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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-
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Beeoenue. J1onroBeyHOCTh U pabOTOCIIOCOOHOCTH THAPABIIH-
YECKUX MaIllMH ONPEAeISIETCS B Pe3yIbTaTe PECYPCHBIX MCIIBI-
taHuil. [Ipu 3TOM U1 CHIIOBOTO HArpyXEHUs THAPABIMIECKO-
TO JBUTATENs] NPUMEHSIOTCS Pa3IMYHBIE TOPMO3HBIE YCTpPOW-
cTBa (MEXaHUYECKHUE, DIICKTPUIECKUE, THAPABINIECKHE H JIp.),
B pe3yNIbTaTe YEro TepsieTCs 3HAUUTETbHOE KOJTUIECTBO SHEP-
IHU. DTOr0 MOXHO M30€XaTh, €CIIH MPU PECYPCHBIX HCIbITa-
HHSX UCITIONIB30BaTh METOJ BPAIIATEILHOTO JBHKEHHS C PEKy-
nepanuei sHepru. Takoil MOAX0x MPUMEHHM UIs THAPABIIH-
YECKHUX HACOCOB, MOTOPOB, a TaKKe I'MIAPABIMIECKHX LMIHH-
TIPOB.

Mamepuanvr u  memoowi. IlpencTaBieH HCIBITATENbHbIN
CTEHJI, KOHCTPYKIHS KOTOPOTO ITO3BOJISIET BOCCO3JAaTh YCIO-
BUSI, MAaKCUMAJIbHO COOTBETCTBYIOIME PEabHON 3KCILTyaTa-
I[MY THAPABINYECKHX IIIHHAPOB. [Ipn 3TOM BO3MOXHA peKy-
nepanus SHepruu. [ pemreHus 3a7ad MCCIIeOBaHUS HC-
MOJB30BaHBl  METOABI MaTEMAaTHYECKOTO MOJEIUPOBAHMS,
paccuuTaHbl OCHOBHBIE ()YHKIIMOHAIBHBIE MApaMETPHI Mpea-
naraemMoil koHcTpykiuu. OmpeneneHne NpHpalieHHus JaBie-
HUS B Pa3JIMYHBIX TOYKAX THAPABINYECKOH CHCTEMBI Oa3upy-
eTCsl Ha TEOpUH O0OBEMHOM >KecTKOCTH. [Ipu MopenupoBaHuU
JIBIDKEHHUS TTOJIBIDKHBIX 3JIEMEHTOB I'MIPABINYECKOI CHCTEMBI
CTEH/Ia CIIOTb30BAaHBI 3aKOHBI IBIDKEHUS POTOPA.
Pesynomamul uccredoéanus. B cTpyKType HCHBITaTENBHOTO
CTEeHJIa pPaccMaTpHUBaeMble THAPONMINHIPHI Pa3MEIICHB B
HAMOPHOM MarucTpaji MeXIy THMIPOHACOCOM U THAPOMOTO-
poM. DTO IMO3BOJSIET CYIIECTBEHHO YMEHBIIHTH CaM CTEH] U
COKOHOMHTH 3HAYUTEIHHOE KOJIMYECTBO PHEPIUH 3a CUET ee
pexynepauuu. [IpuBeneHa nmpUHLMIHAIBHAS THApaBIXYECKast
cXeMa CTeHJIa IS MCTBITaHNH TOPIIHEBEIX THIPONMIIHHAPOB,
B paMKax KOTOPOH NOKa3zaHa paboTa MOJBIKHBIX 3JEMEHTOB
CHCTEMBI. BBITIOTHEHO MaTeMaTHYeckoe MOJEIMPOBAHHUE THI-
paBiIH4ecKkoil cucreMmbl creHAa. Iloka3zaHa KHHeMaTHYeCKas
CXeMa ME€XaHu3Ma nepeaavyu ABMKEHUS MEXKAY UCTIBITYEMbIMU
IIIAHAPAMH.

Obcyscoenue u 3axmovenus. TIpencraBieHHas B CTaTbe CH-
CTeMa ypaBHEHHII IIOKa3bIBaeT, KAKMM 00pa3oM OIpeersieTCs
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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.

