 

electrohydraulics. Such hydraulic circuits are based on 
controlled pumps, modulated hydraulics, sensors and 

controllers. This allows adapting the hydraulic circuit 

operating modes to the changes of external conditions of the 

machine operation. Application of hydraulic circuits with 

electrohydraulics in mobile machines allows to use mobile 

machines efficiently with a high number of removable 

endangers, increases their performance and improves the 

quality of performed works.  The authors propose an adaptive 
hydraulic circuit for a mobile machine. The operation process 

in the adaptive hydraulic circuit in static and dynamic modes 

is determined by the interaction of the pump controller and 

pressure differential control valves. The hydraulic system 

operation stability, its fast response and readjustment are 

determined by the controller parameters. It has been revealed 

that the main parameters affecting the dynamic characteristics 

of the hydraulic system are: throttle area 𝑓0  and coefficient of 

𝑘𝑧 amplifying the pump controller orifice, dampener area 𝑓2  

and coefficient of 𝑘𝑦 amplifying the pressure differential 

control valve orifice. These parameters affect the stability, 

controlling and readjustment time in the hydraulic circuit 

differently. A functional including the values of controlling 

time 𝑡𝑝, σ controlling and losses 𝑁𝑦 in the pump controller 

was used as an optimization criterion. The optimization has 

been made according to the developed mathematical model 

applying the method developed by I. Sobol and R. Statnikov. 

During the optimization each controller parameter changed on 

3 levels. 81 tests were made and the best combination of 

controller parameters for the optimization criterion was 

determined. The following hydraulic circuit operation values 

were reached under the optimal values of parameters  𝑓0= 

1.0·10-6 m2, 𝑘𝑧= 1.0·10-3 m, 𝑓2= 1.2·10-6 m2, 𝑘𝑦 = 10·10-3 m:  

𝑡𝑝= 1.1 с, σ = 32 %, 𝑁𝑦 = 0.82 kW that comply with the 

requirements towards hydraulic circuits of mobile machines. 

 
Key words: mobile machine, adaptive hydraulic circuit, 

mathematical model, dynamic characteristics, optimization. 

 

1. INTRODUCTION 

 
The development trends of mobile machine hydraulic 

circuits are the transition to electro-hydraulic control, 

proportional hydraulic equipment and adjustable 

pumps [1-5]. Such hydraulic circuits enable to 

regulate values of pressures and flow rates to 
hydraulic motors in wide ranges. This creates an 

opportunity to ensure optimal speed of the actuating 

elements, and accordingly to increase the productivity 
of machines and the quality of work performed by 

them. Equipping of hydraulic circuits with 

electrohydraulic control with programmable 
controllers allows to provide adaptation of operating 

modes of hydraulic circuits to change of external 

conditions and loads. This enables to increase the 
accuracy of their work, reduce overload and power 

loss [6, 7]. Mobile machines with electrohydraulic 

circuits are used in a large number of different 
operations subject to the use of replaceable actuating 

elements. The most common replaceable actuating 

elements for mobile machines are: excavator, crane 
and drilling equipment, loaders, hydraulic hammers 

[8]. The use of replaceable actuating elements in 

different types of operations requires specific control 
algorithms for the electrohydraulic circuit. For 

example, in auger drilling operations, it is necessary 

to maintain a certain ratio between the auger rotation 
speed and its feed. This is due to the fact that the 

rotation speed and feed of the auger determine the 

productivity of soil disruption during drilling. The 
auger rotation frequency determines the productivity 

of loose rock transportation to the surface. If the 

productivity of soil disruption by the auger exceeds 
the productivity of transportation, a soil compaction 

is formed in the working zone of the auger, which 

will stop the process of rock transportation by the 
auger. The ratio defined in work [9] has to be 

maintained between the rotation speed and its feed by 

the controller of the adaptive electrohydraulic circuit. 
Hydraulic circuits with electro-hydraulic control 

based on the use adjustable pumps include pump 

regulators and differential pressure valves. These 
controllers work simultaneously for one control 
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object. In dynamic processes, complex processes of 

interaction take place between regulators, regulated 
pumps and the actuating element. They occur as 

unstable operating modes, large values of the 

adjustment and re-adjustment time, as well as power 
losses. To reduce the negative interaction 

developments of regulators in dynamic processes, it 

is necessary to optimize their parameters. A number 
of research works deals with the optimization of 

hydraulic circuits in mobile machines [5, 10]. 

