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Introduction. The durability and performance of hydraulic 
machines is determined through life tests. At that, various 
braking devices (mechanical, electric, hydraulic, etc.) are used 
for strength loading of the hydraulic motor, as a result of 
which a significant amount of energy is lost. This can be 
avoided if the method of rotational motion with energy recov-
ery is used during life tests. This approach is applicable for 
hydraulic pumps, motors, and hydraulic cylinders. 
Materials and Methods. A test bench is presented, the design 
of which provides recreation of the conditions most appropri-
ate for the field operation of hydraulic cylinders. In this case, 
energy recovery is possible. To solve the research problems, 
methods of mathematical modeling were used, the basic func-
tional parameters of the proposed design were calculated. The 
determination of the pressure increment at various points in 
the hydraulic system is based on the theory of volumetric ri-
gidity. When modeling the motion of the moving elements of 
the bench hydraulic system, the laws of rotor motion are used. 
Research Results. In the structure of the test bench, the cylin-
ders in question are located in the pressure main between the 
hydraulic pump and the hydraulic motor. This enables to sig-
nificantly reduce the bench itself and to save a significant 
amount of energy due to its recovery. A basic hydraulic dia-
gram of the test bench for piston hydraulic cylinders is pre-
sented, in which the operation of the moving elements of the 
system is shown. A mathematical modeling of the hydraulic 
system of the bench is performed. A kinematic diagram of the 
mechanism for transmitting motion between test cylinders is 
shown. 
Discussion and Conclusions. The system of equations present-

 Введение. Долговечность и работоспособность гидравли-
ческих машин определяется в результате ресурсных испы-
таний. При этом для силового нагружения гидравлическо-
го двигателя применяются различные тормозные устрой-
ства (механические, электрические, гидравлические и др.), 
в результате чего теряется значительное количество энер-
гии. Этого можно избежать, если при ресурсных испыта-
ниях использовать метод вращательного движения с реку-
перацией энергии. Такой подход применим для гидравли-
ческих насосов, моторов, а также гидравлических цилин-
дров. 
Материалы и методы. Представлен испытательный 
стенд, конструкция которого позволяет воссоздать усло-
вия, максимально соответствующие реальной эксплуата-
ции гидравлических цилиндров. При этом возможна реку-
перация энергии. Для решения задач исследования ис-
пользованы методы математического моделирования, 
рассчитаны основные функциональные параметры пред-
лагаемой конструкции. Определение приращения давле-
ния в различных точках гидравлической системы базиру-
ется на теории объемной жесткости. При моделировании 
движения подвижных элементов гидравлической системы 
стенда использованы законы движения ротора. 
Результаты исследования. В структуре испытательного 
стенда рассматриваемые гидроцилиндры размещены в 
напорной магистрали между гидронасосом и гидромото-
ром. Это позволяет существенно уменьшить сам стенд и 
сэкономить значительное количество энергии за счет ее 
рекуперации. Приведена принципиальная гидравлическая 
схема стенда для испытаний поршневых гидроцилиндров, 
в рамках которой показана работа подвижных элементов 
системы. Выполнено математическое моделирование гид-
равлической системы стенда. Показана кинематическая 
схема механизма передачи движения между испытуемыми 
цилиндрами. 
Обсуждение и заключения. Представленная в статье си-
стема уравнений показывает, каким образом определяется 
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ed in the paper shows how the increment of pressure at the 
selected nodal points of the energy recovery system is deter-
mined (in particular, how the increment depends on time, re-
duced coefficient of volumetric rigidity, operating fluid con-
sumption, and piston areas). The velocities of the hydraulic 
pistons are determined according to the kinematic scheme of 
the mechanical transmission of the bench. Thus it can be ar-
gued that, thanks to the solution presented in the paper, the life 
test results of hydraulic cylinders will adequately reflect their 
operation under rated duties. 

приращение давления в выбранных узловых точках си-
стемы рекуперации энергии (в частности, как приращение 
зависит от времени, приведенного коэффициента объем-
ной жесткости, расхода рабочей жидкости, площади 
поршней). Величины скоростей перемещения плунжеров 
гидравлических цилиндров определены согласно кинема-
тической схеме механической передачи стенда. Итоги 
исследования позволяют утверждать, что, благодаря пред-
ставленному в статье решению, результаты ресурсных 
испытаний гидравлических цилиндров будут адекватно 
отражать их работу при номи нальном режиме эксплуата-
ции. 

   
Keywords: piston hydraulic cylinders, test bench, testing, en-
ergy recovery, math modeling, kinematic motion transmission 
scheme. 
 

 Ключевые слова: поршневые гидравлические цилиндры, 
стенд, испытания, рекуперация энергии, математическое 
моделирование, кинематическая схема передачи движе-
ния. 

For citation: A.T. Rybak, et al. Theoretical background of 
hydraulic drive control system analysis for testing piston hy-
draulic cylinders. Vestnik of DSTU, 2019, vol. 19, no. 3, pp. 
242−249. https://doi.org/10.23947/1992-5980-2019-19-3-242-
249 

 Образец для цитирования: Теоретические основы 
расчета системы управления гидравлического привода 
стенда для испытаний поршневых гидравлических 
цилиндров / А. Т. Рыбак [и др.] // Вестник Дон. гос. техн. 
ун-та. — 2019. — Т. 19, № 3. — С. 242−249. https://doi.org/ 
10.23947/1992-5980-2019-19-3-242-249 

Introduction. One of the important stages of the machine-building production including the production of hy-
draulic machines is the end product qualification test [1]. 

