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Abstract.  Hydraulic drives, which for the most part is multi-circuit and 
branched, are widely used in hydraulic drives of modern mobile equipment 
and technological equipment. To synchronize the operation of mechanisms 
driven by a single power mechanism, throttle flow dividers are used. The 
article discusses various options for the functioning of the hydrodynamic 
system, as well as the device of the throttle flow divider. The dynamics of 
the synchronous hydraulic system based on throttle dividers is presented and 
the design scheme is described.  The time integration of pressure values at 
various points, the values of movement and position of the moving element 
in space, the speed of movement in space and the values of velocities in real 

time and scale is carried out. The conclusion is made about the influence of 
system parameters on the selection of parameters of a suitable throttle flow 
divider.  

1 Introduction 

The complication of technological processes with increasing requirements for the accuracy 

of execution of executive movements, their consistency poses additional challenges to the 

developers of hydraulic drives [1-5]. Synchronization of the movements of the output links 

in an extensive multi-circuit hydromechanical system is complicated by both variable 

external loading and elastic properties of the hydraulic system itself. Many factors affecting 
the stability of the hydromechanical system do not allow at the initial stages of design to give 

an unambiguous answer about the degree of influence of one or another element included in 

the system [6-12]. 

The use of throttle flow dividers is an urgent solution to the issue of ensuring consistent 

control of hydraulic motors, regardless of the value of the applied load. [13-15]. 

2 Material and research methods 

The dynamics of the synchronous hydraulic system based on the DDP, the design scheme of 

which is shown in Figure 1, can be described by a number of differential equations [16-19].  
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Let's consider the sequence of operation of a hydromechanical system equipped with a 

throttle flow divider of a non-drone type.  

 

 

Fig. 1. Scheme of synchronous hydraulic system based on DDP 

Let's consider a special case when synchronized hydraulic branches are loaded the same 
way. That is, the load values are the same, the flow rates of the working fluid passing through 

the input resistances (3, 5) are also equivalent, and therefore the values of pressure losses in 

the system will be equal. In this case, the control chambers (2, 6) are subjected to pressures 

different from the auxiliary chambers (1, 7) for the same difference. The design of the throttle 

divider includes plungers (14, 9) with the same diameters; therefore, the working areas of the 

plungers are equal. As a consequence, the forces transmitted to the movable rod with a 

variable cross-section (4) from the pressure drop on them will also be the same. The 

regulating element will remain stationary, due to the opposite direction of these efforts. It 

should be borne in mind that pressure losses on variable hydraulic resistances (13, 10) of the 

flat valve type remain equal.  

Consider the second situation. In the case of an increase in the load on one of the hydraulic 

motors, for example M1 connected to the inlet (11), and on the other hydraulic motor (M2) 
connected to the outlet (12), remains unchanged, then such transformations will lead to a 

decrease in costs both in this branch and through the input resistance (5). Consequently, the 

value of the pressure drop in this section of the throttle divider will decrease, while the force 

from the pressure drop on the plungers (9) and (14) will also decrease accordingly. The 

control element will start moving and will attract a rod with a variable cross section (4) in the 

direction of closing the variable hydraulic resistance (13). As a result, the costs and 

resistances in the branches will increase, and the rotational speeds of the shafts of the 

hydraulic motors will synchronize. 

The increment of pressure at point 0 of the design scheme is determined by the equation 

𝑑𝑝0

𝑑𝑡
= 𝐶0(2𝑄 − 𝑄1 −𝑄2),          (1) 

where dp0 – the increment of pressure at point 0 of the design scheme over time dt; C0 – the 

reduced stiffness of the considered section of the pipe of the design scheme; Q – half of the 

flow rate at the input to the divider; Q1 and Q2 – expenses in the corresponding separated 

flows of the accident branches at the time under consideration.  
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𝑄1.2 = 𝜇1,2𝑓𝑖𝑛𝑡 ∙ √
2

𝜌
(𝑝0 − 𝑝1,2),          (2) 

where μ1,2 – the reduced consumption coefficient of the input sections of the branches; fint – 

the cross–sectional area of the input sections of the branches; p0 – the value of the pressure 

at the inlet to the throttle divider (0); p1,2 – pressure in front of the sensitive elements of the 

corresponding branches. 