Determining the optimal parameters of hydraulic 
circuits provides a significant improvement in the 

performance of mobile machines. A number of 

research works present the optimization results for 
the structure and design parameters, where a 

significant improvement in energy performance [11], 

as well as in accuracy and speed [12] is achieved. 
There are works in which the complex criteria, 

including requirements for static, dynamic and energy 

characteristics, determine the optimal values for the 
design parameters of pump regulators and flow 

regulators that are part of adaptive electro-hydraulic 

circuits [8, 13].  
The research objective is to determine the optimal 

parameters for pump regulators and differential 

pressure valves, which are part of the adaptive 
electro-hydraulic circuit of a mobile machine on the 

basis of a criterion that includes requirements for 
static, dynamic and energy characteristics. 

 

2. ADAPTIVE ELECTRO-HYDRAULIC CIRCUIT 

FOR MOBILE MACHINES 

 

We consider the operation of an adaptive electro-
hydraulic circuit for a mobile machine [14]. The 

hydraulic circuit includes (Figure 1): adjustable pump 

1, distributors 3, 4, hydraulic cylinder 5, hydraulic 
motor 6, adjustable throttles 17, 18, valves 8, 7, 

controller 9, amplifiers 10, 11, sensors 12, 13, 14, 15, 

tank 16, and logic valve 28. The hydraulic circuit 
operates as follows. The adjustable pump 1 supplies 

the working fluid to the hydraulic motor 6 through 

the adjustable throttle 17, the valve 8, the distributor 
3 and simultaneously to the hydraulic cylinder 5 

through the adjustable throttle 18, the valve 7 and the 

distributor 4. The distributor 3 with manual control 
provides start, stop, and reverse of the hydraulic 

motor 6. The adjustable throttle 17 with 

electromagnetic control from the controller 9 
provides a change in the feed value Qn1, supplied by 

the pump 1 to the hydraulic motor 6. By changing the 

value of the area fx1 of the working window of the 
adjustable throttle, it is possible to control the rotation 

speed of the hydraulic motor 6. The sensors 12 and 

13 measure the pressure values at the inlet of the 
hydraulic motor 6 and transmits the corresponding 

signals to the controller 9. The working fluid from the 

pump 1 (feed Qn2) also enters the hydraulic cylinder 
5, determining the movement speed υc of its piston. 

The sensors 14, 15 measure the pressure values at the 

inlet of the hydraulic motor 5 and transmit the 
corresponding signals to the controller 9. The 

controller 9 forms an algorithm for controlling 

adjustable throttles 17 and 18 based on signals from 
sensors 12, 13, 14, and 15. This algorithm provides 

the optimal ratio between the rotation speed ωm and 
the piston movement speed υc of the hydraulic 

cylinder 4. The pressure рn1 at the outlet of the pump 

1 will be determined by the pressure рm or the 
pressure рс depending on their ratio. The larger 

pressure is fed to the adjustable pump 1 through the 

logic valve 28. The pressures рm and рс in turn 
depend on the value of the moment Мm on the shaft 

of the hydraulic motor 6 and the value of the load 

value Тc on the rod of the hydraulic cylinder 5. 

 

 
Fig. 1. Adaptive hydraulic circuit for a mobile machine 
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In Figure 2 is presented the design model of drives 

for the drilling auger which is a replaceable actuating 
element on the BAM-2014 machine. 

 

 
 

Fig. 2. Scheme of auger drives for drilling 

 
The drilling auger 1 is rigidly connected to the shaft 

of hydraulic motor 2, which is mounted on the arm 3 

of the excavator equipment. The auger drive is 
provided by a separate adjustable pump; the auger 

speed varies according to the controller signal 

supplied to the hydraulic motor drive distributor. 
Special adapters are used to install the hydraulic 

motor with an auger on the arm. The drilling auger 

feed is provided by the hydraulic cylinder 5 of the 
arm drive. The hydraulic cylinder 5 is driven by a 

separate adjustable pump.  