The most significant (at the same time labor and energy consuming) tests are life time tests. They determine 
the durability and long-term intended operability. Life tests should be performed in the mode most closely approximate 
to the nominal conditions of hydraulic cylinders. In this case, various braking devices (mechanical, electrical, hydraulic 
and others) are used for power loading of the hydraulic motor, as a result of which a significant amount of energy is 
converted into heat. This is especially true for testing medium-duty and high-energy-rate hydraulic machines. 

As a result of an active search for a solution to the indicated problem, a life time test for rotary hydraulic ma-
chines with energy recovery is developed [2–4]. This approach provides significant savings when testing hydraulic 
pumps and hydraulic motors. Test methods with energy recovery are also developed for hydraulic cylinders [5–10]. The 
schemes described in [9, 10] make it possible to produce a bench tester for hydraulic cylinders operating mode fully 
compatible with their field work.  

Materials and Methods 
Problem formulation. A stand design is proposed that provides recreating conditions most closely resembling 

the field work of hydraulic cylinders. At that, energy recovery is possible, which reduces significantly its costs, espe-
cially during resource tests. To solve the research problems, mathematical simulation techniques were used, the basic 
functional parameters of the proposed design were calculated. 

Description of the test bench. The test bench for life time tests of piston hydraulic cylinders with energy re-
covery was developed on the basis of the previously proposed test method with energy recovery of rotary hydraulic 
volumetric machines [3, 4]. This solution implies that the hydraulic motor returns energy to the hydraulic pump shaft 
through the mechanical drive system. The tested hydraulic cylinders are located in the pressure line between the hydrau-
lic pump and the hydraulic motor [5, 6]. Such tests can reduce drastically the stand itself and save a significant amount 
of energy due to its recovery. 

The hydraulic circuit diagram of the test bench for piston hydraulic cylinders is shown in Fig. 1. 



ht
tp

://
ve

st
ni

k.
do

ns
tu

.ru

244

Vestnik of Don State Technical University. 2019. Vol. 19, no. 3, pp. 242–249.   ISSN 1992-5980 eISSN 1992-6006 
Вестник Донского государственного технического университета. 2019. Т. 19, № 3. C. 242–249.   ISSN 1992-5980 eISSN 1992-6006 

 

 

 
Fig. 1. Hydraulic circuit diagram of the stand for resource tests of piston hydraulic cylinders with energy recuperation 

Fig. 1 shows that the tested hydraulic cylinders C1 and C2 interconnected by a mechanical transmission MT3 
are installed between a hydraulic pump and a hydraulic motor. 

The stand operates as follows. The electric motor EM through the mechanical transmission MT1 drives the 
shaft of the hydraulic pump P. The energy transported by the actuation fluid is transferred by it along the hydraulic line 
1-2 to the input of the hydraulic distributor D, which directs it, for example, along the highway 4-5-6 to the piston cavi-
ty of the hydraulic cylinder C1. 

The hydraulic cylinder C1, through the mechanical transmission MT3, transfers the energy received from the 
actuation fluid to the rod of the hydraulic-cylinder C2, which, in this case, acts as a pump and transfers the energy of the 
actuation fluid located in its piston cavity. 

From the piston cavity of the hydraulic cylinder C2, the actuation fluid is fed through hydraulic line 12–13–
14–15–16 to the input of the hydraulic motor M, which converts the energy obtained from the actuation fluid into the 
shaft rotation energy. The rotation of the shaft of the hydraulic motor M through a mechanical transmission MT2 is 
transported to the shaft of the hydraulic pump P. MP2 transmission is designed so that the speed transmitted to the shaft 
of the hydraulic pump P from the shaft of the hydraulic motor M is slightly higher than the frequency with which the 
primary energy source (electric motor EM) rotates the hydraulic pump shaft. This helps to slow down the rotation of the 
shaft of the hydraulic motor M. As a result, the inlet pressure rises, and the safety valve SV2 opens. Pressure also in-
creases in the cylinders C1 and C2, which determines their operation in the corresponding mode.  

When the hydraulic cylinder (C1) rod is extended at full travel, a position change command is sent to the dis-
tributor D, and the actuation fluid supplied to the input of the distributor D from the hydraulic pump P is sent along the 
hydraulic line 9–8–7 to the rod cavity of the hydraulic cylinder C1. This causes a reverse movement of its piston, but 
the energy recovery system operates as in the forward stroke of the piston. 

Research Results 
Mathematical modeling of the hydraulic system of the stand. We are developing a mathematical model of 

the proposed recuperative system for testing piston hydraulic cylinders. As a basis, we use the theory of volumetric ri-
gidity [11–13] considering the given coefficients of volumetric s rigidity of hydraulic elements. This approach more 
accurately simulates a system resembling field conditions of hydraulic cylinders [14–19]. Under modeling hydraulic 
drives, special attention should be given to determining the reduced volumetric rigidity coefficient of hydraulic lines. Its 
value for metal pipelines is calculated according to well-known dependencies, and for high pressure hoses (HPH), it is 
determined experimentally [20, 21]. 