The pressure increment at points 1 and 2 of the circuit is determined by the equation  

𝑑𝑝1,2

𝑑𝑡
= 𝐶1,2(𝑄1,2 ∓𝑄𝑟𝑏1,2 − 𝑄𝑐1,2) ,       (3) 

where dp1,2 – the increment of pressure at the corresponding points over time dt; С1,2 – the 

given hydraulic stiffness of the sections under consideration; Qpush1,2 – expenses through the 

bypass channels of the corresponding branches; Qc1,2 – expenses through the corresponding 

sensitive elements. 

𝑄𝑟𝑏1,2 = (𝑓𝑚𝑒1,2 − 𝑓𝑡𝑜𝑟𝑞)𝑣𝑟 ,         (4) 

𝑄𝑐1,2 = 𝜇𝑐1,2𝑓𝑐1,2√
2

𝜌
(𝑝1,2 − 𝑝3,4) ,            (5) 

where fme1,2 – the effective areas of the corresponding membrane elements of the regulatory 

elements of the DDP; fpush – the cross-sectional area of the pusher in its expanded part; vр – 

the speed of operation of the control element; μc1,2 and fc1,2 – the flow coefficient and the live 

cross-sectional area of the corresponding sensitive elements; p3,4 – the pressure at points 3 
and 4 of the design scheme, respectively, which are determined from the ratios. 

𝑑𝑝3,4

𝑑𝑡
= 𝐶3,4(𝑄𝑐1,2 ±𝑄𝑚𝑒1,2 −𝑄р1,2)    ,          (6) 

𝑄𝑚𝑒1,2 = (𝑓𝑚𝑒1.2 − 𝑓𝑜𝑡)𝑣р,            (7) 

𝑄р1,2 = 𝜇р1,2𝑓р1,2√
2

𝜌
(𝑝3,4 − 𝑝7,8),           (8) 

where dp3,4 – increment of pressure at points 3 and 4 of the calculation scheme over time dt; 

С3,4 – the given hydraulic stiffness of sections 3 and 4 of the design scheme; Qme1,2 – the flow 

of hydraulic fluid in the corresponding branches caused by a change in the position of the 

membrane elements; Qp1,2 – the flow of hydraulic fluid in the corresponding branches passing 

through the variable resistance of the regulator; fot – the area of the hole of the variable 

resistance of the regulator; μр1,2 and fр1,2 – the corresponding reduced flow coefficients and 

the area of the live sections of the drain hydraulic lines; p7,8 – pressure at points 7 and 8. 

The pressure derivatives at points 7 and 8 of the calculation scheme are determined by 

the formulas   

𝑑𝑝7,8

𝑑𝑡
= 𝐶7,8(𝑄р1,2 −𝑄𝑝1,2 ∓ 𝑄𝑡𝑜𝑟𝑞 ± 𝑄𝑜𝑡),          (9) 

𝑄𝑝1,2 = 𝑓𝑝1,2𝑣𝑝1,2,                   (10) 

𝑄𝑝𝑢𝑠ℎ = 𝑓𝑝𝑢𝑠ℎ𝑣р,                   (11) 

𝑄𝑜𝑡 = 𝑓𝑜𝑡𝑣𝑝  ,                   (12) 

where dp7,8 – the increment of pressure at points 7 and 8 of the calculation scheme over time 

dt; С7,8 – the reduced hydraulic stiffness of sections 7 and 8 of the design scheme; Qп1,2 – 

expenses in the piston cavities of the cylinders caused by the movement of the pistons; Qpush 

– flow caused by the movement of the regulator pusher; Qot – the flow rate caused by the 
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movement of the membrane elements of the regulator relative to the corresponding holes;  

fp1,2 and vp1,2 – the area of the pistons of the corresponding hydraulic cylinders and the speed 

of their movement at the time under consideration; fpush – cross-sectional area of the remote 

stem. 

The pressure at points 9 and 10 is determined from the conditions: 

if 

vrc1,2=0 то p9 = p7,  and  p10 = p8  , 

otherwise 

𝑝9 = 𝑝7 − 𝛥𝑝7−9𝑆𝑖𝑔𝑛(𝑣𝑝1),                (13) 

𝑝10 = 𝑝8 − 𝛥𝑝8−10𝑆𝑖𝑔𝑛(𝑣𝑝2),               
(14) 

where p9,10 – pressure at points 9 and 10 of the design scheme, respectively, Δp7-9 and Δp8-10 

– pressure losses in the considered areas. 