The mathematical model of adaptive hydraulic 

circuit (see Figure 1 and Figure 2) includes the 
following equations. The equation for the flow of 

hydraulic lines: between adjustable pump 1 and 

adjustable throttles 17, 18, equation (1); between the 
adjustable throttles and differential pressure valves, 

equation (2); between the distributing valve 3 and 

the hydraulic motor 6, equation (4); between the 
distribution spool 4 and the hydraulic cylinder 5, 

equation (3); between dampers and differential 

pressure valves, equations (6, 7); between the spool 
of the pump regulator 1 and the throttle, equation 

(7); between the damper and the plunger of the 

faceplate of pump 1, equation (8). The equation of 
moments acting on: the faceplate of pump 1, 

equation (9); the shaft of hydraulic motor 6, 

equation (12). The equation of forces acting on: 
pump regulator, equation (10); adjustable throttles, 

equation (14); differential pressure valve, equation 

(11). The equation of currents in control lines: from 
the pressure sensor 12 to the adjustable throttle 18, 

equation (15); voltage equation on the electromagnet 

windings of adjustable throttles 17 and 18, equation 
(16). The equation of moments acting on arm 3 

(Figure 2), equation (13). Dependence of the 

coefficient of compliance of the working fluid, 
rubber-metal pipes and the proportion of 

undissolved air, equation (17). Dependence of the 

cutting moment during drilling, equation (19) and 
axial force, equation (18), on the rotation frequency 

of the auger and its feed. 

 

𝜋𝑑7
2

4
𝑑8𝑘𝑛1𝑡𝑔𝛾1 − 𝑘𝑛𝑝𝑛1 = 𝑄𝑥1 + 𝑄𝑥2 + 𝜇𝑘𝑧𝑧1√

2|𝑝𝑛1−𝑝01|

𝜌
𝑠𝑖𝑔𝑛(𝑝𝑛1 − 𝑝01) + 𝛽𝑛𝑊𝑛1

𝑑𝑝𝑛1

𝑑𝑡
 (1) 

 

𝑄𝑥𝑖 = 𝑄𝑦𝑖 + 𝛽𝑊𝑦1
𝑑𝑝𝑦𝑖

𝑑𝑡
+ 𝜇𝑓𝑖√

2|𝑝𝑦𝑖−𝑝𝑔𝑖|

𝜌
𝑠𝑖𝑔𝑛(𝑝𝑦1 − 𝑝𝑔1)  (2) 

 

𝑄𝑦𝑖 = 𝑄𝜐𝑖 + 𝛽𝑊𝜐𝑖
𝑑𝑝𝜐𝑖

𝑑𝑡
    (3) 

 

𝑄𝜐1 =
2𝜋𝜔𝑚𝑞𝑚

𝜂1
+ 𝛽𝑛𝑊𝑚

𝑑𝑝𝑚

𝑑𝑡
    (4) 

 

                𝑄𝜐2 =
𝜋𝑑𝑐𝜐𝑠𝑛𝑙1cos𝛼2

4𝑙1cos𝛼1cos𝛼3
+ 𝛽𝑛𝑊𝑐

𝑑𝑝𝑐

𝑑𝑡
    (5) 

 

𝜇𝑓𝑖√
2|𝑝𝑦𝑖−𝑝𝑔𝑖|

𝜌
sign(𝑝𝑦𝑖 − 𝑝𝑔𝑖) = 𝛽𝑛𝑊𝑔𝑖

𝑑𝑝𝑔𝑖

𝑑𝑡
+

𝜋𝑑𝑦𝑖
2

4
∙

𝑑𝑦𝑖

𝑑𝑡
  + (𝐴𝑦𝑝𝑔𝑖 + 𝐵𝑦𝑡° + 𝐶𝑦휀𝑏

2) (6) 

 