In accordance with the theory of volumetric rigidity, the equation of pressure increment at any point of the hy-
draulic system can be determined from the equation: 

𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑖𝑖 (∑ 𝑄𝑄вх𝑖𝑖 − ∑ 𝑄𝑄вых𝑖𝑖) 𝑑𝑑𝑑𝑑 ,

С1 С2 
MT3 

CV3 

  CV2 CV1 

CV5 

CV4 

DR 

SV1 

D 

MT2 

MT1 

 EM 

SV2 



M
ac

hi
ne

 b
ui

ld
in

g 
an

d 
m

ac
hi

ne
 sc

ie
nc

e

245

Vestnik of Don State Technical University. 2019. Vol. 19, no. 3, pp. 242–249.   ISSN 1992-5980 eISSN 1992-6006 
Вестник Донского государственного технического университета. 2019. Т. 19, № 3. C. 242–249.   ISSN 1992-5980 eISSN 1992-6006 

 

 

 
Fig. 1. Hydraulic circuit diagram of the stand for resource tests of piston hydraulic cylinders with energy recuperation 

Fig. 1 shows that the tested hydraulic cylinders C1 and C2 interconnected by a mechanical transmission MT3 
are installed between a hydraulic pump and a hydraulic motor. 

The stand operates as follows. The electric motor EM through the mechanical transmission MT1 drives the 
shaft of the hydraulic pump P. The energy transported by the actuation fluid is transferred by it along the hydraulic line 
1-2 to the input of the hydraulic distributor D, which directs it, for example, along the highway 4-5-6 to the piston cavi-
ty of the hydraulic cylinder C1. 

The hydraulic cylinder C1, through the mechanical transmission MT3, transfers the energy received from the 
actuation fluid to the rod of the hydraulic-cylinder C2, which, in this case, acts as a pump and transfers the energy of the 
actuation fluid located in its piston cavity. 

From the piston cavity of the hydraulic cylinder C2, the actuation fluid is fed through hydraulic line 12–13–
14–15–16 to the input of the hydraulic motor M, which converts the energy obtained from the actuation fluid into the 
shaft rotation energy. The rotation of the shaft of the hydraulic motor M through a mechanical transmission MT2 is 
transported to the shaft of the hydraulic pump P. MP2 transmission is designed so that the speed transmitted to the shaft 
of the hydraulic pump P from the shaft of the hydraulic motor M is slightly higher than the frequency with which the 
primary energy source (electric motor EM) rotates the hydraulic pump shaft. This helps to slow down the rotation of the 
shaft of the hydraulic motor M. As a result, the inlet pressure rises, and the safety valve SV2 opens. Pressure also in-
creases in the cylinders C1 and C2, which determines their operation in the corresponding mode.  

When the hydraulic cylinder (C1) rod is extended at full travel, a position change command is sent to the dis-
tributor D, and the actuation fluid supplied to the input of the distributor D from the hydraulic pump P is sent along the 
hydraulic line 9–8–7 to the rod cavity of the hydraulic cylinder C1. This causes a reverse movement of its piston, but 
the energy recovery system operates as in the forward stroke of the piston. 

Research Results 
Mathematical modeling of the hydraulic system of the stand. We are developing a mathematical model of 

the proposed recuperative system for testing piston hydraulic cylinders. As a basis, we use the theory of volumetric ri-
gidity [11–13] considering the given coefficients of volumetric s rigidity of hydraulic elements. This approach more 
accurately simulates a system resembling field conditions of hydraulic cylinders [14–19]. Under modeling hydraulic 
drives, special attention should be given to determining the reduced volumetric rigidity coefficient of hydraulic lines. Its 
value for metal pipelines is calculated according to well-known dependencies, and for high pressure hoses (HPH), it is 
determined experimentally [20, 21]. 

In accordance with the theory of volumetric rigidity, the equation of pressure increment at any point of the hy-
draulic system can be determined from the equation: 

𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑖𝑖 (∑ 𝑄𝑄вх𝑖𝑖 − ∑ 𝑄𝑄вых𝑖𝑖) 𝑑𝑑𝑑𝑑 ,

С1 С2 
MT3 

CV3 

  CV2 CV1 

CV5 

CV4 

DR 

SV1 

D 

MT2 

MT1 

 EM 

SV2 

Rybak A. T., et al. Theoretical background of hydraulic drive control system analysis for testing piston hydraulic cylinders 
Рыбак А. Т. и др. Теоретические основы расчета системы управления гидравлического привода стенда для испытаний 

 
where ∑ 𝑄𝑄вх𝑖𝑖 and ∑ 𝑄𝑄вых𝑖𝑖 are total input and output flow rate of the actuation fluid during the time dt coming out of the 
considered (i-th) volume of the system; 𝐶𝐶𝑖𝑖 is the reduced volumetric rigidity factor of the selected area of the hydraulic 
system.  