Keywords: piston hydraulic cylinders, test bench, testing, en-
ergy recovery, math modeling, kinematic motion transmission
scheme.
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NpHUpanieHie OaBICHUS B BBIOPAHHBIX Y3JIOBBIX TOYKaX CH-
CTEMBI PeKyIepaIuy SHepTruH (B YaCTHOCTH, KaK NMPUpPAILECHNUE
3aBUCHT OT BPEMEHH, NPUBEAEHHOro Koddduimenta oobeM-
HOW JKECTKOCTH, pacxoia pabouell >KUIKOCTH, IUIOIAAN
nopIuHei). BennauHbl cKopocTeil mepeMenieHus IyH:XepoB
TUIPABIMYECKUX LUIMHAPOB ONPENENICHbl COrTIACHO KHHEMa-
TUYECKOHW CXeMe MEXaHHYeCKOoN nepenauu creHnpa. Mrorm
HCCIIeI0BaHMs IO3BOJIAIOT YTBEPIXKIATh, UTO, Oraromaps npea-
CTaBICHHOMY B CTaTbh€ PELICHHIO, PE3yIbTaThbl PECYPCHBIX
UCTIBITAHUH THIPABIMYECKUX IHIMHIPOB OYyIyT aJeKBaTHO
OTpakaThb MX pabOTy IpH HOMH HAJIBHOM PEXHME DKCIUTyaTa-
IHUH.

Knrwoueswvie cnosa: NOPIIHEBBIC TUAPABINYCCKUE HUIIUHIPBLI,
CTCH/, UCHbITaHUA, PEKyNne€panus SHEPTUH, MATEMATUYCCKOC
MOJCIMPOBAHUE, KUHEMATHYECKasd CXE€Ma IIepeaadyu ABUXKE-
HUA.

Oobpazey oOna yumuposanus: TeopeTuueckue OCHOBBI
pacuera CHCTEMbl YIPABJICHHS T'MAPABIMYECKOIO IPHBOAA
CTeHAa Ul HCIHbITAaHUH TOPLIHEBBIX THIPABINYECKHX
murHapos / A. T. Peibak [u np.] / BectHuk JloH. TOC. TEeXH.
yH-Ta. — 2019. — T. 19, Ne 3. — C. 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.
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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 C/ and C2 interconnected by a mechanical transmission M73
are installed between a hydraulic pump and a hydraulic motor.

The stand operates as follows. The electric motor EM through the mechanical transmission M7/ 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 C/, through the mechanical transmission M73, 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 M72 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 C/ and C2, which determines their operation in the corresponding mode.

When the hydraulic cylinder (C7) 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 C/. 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:

dp =G (D Qi) Qui) dt,
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where Y Q,y; and Y. Qg are total input and output flow rate of the actuation fluid during the time df coming out of the
considered (i-th) volume of the system; C; 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.

dpr = G(Qu— Q12 — Q1-3)dt,
dps = C5(Q1-2 — Q24 )dt,
dps = C3(Q1-3 — Qm )dt,
dps = C4(Qa-4 — Q45 )dt,
dps = C5(Q4-5 — Q56 )dt,
dps = Ch1(Qs-6 — Vnafo)dt,
dp; = Cur1 (Vn1 fowr — Q7-g)dt,
dpg = Cg(Q7- — Qg-g)dt,
dpy = C9(Qg-9 — Qo-10)dt,
dpio = C10(Qo-10 = Qi0-11)dt,
dpi1 = €11(Qro0-11 — Q11-18 — Qoka)dl,
dpy7 = C17(Qoka — Q17-20 — Qok2)dt,
dpao = C20(Q17-20 = Q20-19)dt,
dp1g = Cur2(Q20-19 — Vnzfuur)dt,
dpiz = Co2(Vn2fu — Q12-13)dt,
dpiz = C13(Q1z-13 — Q13-14)dL,
dpis = C14(Q13-14 + Qoxz — Qox1)dt,
dpis = Ci5(Qok1 + Qoxz — Qis-16)dt,
dpis = C16(Q1s-16 T Qoks — Qxnz — Qm dt,
dpis = Cig(Qi1-18 + Qu — Qup — Qoxs — Qoxs)dt.

Here, dp;...dps are pressure increments at characteristic points of the pressure hydraulic line of cylinder C/ in the time
dt; dp7 ... dpl0 are pressure increments at characteristic points of the drain line of cylinder CI in the time dt; dpl1 ...
dpl8 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 df; dp6 and dp7 are pressure increments in the piston and rod
cavities of the hydraulic cylinder C/ during the time dt; dpl2 and dpl9 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; CI ... C5, C8 ... Cl11, CI3 ... C18 and C20 are the reduced volumetric rigidity factors at the characteristic
points of the bench hydraulic system; C,; and C,, are the volumetric rigidity factors of the piston cavities of the hydrau-
lic cylinders CI and C2 [11-13]; Cyyy and Cypo are the reduced volumetric rigidity factors of rod cavities of hydraulic
cylinders CI and C2 [11-13]; Qy is the hydraulic pump (P) capacity; Oy is the flow rate of the actuation fluid through
the hydraulic motor M; Qok;... Qoks are flow rates of the actuation fluid through the check valves CV1 ... CV5;
Oxmi and Oy, are the flow rate of the actuation fluid through the safety valves SVI and SV2; Q) 35, O1 2, 02 4, Q4 5, Os 6,
073, 039, Q9 10, Q10 11, Q11 18, Q19 20, O13 14 are fluid flows in the corresponding sections of the bench hydraulic sys-
tem; ; v,; and v,, are piston velocities of the hydraulic cylinders CI and C2, respectively; f; are piston areas of the
tested hydraulic cylinders C/ and C2; f; ., are piston areas of the tested hydraulic cylinders C/ 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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2
Qi =uf ’E |p; — Dival - sign(@; — pis1)-