𝜇𝑘𝑧𝑧1√
2|𝑝𝑛1−𝑝01|

𝜌
sign(𝑝𝑛1 − 𝑝01) = 𝛽𝑊0

𝑑𝑝01

𝑑𝑡
+ 𝜇𝑓𝑒√

2|𝑝01−𝑝𝑒1|

𝜌
sign(𝑝01 − 𝑝𝑒1) + 𝜇𝑓0√

2𝑝01

𝜌
 (7) 

 

𝜇𝑓𝑒√
2|𝑝01−𝑝𝑒1|

𝜌
sign(𝑝01 − 𝑝𝑒1) = 𝛽𝑛𝑊𝑒

𝑑𝑝𝑒1

𝑑𝑡
− 𝑓4𝑙

𝑑𝛾1

𝑑𝑡
− (𝐴𝑒𝑝𝑒1 + 𝐵𝑒𝑡° +  𝐶𝑒휀𝑒

2)  (8) 
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𝐼1
𝑑2𝛾1

𝑑𝑡2 = 𝑝𝑛1𝑓5𝑙 − 𝑝𝑒1𝑓4𝑙 −
𝜋𝜌𝜈𝑘𝑑4𝑙4

0
𝑙2 𝑑𝛾1

𝑑𝑡
cos𝛾1 −

𝜋𝜌𝜈𝑘𝑑5𝑙5

𝑜
𝑙2 𝑑𝛾1

𝑑𝑡
cos𝛾1 + 𝑚0 + 𝑚1𝑄𝑛1 +          (9) 

+𝑚2𝑝𝑛1 + 𝑚3𝑄𝑛1
2 + 𝑚4𝑝𝑛1

2 + 𝑚5𝑝𝑛1𝑄𝑛1      

 

𝑚𝑝
𝑑2𝑧1

𝑑𝑡2 = 𝑝𝑛1
𝜋𝑑𝑝

2

4
− 𝑝𝑚

𝜋𝑑𝑝
2

4
− с(𝐻𝑝 + 𝑧1) −

𝜋𝜌𝜈𝑘𝑑𝑝𝑙𝑝

𝑝

𝑑𝑧1

𝑑𝑡
  (10) 

 

𝑚𝑦𝑖
𝑑𝑦𝑖

2

𝑑𝑡2 = 𝑝𝑔𝑖

𝜋𝑑𝑦𝑖
2

4
− 𝑝𝑦1

𝜋𝑑𝑦𝑖
2

4
− 𝑐𝑏(𝐻𝑦𝑖+𝑦𝑖) − (𝐴𝑔𝑖 + 𝐵𝑔𝑖𝑝𝑛𝑖 −

𝐷𝑔𝑖

𝑦𝑖
+

𝐸𝑔𝑖

𝑦𝑖
2 ) −

𝜋𝜌𝜈𝑘𝑑𝑦𝑖𝑙𝑦𝑖

𝑦𝑖

𝑑𝑦𝑖

𝑑𝑡
 (11) 

 

𝐼𝑚
𝑑𝜔𝑚

𝑑𝑡
= 𝑝𝑚𝑞 − 𝑏𝑚𝜔𝑚 − 𝑀𝑚 − 𝑀𝑝    (12) 

 

𝐼𝑐

𝑑2𝜑𝑐

𝑑𝑡2
= 𝑝𝑐

𝜋𝑑𝑐
2

4
𝑙1cos𝛼1 − (𝑇𝑐 + 𝑇𝑝sign𝜐𝑠𝑛)𝑙2

cos𝛼2

cos𝛼3
− (𝜋𝑑𝑐(𝑞0 + 𝑘𝑞𝑝𝑐) −  𝜋𝑑𝑠(𝑞0 + 𝑘𝑞𝑝𝑝)) ∙ 

∙ 𝑙1cos𝛼1 − ∑ 𝑀0𝑖        (13) 

 

𝑈1𝑘𝑚1 = 𝑐1(𝐻1 + 𝑥1);  𝑈2𝑘𝑚2 = 𝑐2(𝐻2 + 𝑥2)   (14) 
 