Conventionally, we will divide the hydraulic system of the bench (see Fig. 1) by nodal points. We assume vol-
ume of the hydraulic tank with atmospheric pressure as point 0, and write the equations for determining pressure at the 
selected nodal points. 

𝑑𝑑𝑝𝑝1 =  𝐶𝐶1( 𝑄𝑄Н −  𝑄𝑄1−2  − 𝑄𝑄1−3)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝2 =  𝐶𝐶2(𝑄𝑄1−2 − 𝑄𝑄2−4 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝3 =  𝐶𝐶3(𝑄𝑄1−3 − 𝑄𝑄КП1 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝4 =  𝐶𝐶4(𝑄𝑄2−4 − 𝑄𝑄4−5 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝5 =  𝐶𝐶5(𝑄𝑄4−5 − 𝑄𝑄5−6 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝6 =  𝐶𝐶п1(𝑄𝑄5−6 − 𝑣𝑣п1𝑓𝑓п)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝7 =  𝐶𝐶шт1(𝑣𝑣п1𝑓𝑓п.шт − 𝑄𝑄7−8 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝8 =  𝐶𝐶8(𝑄𝑄7−8 − 𝑄𝑄8−9)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝9 =  𝐶𝐶9(𝑄𝑄8−9 −  𝑄𝑄9−10)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝10 =  𝐶𝐶10(𝑄𝑄9−10 − 𝑄𝑄10−11)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝11 =  𝐶𝐶11(𝑄𝑄10−11 −  𝑄𝑄11−18 − 𝑄𝑄ОК4)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝17 =  𝐶𝐶17(𝑄𝑄ОК4 −  𝑄𝑄17−20 − 𝑄𝑄ОК2)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝20 =  𝐶𝐶20(𝑄𝑄17−20 −  𝑄𝑄20−19)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝19 =  𝐶𝐶шт2(𝑄𝑄20−19  −  𝑣𝑣п2𝑓𝑓п.шт)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝12 =  𝐶𝐶п2(𝑣𝑣п2𝑓𝑓п − 𝑄𝑄12−13 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝13 =  𝐶𝐶13(𝑄𝑄12−13 − 𝑄𝑄13−14)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝14 =  𝐶𝐶14(𝑄𝑄13−14 +  𝑄𝑄ОК3 − 𝑄𝑄ОК1)𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝15 =  𝐶𝐶15(𝑄𝑄ОК1 + 𝑄𝑄ОК2 − 𝑄𝑄15−16 )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝16 =  𝐶𝐶16(𝑄𝑄15−16 + 𝑄𝑄ОК5 − 𝑄𝑄КП2 − 𝑄𝑄М )𝑑𝑑𝑑𝑑 , 

𝑑𝑑𝑝𝑝18 =  𝐶𝐶18(𝑄𝑄11−18 + 𝑄𝑄М − 𝑄𝑄ДР − 𝑄𝑄ОК3 − 𝑄𝑄ОК5)𝑑𝑑𝑑𝑑. 

Here, dp1…dp5 are pressure increments at characteristic points of the pressure hydraulic line of cylinder C1 in the time 
dt; dp7 ... dp10 are pressure increments at characteristic points of the drain line of cylinder C1 in the time dt; dp11 ... 
dp18 are pressure increments at the characteristic points of the hydraulic energy recovery system including the hydrau-
lic cylinder C2 and hydraulic motor M, during the time dt; dp6 and dp7 are pressure increments in the piston and rod 
cavities of the hydraulic cylinder C1 during the time dt; dp12 and dp19 are pressure increments in the piston and rod 
cavities of the hydraulic cylinder C2 during dt; dp20 is pressure increment at the outlet of the rod cavity of the cylinder 
C2 during dt; C1 ... C5, C8 ... C11, C13 ... C18 and C20 are the reduced volumetric rigidity factors at the characteristic 
points of the bench hydraulic system; Cп1 and Cп2 are the volumetric rigidity factors of the piston cavities of the hydrau-
lic cylinders C1 and C2 [11–13]; Cшт1 and Cшт2 are the reduced volumetric rigidity factors of rod cavities of hydraulic 
cylinders C1 and C2 [11–13]; QН  is the hydraulic pump (P) capacity; QМ is the flow rate of the actuation fluid through 
the hydraulic motor M; QОК1… QОК5 are flow rates of the actuation fluid through the check valves CV1 ... CV5; 
QКП1 and QКП2 are the flow rate of the actuation fluid through the safety valves SV1 and SV2; Q1_3, Q1_2, Q2_4, Q4_5, Q5_6, 
Q7_8, Q8_9, Q9_10, Q10_11, Q11_18, Q19_20, Q13_14 are fluid flows in the corresponding sections of the bench hydraulic sys-
tem; ; 𝑣𝑣п1 and 𝑣𝑣п2 are piston velocities of the hydraulic cylinders C1 and C2, respectively; fп are piston areas of the 
tested hydraulic cylinders C1 and C2; fп.шт  are piston areas of the tested hydraulic cylinders C1 and C2from the side of 
the rod cavities. 

Flow rate values of the actuation fluid required to calculate the increment of pressure are determined from the 
formula: 
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𝑄𝑄𝑖𝑖 = μ𝑓𝑓√2
ρ |𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑖𝑖+1| ∙ sign(𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑖𝑖+1). 