Here, p; and p;,, are pressure values at the inlet and outlet of hydraulic resistances; f is a clear area of the corre-

sponding resistance; p is the drag coefficient; p is the fluid density.
For sections of the hydraulic lines (linear hydraulic resistances), the reduced flow coefficient is determined
from the formula:

where d; and /; are the inner diameter and length of the corresponding section of the pipeline; 2, 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]:

4 Ef
€ =— L
L TR LT
S Ej

where d and [ are the diameter of the pipeline under study and its length; & is the pipe wall thickness; E;; and E; 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:
_ quWH
Qu=——"To,
where gy is the hydraulic pump displacement; @y is the rotational speed of the hydraulic pump shaft; n, is the momen-

tary value of the pump volumetric efficiency.

PH
Mo =1—(1—Monom) p_

nom
Here, 1y is the rated value of the pump volumetric efficiency (taken equal to the volumetric efficiency at the nominal

pressure (PN) of the pump); p,,. is rated working pressure (RWP) of the hydraulic pump; p 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:

dv 1 [d? dh
— = % (pll(]l - pZKII) - an , d:ﬂ = Vkmr

dt myg,

where v, is the valve gate speed; m,, is the reduced valve gate mass; /,, is motion (size of the operating gap) of the
valve gate; d,, is the valve bore diameter; F,, is the spring impact on the valve gate; ¢ is time.

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

tion:
doy 1
dr = m W (@im — Pam) — My,
doy 1 . .
—— = —(Mspimn + Myivnz — Wy (D1 — Par))-
at  Jp

Here, wy, wy are characteristic volumes of the motor M and pump P, respectively; wy and wy are angular rotational
velocities of the shafts of the hydraulic motor M and pump P; Jy, Jyy are central moments of inertia of the rotors of the
hydraulic pump and hydraulic motor; py is the pressure at the inlet of the hydraulic motor M; p,y is the pressure at the
outlet of the hydraulic motor M; p,, is the pressure at the inlet of the pump P (pressure in the tank taken equal to the
atmospheric pressure); p; is the pressure at the outlet of the hydraulic pump P; M5y and M)y, are torques created by the
electric motor and hydraulic motor, respectively; iym and iy, are gearing ratios of mechanical transmissions M72
(from the shaft of the hydraulic motor to the shaft of the hydraulic pump H) and M7 (from the shaft of the electric mo-
tor to the shaft of the hydraulic pump P), respectively.

The mechanical transmission M72 provides the ratio of the shaft speeds of the hydraulic motor M and the hy-
draulic pump P described by the formula:



Rybak A. T., et al. Theoretical background of hydraulic drive control system analysis for testing piston hydraulic cylinders

Puvioak A. T. u op. Teopemuueckue ocroswl paciema cucmemsl ynpasieHus 2uOPagIULecKoz0 Npueooa cmenoa Onsa UCnbImanuil

Wy = Wyivmz-
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 C/ (Ly) and C2 (L) 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 4.

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

Ty
fu

The hydraulic piston motion Lyy; is transmitted through the pivot B, to the rocker arm AD which rotates around
the point 4. Having decomposed the joint speed B; into radial v,; and tangential v,;, we determine the value of the tan-
gential component:

Utl = vLIl - SlnBl .

Then the angular velocity ®ap of rotation of the rocker arm 4D can be determined from the expression:
VU1

Wgpp = ——
r

where 7 is the length of the radius connecting the point 4 of the rocker arm rotation with the pivot B1.

The motion of the piston of the hydraulic cylinder L,; is transmitted through the rocker arm 4D to the piston of
the hydraulic cylinder L, connected to the rocker arm AD through the pivot B,. In this case, the tangential velocity of
the pivot B, is determined from the formula:

V2 =712 Wap
where r; is the length of the radius connecting the point A4 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 Ly,
we determine the speed of its movement:
v = 2
"2 Sing,
The angles B; and B, are determined according to the law of cosines from the triangles 4GB, and AG,B,, re-
spectively:
L2, +17 — I3
2Ly
12, + 7% — 13

2L,m

CosB; =
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Here, Ly; and L, 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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