𝑝𝑚𝑘4𝐹𝑛𝐹𝑘(𝑈𝑝𝑚) = 𝑖𝑚2;   𝐹𝑘1𝑘𝑛 = 𝑖𝑚1   (15) 

 

𝑈1 = 𝐿𝑒
𝑑𝑖𝑚1

𝑑𝑡
+ 𝑖𝑚1𝑅𝑒;    𝑈2 = 𝐿𝑒

𝑑𝑖𝑚2

𝑑𝑡
+ 𝑖𝑚2𝑅𝑒   (16) 

 

𝛽𝑛 =
1

𝐸𝑝
+

𝑑𝑚𝑝

𝛿𝑚𝑝𝐸𝑚𝑝(𝑝)
 ;   𝐸𝑝 =

1

𝛽𝑝
= 𝐸𝑝0 =

𝑊𝑓/𝑊𝑎+1

𝑊𝑓/𝑊𝑎+(𝐸𝑝0𝑝0)/𝑝2  (17) 

 

𝑇𝑐 = 𝑘𝑛
2𝑒𝑄

𝜔𝑚√𝑅1
2+𝑅2

2
    (18) 

 

𝑀𝑚 = 𝐶1 (𝜐𝑠𝑛
2𝜋

𝑧𝜔𝑚
)

𝑐2

(
𝜋𝑅𝑐

2𝜐𝑠𝑛

𝜔𝑚
)    (19) 

 
where: 

𝑝𝑛1, 𝑝𝑚 ,  𝑝𝑐 , 𝑝𝑦𝑖 ,  𝑝0, 𝑝𝑒  [MPa] – pressures at the 

outlet of the pump 1, inlets of the hydraulic motor 6 

and the hydraulic cylinder 5, valve outlets, in the 

control circuit of the pump 1, in the servo cylinder of 
pump 1; 

𝑧𝑖 , 𝑥𝑖 , 𝑦𝑖 [m] –  position coordinates of the pump 

regulator, adjustable throttles, differential pressure 
valves; 

𝜔𝑚  [s−1], 𝜐𝑐 [m/s] – frequency of shaft rotation of the 

hydraulic motor 6 and piston speed of the hydraulic 
cylinder 5;  

γ1 [rad] – rotation angle of the faceplate of pump 1; 

𝑓0, 𝑓𝑒 , 𝑓𝑥𝑖 ,  𝐹7 [m2] – area of throttles in the pump 
regulator, area of pool valves of the adjustable 

throttles, area of pump pistons; 

𝑑𝑐 , 𝑑𝑠 , 𝑑𝑦𝑖 , 𝑑𝑧, 𝑑8 [m] – diameters of the piston and 

rod of hydraulic cylinder 5, pressure relief valves, 

pump regulator, diameter of the contact circle of 
pump pistons with the pump faceplate; 

𝑖𝑚𝑖 [A] – current magnitude in the windings of 

electromagnets; 

𝑘𝑚𝑖 [
kg⋅m

s2⋅V
] ,  𝑘4 [

V⋅m⋅s2

kg
] ,  𝑘1  – coefficients of force 

proportionality of electromagnets of adjustable 
throttles, pressure sensors, number of pistons in the 

pump 1;  

Le [H], Re [Ω] – inductance and active resistance of 
electromagnet windings; 

𝑐𝑧, 𝑐𝑦𝑖  [N/m] – spring tension of pump regulator and 

pressure drop valves; 

𝑇с  [𝑁], 𝑀𝑚 [Nm] – values of the reduced loads on the 

rod of hydraulic cylinder 5 and the shaft of hydraulic 

motor 6; 

𝑇𝑝 [𝑁],  𝑀𝑝 [Nm] – force and moment of friction on 

hydraulic motors; 

𝜇  – flow coefficient through throttle and spool 

elements; 

𝜌 [kg/m3] – density of the working fluid; l – arm of 
servo cylinders of pump 1; 

𝐼 , 𝐼𝑚 [kgm2] – inertia moments of pump faceplate and 

moving elements driven by the shaft of hydraulic motor 

6; 