Here, 𝑝𝑝𝑖𝑖 and 𝑝𝑝𝑖𝑖+1 are pressure values at the inlet and outlet of hydraulic resistances; f  is a clear area of the corre-
sponding resistance; μ is the drag coefficient; ρ is the fluid density. 

For sections of the hydraulic lines (linear hydraulic resistances), the reduced flow coefficient is determined 
from the formula: 

μ = μ𝑙𝑙 =  1

√λ𝑙𝑙
𝑙𝑙𝑙𝑙
𝑑𝑑𝑙𝑙

,

where dl and ll are the inner diameter and length of the corresponding section of the pipeline; λl is the pipe friction 
number of the pipeline section determined with account for the flow regime of the actuation fluid and the properties of 
the pipeline. 

The given volumetric rigidity factors of metal pipe wires are determined from the formula [11–13]: 

𝐶𝐶𝑙𝑙 = 4
π𝑑𝑑2𝑙𝑙  𝐸𝐸𝑓𝑓𝑓𝑓

1+𝑑𝑑
δ

𝐸𝐸𝑓𝑓𝑓𝑓
𝐸𝐸𝑓𝑓

 , 

where d and l are the diameter of the pipeline under study and its length; δ is the pipe wall thickness; Ef l and El are 
the elastic modulus values of the liquid and material of the pipeline wall. 

The reduced volumetric rigidity factor of the HPH and pipelines made of elastic materials should be deter-
mined experimentally [20, 21]. 

The pump performance is determined by its volumetric efficiency: 

𝑄𝑄Н =  𝑞𝑞НωН
2π  η0 , 

where qН is the hydraulic pump displacement; ωН is the rotational speed of the hydraulic pump shaft; η0 is the momen-
tary value of the pump volumetric efficiency.  

η0 = 1 − (1 − η0.𝑛𝑛𝑛𝑛𝑛𝑛) ∙ 𝑝𝑝Н
𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛

 . 

Here, η0.is the rated value of the pump volumetric efficiency (taken equal to the volumetric efficiency at the nominal 
pressure (PN) of the pump); pnom is rated working pressure (RWP) of the hydraulic pump; pН is the current pressure 
value at the pump outlet (pressure at point 1 of the hydraulic system). 

Simulation of the movement of moving elements of the stand hydraulic system. Values of operating gaps 
of the check valves are determined from the equation of motion of their gates: 

𝑑𝑑𝑣𝑣кл
𝑑𝑑𝑑𝑑 = 1

𝑚𝑚кл
 [𝑑𝑑кл

2

4  (𝑝𝑝1кл − 𝑝𝑝2кл) −  𝐹𝐹пр],             𝑑𝑑ℎкл
𝑑𝑑𝑑𝑑 = 𝑣𝑣кл, 

where vкл is the valve gate speed; mкл is the reduced valve gate mass; hкл is motion (size of the operating gap) of the 
valve gate; dкл is the valve bore diameter; Fпр is the spring impact on the valve gate; t is time. 

The law of rotor float of the hydraulic pump P and the hydraulic motor M is described by their motion equa-
tion: 

𝑑𝑑ωM
𝑑𝑑𝑑𝑑 = 1

JM
[𝑤𝑤M(𝑝𝑝1М − 𝑝𝑝2М) − 𝑀𝑀M], 

𝑑𝑑ωН
𝑑𝑑𝑑𝑑 = 1

J𝑃𝑃
(𝑀𝑀ЭД𝑖𝑖МП1 + 𝑀𝑀𝑀𝑀𝑖𝑖МП2 − 𝑤𝑤Н(𝑝𝑝1 − 𝑝𝑝ат)). 

Here, wМ, wН are characteristic volumes of the motor M and pump P, respectively; ωM and ωН are angular rotational 
velocities of the shafts of the hydraulic motor M and pump P; JН, JM are central moments of inertia of the rotors of the 
hydraulic pump and hydraulic motor; p1М is the pressure at the inlet of the hydraulic motor M; p2М is the pressure at the 
outlet of the hydraulic motor M; pат is the pressure at the inlet of the pump P (pressure in the tank taken equal to the 
atmospheric pressure); p1 is the pressure at the outlet of the hydraulic pump P; MЭД and MM are torques created by the 
electric motor and hydraulic motor, respectively; iМП1 and iМП2 are gearing ratios of mechanical transmissions MT2 
(from the shaft of the hydraulic motor to the shaft of the hydraulic pump H) and MT1 (from the shaft of the electric mo-
tor to the shaft of the hydraulic pump P), respectively. 

The mechanical transmission MT2 provides the ratio of the shaft speeds of the hydraulic motor M and the hy-
draulic pump P described by the formula: 
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𝑄𝑄𝑖𝑖 = μ𝑓𝑓√2
ρ |𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑖𝑖+1| ∙ sign(𝑝𝑝𝑖𝑖 − 𝑝𝑝𝑖𝑖+1). 