The pressure derivatives in the cavities of hydraulic cylinders with a rod are determined 

from the expressions 

𝑑𝑝11,12

𝑑𝑡
= 𝐶11,12(𝑄𝑠𝑡1,2− 𝑄sl1,2),                       (15) 

𝑄𝑠𝑡.𝑐1,2 = (𝑓𝑝1,2 − 𝑓𝑠𝑡1,2)𝑣𝑝1,2
,               (16)  

𝑄𝑠𝑙1,2 = 𝜇𝑠𝑙1,2𝑓𝑠𝑙1,2√
2

𝜌
(𝑝11,12 − 𝑝𝑎𝑡𝑚)

,              (17)

 

where Qst1,2 – the corresponding expenses in the cavities of hydraulic cylinders with a rod, 

when moving the pistons; Q sl1,2 – the corresponding flow rate in the drain branches of 

hydraulic cylinders;  fst1,2 – the cross-sectional areas of the rods of the corresponding 

cylinders; 𝜇𝑠𝑙1,2
 and 

𝑓𝑠𝑙1,2
 - the given coefficients of the flow of the drain hydraulic lines and 

the area of their live sections, respectively; p9,10 – pressure in the piston cavities of the 

corresponding hydraulic cylinders. 
The velocities of the moving elements of the system and their movement can be 

determined by the equation below. 

For hydraulic cylinders  

М1,2
𝑑𝑣1,2

𝑑𝑡
= 𝑓𝑝1,2𝑝9,10 − (𝑓𝑝1,2 − 𝑓𝑠𝑡1,2)𝑝11,12 − 𝐹1,2          (18) 

where М1,2 - corresponding masses of moving elements, given to the pistons of hydraulic 

cylinders; 2,1F  - corresponding forces applied to hydraulic cylinder pistons. 

The equation of motion of the regulating element allows you to determine the speed of its 

movement: 

𝑚рег
𝑑𝑣𝑟𝑒𝑔

𝑑𝑡
= (𝑓𝑚𝑒1.2− 𝑓𝑝𝑢𝑠ℎ)(𝑝5 − 𝑝6) + 𝑓𝑝𝑢𝑠ℎ(𝑝7 − 𝑝8) + 𝑓𝑜(𝑝8− 𝑝7) + 

+
1

2
(𝑓𝑜.𝑛𝑎𝑟 − 𝑓о)(𝑝4+ 𝑝8 − 𝑝3 − 𝑝7) + (𝑓𝑚𝑒1.2 − 𝑓𝑜.𝑛𝑎𝑟)(𝑝4− 𝑝3) +

𝜌

𝑓𝑜
(𝑄𝑟𝑒𝑔1

2 −𝑄𝑟𝑒𝑔2
2 ),        (19) 

where 
fme1.2 – the effective areas of the membrane elements are assumed to be the same for 

both branches, when they work in the "sluggish membrane" mode; fpush– the cross-sectional 

area of the pusher in its extended part; fо – the area of the holes of the seats of variable 

hydraulic resistances; fо.nar – the area of the saddles by outer diameter.
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3 Results and discussion  

In order to obtain changes in time in the pressure values at various points, the values of the 

displacement and position of the moving element in space, the velocity of movement in space 

and the values of velocities in real time and time, the above systems of equations were 

integrated. 

The obtained values of the change in the speed of the shafts of synchronized hydraulic 

motors are shown in the form of graphs in Figure 2. 

 

 
 

1. –  v1(t);  2. –  v2(t); 

Fig. 2. Time changes in the speeds of motion of synchronized hydraulic motors 

The following initial data were used for the calculations: the reduced mass of the first 

hydraulic cylinder is 400 kg and a force of 103N is applied to it; the reduced mass of the 

second hydraulic cylinder is 180 kg, and the force applied to it is 30103 N. 

Such characteristics of the system as functional parameters, design features, properties of 

the working fluid and so on significantly affect the output parameters of the hydrodynamic 

system. In turn, the proposed mathematical model allows them all to be taken into account, 

and the data obtained as a result of calculations form the basis of system optimization. 
Therefore, for the high-quality operation of the entire system as a whole, it is necessary 

to take a responsible approach to the selection of structural elements, and specifically to 

synchronize the system, use throttle flow dividers with appropriate dynamic characteristics. 

In general use of multithreaded flow separators allows for the synchronous operation of 

several parallel hydraulic systems powered by a single power source, with high accuracy, 

reliability and with minimal costs. 
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