𝑚𝑐 [kg] – mass of moving elements driven by the rod 

of hydraulic cylinder 5;  
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𝑊𝑛1, 𝑊0, 𝑊𝑚, 𝑊𝑦𝑖, 𝑊𝑐,  𝑊𝑒  [m3] – volumes of 

hydraulic lines at the outlet of pump 1, in the pump 

regulator, at the inlet of hydraulic motor 6, at the 

outlet of the pressure drop valves, at the inlet to 
hydraulic cylinder 5, between the throttle and the 

servo cylinder of pump 1; 

𝑛𝑛 [s-1] – shaft speed of pump 1; 

𝐹𝑘(𝑈𝑝𝑚) – transfer function of the controller for the 

signal supplied to the amplifier 10; 

𝐹𝑛 – transfer function of amplifiers; 

𝐹𝑘1 – transfer function of the controller for the signal 

transmitted to amplifier 11; 

𝐻𝑧 , 𝐻𝑦1 , 𝐻𝑦2 [m] – pre-compression of pump 

regulator springs and differential pressure valves; 

𝑚0 [N ∙ m],

𝑚1 [
kg

s∙m
] ,  𝑚2[m3],  𝑚3 [

kg

s∙m4
] ,  𝑚4 [

m4∙s2

kg
] ,  𝑚5 [

kg∙m

s
]  

– dependence coefficients of resistance moment on 

the faceplate of pump 1 on feed rate and pressure; 

𝛽𝑝 [
m∙s2

kg
] – reduced factor of pliability of the gas-

liquid mixture; 

𝛽𝑛 [
m∙s2

kg
]  – reduced factor of of pliability of rubber-

metal pipelines and gas-liquid mixture; 

𝑞𝑚 [m3] – working volume of hydraulic motor 6; 

U1, U2 [V] – voltage values on the electromagnets of 
adjustable throttles 17, 18; 

Uа1, Uа2 [V] – voltage values at the inputs of 

amplifiers 10 and 11; 

𝐸𝑝0, 𝐸𝑝, 𝐸𝑚𝑝(𝑝) [
kg

m∙s2
] – modulus of the working 

fluid elasticity, the reduced modulus of elasticity of 

the gas-liquid mixture and rubber-metal pipelines; 

𝛿 [m] – wall thickness of the pipeline; 

𝑊𝑓 [m3] – volume of liquid in the gas-liquid mixture 

at value of pressure p; 

𝑊𝑎 [m3] – volume of gas in the gas-liquid mixture at 
atmospheric pressure; 

𝐴𝑦 [
m4∙s

kg
] , 𝐵𝑦 [

m3

s⋅grad
] , 𝐶𝑦 [

m

s
] – coefficients in the 

dependences of leaks from the control chamber of the 

pressure drop valve; 

𝐴𝑒 [
m4∙s

kg
] , 𝐵𝑒 [

m3

s⋅grad
] , 𝐶𝑒 [

m

s
] – coefficients in the 

dependences of leaks from the chamber of the pump 

servo cylinder; 

𝜈𝑘 [m2/s] – kinematic viscosity coefficient of the 

working fluid; 

휀0, 휀𝑝 , 휀𝑦1, 휀𝑦2 [m] – radial gaps between the spool 

valves and servo cylinder housings, pump regulator, 

differential pressure valves; 

𝑙4, 𝑙5, 𝑙𝑝, 𝑙𝑦1, 𝑙𝑦2 [m] – contact length of spool valves 

and housings in pump servo cylinders, pump 
regulator, differential pressure valves; 

𝑏𝑚1 [kgm2] – damping coefficient of the hydraulic 

motor shaft;  

𝑞0 [kg/s2] – specific friction force in the hydraulic 

cylinder; 

𝑘𝑞 [m] – coefficient of specific friction force in the 

hydraulic cylinder; 

𝐶1 – parameter that depends on the properties of the 

soil; 

𝐶2 – parameter that depends on the type of tool;  
z – number of cutting blades of the tool; 

𝑅𝑐 [m] – pit diameter; 

𝑅1 [m] – diameter of the auger base; 

𝑘𝑛 – proportionality factor for axial force.  