Here, 𝑝𝑝𝑖𝑖 and 𝑝𝑝𝑖𝑖+1 are pressure values at the inlet and outlet of hydraulic resistances; f  is a clear area of the corre-
sponding resistance; μ is the drag coefficient; ρ is the fluid density. 

For sections of the hydraulic lines (linear hydraulic resistances), the reduced flow coefficient is determined 
from the formula: 

μ = μ𝑙𝑙 =  1

√λ𝑙𝑙
𝑙𝑙𝑙𝑙
𝑑𝑑𝑙𝑙

,

where dl and ll are the inner diameter and length of the corresponding section of the pipeline; λl is the pipe friction 
number of the pipeline section determined with account for the flow regime of the actuation fluid and the properties of 
the pipeline. 

The given volumetric rigidity factors of metal pipe wires are determined from the formula [11–13]: 

𝐶𝐶𝑙𝑙 = 4
π𝑑𝑑2𝑙𝑙  𝐸𝐸𝑓𝑓𝑓𝑓

1+𝑑𝑑
δ

𝐸𝐸𝑓𝑓𝑓𝑓
𝐸𝐸𝑓𝑓

 , 

where d and l are the diameter of the pipeline under study and its length; δ is the pipe wall thickness; Ef l and El are 
the elastic modulus values of the liquid and material of the pipeline wall. 

The reduced volumetric rigidity factor of the HPH and pipelines made of elastic materials should be deter-
mined experimentally [20, 21]. 

The pump performance is determined by its volumetric efficiency: 

𝑄𝑄Н =  𝑞𝑞НωН
2π  η0 , 

where qН is the hydraulic pump displacement; ωН is the rotational speed of the hydraulic pump shaft; η0 is the momen-
tary value of the pump volumetric efficiency.  

η0 = 1 − (1 − η0.𝑛𝑛𝑛𝑛𝑛𝑛) ∙ 𝑝𝑝Н
𝑝𝑝𝑛𝑛𝑛𝑛𝑛𝑛

 . 

Here, η0.is the rated value of the pump volumetric efficiency (taken equal to the volumetric efficiency at the nominal 
pressure (PN) of the pump); pnom is rated working pressure (RWP) of the hydraulic pump; pН is the current pressure 
value at the pump outlet (pressure at point 1 of the hydraulic system). 

Simulation of the movement of moving elements of the stand hydraulic system. Values of operating gaps 
of the check valves are determined from the equation of motion of their gates: 

𝑑𝑑𝑣𝑣кл
𝑑𝑑𝑑𝑑 = 1

𝑚𝑚кл
 [𝑑𝑑кл

2

4  (𝑝𝑝1кл − 𝑝𝑝2кл) −  𝐹𝐹пр],             𝑑𝑑ℎкл
𝑑𝑑𝑑𝑑 = 𝑣𝑣кл, 

where vкл is the valve gate speed; mкл is the reduced valve gate mass; hкл is motion (size of the operating gap) of the 
valve gate; dкл is the valve bore diameter; Fпр is the spring impact on the valve gate; t is time. 

The law of rotor float of the hydraulic pump P and the hydraulic motor M is described by their motion equa-
tion: 

𝑑𝑑ωM
𝑑𝑑𝑑𝑑 = 1

JM
[𝑤𝑤M(𝑝𝑝1М − 𝑝𝑝2М) − 𝑀𝑀M], 

𝑑𝑑ωН
𝑑𝑑𝑑𝑑 = 1

J𝑃𝑃
(𝑀𝑀ЭД𝑖𝑖МП1 + 𝑀𝑀𝑀𝑀𝑖𝑖МП2 − 𝑤𝑤Н(𝑝𝑝1 − 𝑝𝑝ат)). 

Here, wМ, wН are characteristic volumes of the motor M and pump P, respectively; ωM and ωН are angular rotational 
velocities of the shafts of the hydraulic motor M and pump P; JН, JM are central moments of inertia of the rotors of the 
hydraulic pump and hydraulic motor; p1М is the pressure at the inlet of the hydraulic motor M; p2М is the pressure at the 
outlet of the hydraulic motor M; pат is the pressure at the inlet of the pump P (pressure in the tank taken equal to the 
atmospheric pressure); p1 is the pressure at the outlet of the hydraulic pump P; MЭД and MM are torques created by the 
electric motor and hydraulic motor, respectively; iМП1 and iМП2 are gearing ratios of mechanical transmissions MT2 
(from the shaft of the hydraulic motor to the shaft of the hydraulic pump H) and MT1 (from the shaft of the electric mo-
tor to the shaft of the hydraulic pump P), respectively. 

The mechanical transmission MT2 provides the ratio of the shaft speeds of the hydraulic motor M and the hy-
draulic pump P described by the formula: 
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ωM =  ωН𝑖𝑖МП2.

Simulation of the stand mechanical schematic. To determine the hydraulic piston velocities, we consider the 
kinematic scheme of the mechanical transmission of the MT3 bench (Fig. 2). 

 
Fig. 2. Kinematic scheme of motion transmission mechanism between the tested cylinders 

The transmission works as follows. Bodies of the hydraulic cylinders C1 (Lц1) and C2 (Lц2) are pivotally 
mounted at the points G1 and G2, respectively, and their pistons are pivotally connected at the points B1 and B2 to the 
rocker arm with a rotation axis at the point A. 

Assume that the leading hydraulic cylinder (hydraulic engine) is the hydraulic cylinder Lц1, and the working 
cylinder (hydraulic pump) is the hydraulic cylinder Lц2. The hydraulic piston speed Lц1 is set according to the flow rate 
Q5_6 of the actuation fluid entering its piston cavity. Then, its piston speed can be determined from the formula: 

𝑣𝑣ц1 =  𝑄𝑄5_6
𝑓𝑓п

 . 

The hydraulic piston motion LЦ1 is transmitted through the pivot B1 to the rocker arm AD which rotates around 
the point A. Having decomposed the joint speed B1 into radial 𝑣𝑣𝑟𝑟1 and tangential 𝑣𝑣𝑟𝑟1, we determine the value of the tan-
gential component: 

𝑣𝑣τ1 = 𝑣𝑣ц1 ∙ Sinβ1 . 
Then the angular velocity ωAD of rotation of the rocker arm AD can be determined from the expression: 

ω𝐴𝐴𝐴𝐴 = 𝑣𝑣𝜏𝜏1
𝑟𝑟1

 , 

where r1 is the length of the radius connecting the point A of the rocker arm rotation with the pivot B1. 

The motion of the piston of the hydraulic cylinder Lц1 is transmitted through the rocker arm AD to the piston of 
the hydraulic cylinder Lц2 connected to the rocker arm AD through the pivot B2. In this case, the tangential velocity of 
the pivot B2 is determined from the formula: 

𝑣𝑣𝜏𝜏2  = 𝑟𝑟2 𝜔𝜔𝐴𝐴𝐴𝐴 , 
where r2 is the length of the radius connecting the point A of the rocker arm rotation with the pivot B2. 

Projecting the tangential velocity of the pivot B2on the direction of piston motion of the hydraulic cylinder Lц2, 
we determine the speed of its movement: 

𝑣𝑣ц2 = 𝑣𝑣𝜏𝜏2
𝑆𝑆inβ2

 . 

The angles β1 and β2 are determined according to the law of cosines from the triangles AG1B1 and AG2B2, re-
spectively: 

Cosβ1 =  𝐿𝐿ц1
2 + 𝑟𝑟1

2 − 𝐿𝐿1
2 

2𝐿𝐿ц1𝑟𝑟1
 , 

Cosβ2 =  𝐿𝐿ц2
2 + 𝑟𝑟2

2 − 𝐿𝐿2
2  

2𝐿𝐿ц2𝑟𝑟2
 . 
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Here, 𝐿𝐿ц1 and 𝐿𝐿ц2 are distances between axes of attachment of the respective hydraulic cylinders to the stand frame and 
to the rocker arm considering the degree of extension of their pistons; L_1 and L_2 are distances between the axis of 
rotation of the rocker arm and the attachment points of the pivots of the hydraulic cylinders bodies to the stand frame. 

Discussion and Conclusions. The system of equations presented in the paper shows how the pressure incre-
ment at the selected nodal points of the energy recovery system is determined (in particular, how the increment depends 
on the time, the reduced volumetric rigidity factor, the flow rate of the actuation fluid, and the area of pistons). The mo-
tion velocities of the hydraulic pistons are determined according to the kinematic scheme of the stand mechanical 
transmission. The study findings show that, thanks to the solution presented in the paper, the results of the life tests of 
hydraulic cylinders will adequately reflect their operation under the rated duties. 

References  
1. Nikitin,O.F. Nadezhnost', diagnostika i ekspluatatsiya gidroprivoda mobil'nykh ob''ektov. [Reliability, di-

agnostics and operation of hydraulic drive of mobile objects.] Moscow: Bauman University Publ. House, 2007, 312 p. 
(in Russian). 

2. Bashta, T.M. et al. Gidravlika, gidromashiny i gidroprivody. [Hydraulics, hydraulic machines and hydraulic 
drives.] Moscow: Mashinostroenie, 1982, 423 p. (in Russian). 

3. Ustyantsev, M.V. Povyshenie effektivnosti privoda stenda ispytaniy gidromashin vrashchatel'nogo 
deystviya: avtoref. dis. … kand. tekhn. nauk. [Improving the efficiency of the test bench drive of hydraulic machines 
of rotary action: Cand.Sci. (Eng.), diss., author’s abstract.] Rostov-on-Don, 2012, 18 p. (in Russian). 

4. Rybak, A.T. et al. Issledovanie rekuperativnoy gidromekhanicheskoy sistemy stenda ispytaniy ob''emnykh 
gidromashin. [Study on regenerative hydromechanical testing system of positive displacement hydraulic ma-
chines.] Vestnik of DSTU, 2011, vol. 11, no. 9 (60), pp. 1651–1661 (in Russian). 

5. Chukarin, A.N., et al. Rekuperatsiya energii pri ispytanii gidrotsilindrov. [Recuperation of energy at the 
test of hydrocylinders.] Vestnik RGUPS, 2009, no. 4, pp. 12–16 (in Russian). 