Equations of mathematical model were solved by 
utilizing the Rosenbrock numerical method in 

MATLAB-Simulink environment with absolute 

accuracy of εа=10-6 and relative accuracy of εв=10-3.  
 

3. RESEARCH RESULTS AND OPTIMIZATION 

OF PARAMETERS FOR REGULATORS 
 

The required dynamic characteristics of an adaptive 

hydraulic circuit are provided by a selection of the 
corresponding values of constructive parameters of 

regulators. The dynamic characteristics of an adaptive 

hydraulic circuit are most affected by the parameters 
of the pump regulator, differential pressure valve and 

controller settings. The influence of the main 

parameters of regulators on dynamic characteristics is 
researched. The parameters varied in the following 

ranges: kz1 = (1…7)·10-3 m; bz1 = (5…200) kg/s; f01 

= (1…5)·10-6 m2; dp = (5…8)·10-3 m; fe = (1…3)·10-

6 m2; 𝑘𝑦2 = (5…30)·10-3 m; f2 = (0.8…2.0)·10-6 m2;  

𝑑𝑦2 
= (10…20)·10-3 m. 

In the process of research, the change of design 

parameters of regulators was carried out as follows. 

One of the parameters varied in the corresponding 
range at three levels: minimum, average and 

maximum. In this case, all other parameters had 

constant values corresponding to their average values 
from the defined ranges. According to the calculated 

dependences of the variables 𝑝𝑚, 𝑝𝑐, 𝑝𝑛1, ωm, υс from 

time, the time for adjustment and re-adjustment was 

determined. The adjustment time 𝑡𝑝 was taken equal 

to the moment of entry of the variable 𝑝𝑛1 into the 

corridor ± 5 % of value 𝑝𝑛1 from the set value at the 

end of the transition process. The re-adjustment σ was 

determined as a dependence of 𝑝𝑛1 time. 

In Figure 3(a), the influence of parameters 𝑓2, 𝑑𝑦2, 

𝑘𝑦2 of the pressure drop valve 7 on the value of 

adjustment time 𝑡𝑝 is presented. Increasing the value 

of area 𝑓2 of throttle 28 increases the adjustment time 

𝑡𝑝, and increasing the value of the diameter 𝑑𝑦2 and 

the gain constant 𝑘𝑦2 of the working window of the 

differential pressure valve 7 reduces the adjustment 

time 𝑡𝑝. If it is necessary to reduce the control time 𝑡𝑝 

in the adaptive hydraulic circuit, the value of 𝑓2 = 
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(0.6…0.8)·10-6 m2, the values of 𝑑𝑦2 = (16…20)·10-3 

m, and the value of 𝑘𝑦2 = (25…30)·10-3 m should be 

selected. In Figure 3(b) the influence of parameters 

𝑓𝑒, 𝑓01, 𝑘𝑧1 of pump regulator 1 on the adjustment 

time 𝑡𝑝 is presented. Increasing the throttle area of 𝑓𝑒 

increases the adjustment time 𝑡𝑝, and increasing the 

gain constant 𝑘𝑧1 of the working window of regulator 

reduces the adjustment time of the regulator 𝑡𝑝. The 

value of the throttle area 𝑓01 should be chosen 

optimal from the considered range. If it is necessary 

to reduce the adjustment time 𝑡𝑝, it is recommended 

to choose the following values of the regulator 

parameters of pump 1 𝑓𝑒 = (1…2) ·10-6 m2, 𝑘𝑧1 = 

(3…5)∙10-3 m, 𝑓01 = (1.8…3.0)∙10-6 m2. 
 

 
(a) 

 
(b) 

Fig. 3. Influence of parameters of pressure difference 
valves (a) and pump regulator (b) on adjustment time in 

adaptive hydraulic circuit 

 

In Figure 4(a) is presented the influence of 

parameters 𝑓
2
, 𝑑𝑦2, 𝑘𝑦2 of the pressure drop valve 7 

on the value of re-adjustment time σ according to 

pressure 𝑝
𝑛1

. Increasing the value of area 𝑓
2
 of 

throttle 28 increases the value of readjustment σ, and 

increasing the value of diameter 𝑑𝑦2 reduces the 

value of readjustment σ. The effect of gain constant 

𝑘𝑦2 on readjustment σ is negligible. If it is necessary 

to reduce the value of readjustment σ, the value of 

𝑓2=(0.6…0.8)·10-6 m2, 𝑑𝑦2=(16…20)·10-3 m, 𝑘𝑦2 = 

=(25…30) ·10-3 m should be selected. 

In Figure 4(b), the influence of parameters 𝑓𝑒, 𝑓01, 

𝑘𝑧1 of pump regulator 1 on the re-adjustment value σ 

according to pressure 𝑝𝑛1. Increasing the throttle area 

𝑓𝑒 and gain constant 𝑘𝑧1 increases the value of 

readjustment σ, and increasing the throttle area 𝑓01 

decreases the value σ. If it is necessary to reduce the 

value of readjustment σ, the following values of the 

controller parameters of pump 1 𝑓𝑒 = (2…3)10-6 m2, 

𝑘𝑧1 = (1…3)·10-3 m,  𝑓01 =  (3…4) ·10-6 m2 should be 

selected. 

The optimization of parameters for regulators 
according to the optimization criterion, which 

includes several indicators has been carried out for 

the adaptive hydraulic circuit. 
 

 
(a) 

 
(b) 

Fig. 4. Influence of parameters of pressure difference valve 

(a) and pump regulator (b) on readjustment value in 

adaptive hydraulic circuit 

 

The optimization criterion includes 3 indicators: 

adjustment time (weight factor 𝑘1= 0.3); readjustment 
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of the pump outlet pressure (weighting factor 𝑘2= 

0.3); power loss in the pump controller (weighting 

factor 𝑘3= 0.4):  

 

𝑘0
′ = 𝑘1

𝑡𝑝

𝑡𝑝
𝑚𝑎𝑥 + 𝑘2

𝜎

𝜎𝑚𝑎𝑥 + 𝑁𝑦
𝑁𝑦

𝑁𝑦
𝑚𝑎𝑥  (20) 

 
Optimization parameters and ranges of their change 

are presented in Table 1. 
 

 

 

The working processes in the adaptive hydraulic circuit 
at combination of all regulator parameters which 

changed at three levels were researched. A total of 81 

experiments were performed. The optimization criterion 

𝑘0
′  is calculated for each experiment; for some 

experiments it is presented in Table 2. 

The optimal combination of regulator parameters has 

been found at which 𝑘0
′  = 0.54 has the minimum 

value: 𝑓2= 1.2·10-6 m2, 𝑘𝑦2= 10·10-3 m, 𝑘𝑧= 1.0·10-3 

m, 𝑓0= 1.0·10-6 m2, with 𝑡𝑝 = 1.1 s, σ = = 32 %, 𝑁𝑦= 

820 W. 

Comparison of transient processes calculated with the 

use of the mathematical model for combining the 
parameters of regulators before and after optimization 

is shown in Figure 5. 

 

 
(a) (b) 

Fig. 5. The calculated transition process at the initial combination of parameters (a), at the optimal one (b) 
 

4. CONCLUSIONS 

 
The optimization has been made according to the 

developed mathematical model applying the method 

developed by I. Sobol and R. Statnikov. During the 
optimization each controller parameter changed on 3 

levels. 81 tests were made and the best combination of 

controller parameters for the optimization criterion 
was determined. The following hydraulic circuit 

operation values were reached under the optimal 

values of parameters 𝑓0= 1.0·10-6 m2, 𝑘𝑧= 1.0·10-3 m, 

𝑓2= 1.2·10-6 m2, 𝑘𝑦 = 10·10-3 m: 𝑡𝑝= 1.1 s, σ = 32 %, 

𝑁𝑦 = 820 W that comply with the requirements 

towards hydraulic circuits of mobile machines. 
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