6. Chukarin, A.N., et al. Rekuperatsiya energii pri ispytanii porshnevykh gidrotsilindrov. [Energy recovery 
under testing piston hydraulic cylinders.] Innovatsionnye tekhnologii v mashinostroenii: sb. st. Mezhdunar. nauch.-
prakt. konf. [Innovative technologies in mechanical engineering: proc. Int. Sci.-Pract. Conf.] Rostov-on-Don: DSTU 
Publ. Centre, 2009, pp. 64–67 (in Russian). 

7. Rybak, A.T., Freint, S.A., Maznev, D.S. Modelirovanie i raschet stenda dlya ispytaniy plunzhernykh 
gidravlicheskikh tsilindrov. [Modeling and calculation of a bench for testing plunger hydraulic cylinders.] Sostoyanie i 
perspektivy razvitiya sel'skokhozyaystvennogo mashinostroeniya: tr. 10-y mezhdunar. nauch.-prakt. konf. 1–3 marta 
2017 g. [The state and prospects of development of agricultural engineering: Proc. 10th Int. Sci.-Pract. Conf., March 1-
3, 2017] Rostov-on-Don: DSTU Publ. Centre, 2017, pp. 692–695 (in Russian). 

8. Freint, S.A., Rybak, A.T. Matematicheskoe modelirovanie gidrosistemy stenda s uluchshennymi kharakter-
istikami. [Mathematical modeling of the hydraulic system bench with improved characteristics.] Sistemnyy analiz, up-
ravlenie i obrabotka informatsii: tr. VII mezhdunar. seminara 6–12 oktyabrya 2016 g. [System analysis, management 
and information processing: Proc. VII Int. Seminar, October 6–12, 2016] Rostov-on-Don: DSTU Publ. Centre, 2016, 
pp. 57–61 (in Russian). 

9. Rybak, A.T., Freint, S.A., Pelipenko, A.Yu. Modelirovanie gidromekhanicheskoy sistemy ispytatel'nogo 
stenda s rekuperatsiey energii. [Modeling of the hydromechanical system of a test bench with energy recovery.] 
Mekhanika, oborudovanie, materialy i tekhnologii: mat-ly Mezhdunar. nauch.-prakt. konf. 29–30 marta 2018 g. [Me-
chanics, equipment, materials and technologies: Proc. Int. Sci.-Pract. Conf., March 29-30, 2018] Krasnodar: PrintTerra, 
2018, pp. 163–169 (in Russian). 

10. Rybak, A.T., et al. Modelirovanie i issledovanie dinamiki privoda stenda ispytaniy gidravlicheskikh mashin 
vozvratno-postupatel'nogo deystviya. [Modeling and studying the dynamics of the drive test bench of reciprocating hy-
draulic machines.] Dinamika tekhnicheskikh sistem «DTS-2018»: sb. tr. XIV mezhdunar. nauch.-tekhn. konf. 12–14 
sentyabrya 2018 g. [Dynamics of technical systems “DTS-2018”: Proc. XIV Int. Sci.-Pract. Conf., September 12-14, 
2018] Rostov-on-Don: DSTU Publ. Centre, pp. 68–72 (in Russian). 

11. Boguslavskiy, I.V., Rybak, A.T., Chernavskiy, V.A. Nauchno-metodologicheskie osnovy proektirovaniya 
privodov tekhnologicheskikh mashin. [Scientific and methodological foundations for the design of drives of technological 
machines.] Rostov-on-Don: Institute of Management and Innovations of Aircraft Industry, 2010, 276 p. (in Russian). 

12. Rybak, A.T., Boguslavskiy, I.V. Sovershenstvovanie nauchno-metodologicheskikh osnov proektirovaniya 
sistem privodov tekhnologicheskikh mashin. [Improvement of the scientific-methodological design principles of the 
production machines drive systems.] Vestnik of DSTU, 2010, vol. 10, no. 2 (45), pp. 249–257 (in Russian). 



M
ac

hi
ne

 b
ui

ld
in

g 
an

d 
m

ac
hi

ne
 sc

ie
nc

e

249

Vestnik of Don State Technical University. 2019. Vol. 19, no. 3, pp. 242–249.   ISSN 1992-5980 eISSN 1992-6006 
Вестник Донского государственного технического университета. 2019. Т. 19, № 3. C. 242–249.   ISSN 1992-5980 eISSN 1992-6006 

 

 

Here, 𝐿𝐿ц1 and 𝐿𝐿ц2 are distances between axes of attachment of the respective hydraulic cylinders to the stand frame and 
to the rocker arm considering the degree of extension of their pistons; L_1 and L_2 are distances between the axis of 
rotation of the rocker arm and the attachment points of the pivots of the hydraulic cylinders bodies to the stand frame. 

Discussion and Conclusions. The system of equations presented in the paper shows how the pressure incre-
ment at the selected nodal points of the energy recovery system is determined (in particular, how the increment depends 
on the time, the reduced volumetric rigidity factor, the flow rate of the actuation fluid, and the area of pistons). The mo-
tion velocities of the hydraulic pistons are determined according to the kinematic scheme of the stand mechanical 
transmission. The study findings show that, thanks to the solution presented in the paper, the results of the life tests of 
hydraulic cylinders will adequately reflect their operation under the rated duties. 
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