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Abstract

In order to use only one hydraulic pump as two independent power source, to control
the differential cylinder with only one pump, the scheme of double acting axial piston
pump is put forward. There are two types of valve plate of the new double acting axial
piston pump. One is asymmetrical structure with three flowing distributing windows and
the other one is symmetrical structure with four flowing distributing windows. In paper,
the structure and parameters are deteremined for prototype by digital simulation. And
then two prototypes are tested. Although the results of the theoretical analysis are
similar, the testing results show that the pressure fluctuation and the noise level of the
symmetrical double acting axial piston pump with four flow distributing windows are
much lower than the asymmetrical one. The research has laid a theoretical foundation

for further promoting the using of the new double acting axial piston pump.

KEYWORDS: double-action axial piston pump, control loop, pressure fluctuation,

noise level

1. Introduction

The electric hydrostatic actuator adopts the axial piston pump with two flow distributing
windows to control the symmetrical double-rod hydraulic cylinders based on the close
circuit principle /1-3/. It has some disadvantages as follows: a larger axial space is
needed; the use of series redundant configuration will lengthen the axial dimension; the
use of differential cylinder may reduce the axial size and weight, but the two chambers
of a single-rod hydraulic actuator have different areas, so the flow needed by two
chambers are different, and some supplementary measures must be taken to balance

this flow difference, such as using a hydraulic transformer to compensate the



asymmetric volume flow of the single rod hydraulic cylinder /4/, using pilot-operated
check valve or solenoid valve to balance the flow/5-6/, and using two hydraulic pumps,
etc. /7/. These schemes mentioned above not only increase the complexity of the
hydraulic system but also decrease the system energy efficiency because of the
introduction of control valve. Thus, through changing the valve plate and cylinder block
structure of the existing axial piston pump, a double-acted axial piston pump that can
balance the asymmetric flow of a differential cylinder and can act as two independent

power sources is suggested.

2. Double-acting flow distributing principle

We know that double-acting vane pump has four flow distributing windows and every
circle pump suction and discharge twice. By referring to the double-acting vane pump
working principle, it can be extended to the axial piston pump, that make the axial
piston pump sucking and discharging oil twice during one circle. The valve plate of
double-acting axial piston pump has two configurations, one is the asymmetric
structure equipped with three flow distributing windows, and the other is the symmetric
structure equipped with four flow distributing windows. The structural principles and the

prototypes of two newly designed valve plates are shown in figure 1.
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Figure 1: Valve plate structure and photos of double-acting pump

The kidney ports situated on the same side of the valve plate are in parallel
arrangement. Both ends of each kidney ports are installed with a damping triangular
slot, so this pump can work reversible. In order to achieve parallel flow distributing and
balanced flow rate, the cylinder block of the pump must also be modified accordingly.
In order to reduce the flow ripple, the double-acting pump is designed with 10 pistons,
and the interval between two adjacent pistons is 36°. During each circle of cylinder
block, separately 5 pistons are connected to the flow ports C and D totally. To make
the cylinder block evenly stressed, the every two adjacent kidney slot at the bottom of
cylinder block, which corresponds to each cylinder bore, are staggered as shown in

figure 2. This configuration not only makes the cylinder block uniformly stressed, but



also avoid mutual interference between the suction port and discharge port. By
reference to the theories and methods in the literature /8/, simulation model for double-
acting axial piston pump can be established. Then the prototype can be manufactured

with the reasonable structural parameters calculated through simulation.

(a) Design model (b) Prototype photo

Figure 2: Cylinder three-dimensional design model and its picture

When the double-acting axial piston pump is working, the pistons rotate with the
cylinder block. In each circle, the outer pistons pass over the outer kidney ports on the
valve plate and absorb and discharge oil once, similarly, the inner pistons pass over
the inner kidney ports on the valve plate and absorb and discharge oil once too. In
addition, the pistons connected to inner and outer flow distributing windows can work
independently. Therefore, in each circle of the pump, there are two separate suction
and discharge processes, so is coaled double-acting piston pump. By adjusting the
number of pistons connected to inner and outer ports or the pitch circle diameter of the
inner and outer pistons, the discharge and suction flow rate of the inner and outer ports
can be regulated. In the case of three flow distributing windows, when the pistons pass
over the flow distributing port A, the flow within the chamber of inner and outer pistons

will be connected to each other, merging into one port.

3. Modelling and simulation

The flow ripple and pressure fluctuation are the two main factors causing the
undesirable noise and vibration of the pump, and they are critical to the application of
the designed pump. The double-acting axial piston pump has a different flow
distributing mode compared with the existing axial piston pump, especially for the flow
ports connected to the ports C and D, and only five plungers are used for oil suction
and discharge, so the flow fluctuations will be increased and the pump output
characteristics will be affected. Therefore, before manufacturing the prototypes, the
output characteristics of whole pump are modeled and simulated by simulation
package ITI SimulationX®. The structure of the valve plate, especially the structure and
size of damping slot are designed. The flow ripple and pressure fluctuation of piston

pump are predicted and analyzed through simulation.



3.1.Single piston flow distributing area

The overlapped part between the piston chamber and flow port in valve plate defined
as the flow area of an individual cylinder. Four kidney ports in the valve plate are
symmetrical, so the calculation methods for the flow area are the same. The radiuses
of pitch circles for two kidney ports on the same side are different. Ports A and B, and
C and D have the same phase positions respectively, while the phase difference
between ports A and C is n. The process of an individual piston passing over a flow

port can be divided into seven stages, as shown in figure 3.
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Figure 3: Variation of the flow area of an individual cylinder

The pitch circle radius of pistons movement is R, and the radius of kidney slot is r. The
structure of transition triangular slot at the end of kidney slot is shown in figure 4, the

bilge length is /, and the maximum cross section has a height of h, and a length of L.
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Figure 4: Position relationship the transition groove comparatively to rotor angle

The flow area A(gp) is a function dependent to the rotating angle of the cylinder block ¢,

and the formulas for A(p) and ¢ are derived as following:



a) As shown in figure 3(a), the cylinder bore is connected to the damping triangular

slot. The flow area A4(¢) is the cross-section triangle area, as shown in figure 4.

Al ((0) = Rzgolzlh/Lz O < ¢1 < ¢1max (1)

b) As shown in figure 3(b), the cylinder bore starts to be connected to the semi-circular
metering edge of the flow port. The flow area A,(¢) is equal to the largest cross-

sectional area of the transition triangular slot plus the bow-shaped area Sg.

A5(9) = A4 (Prmax) + SG1= A1 (Prmax) + 2(r% €087 (1= Rz (921 ma) /(27))) 2
- Sin COS_I (1 -R: (¢Z_¢1max) /(2r)) xr(r -R: (¢2_¢1max) / 2) (Dlmax < (p2 < (DZmax

c) As shown in figure 3(c), the cylinder bore enters the linear growth area through the
semi-circular metering edge of flow distributing port. The flow area A;(¢@) is equal to the

newly formed bow-shaped area Sg, plus Ax(Pomax)-

A3 ((D) = AZ (¢2max ) + SGZ = AZ ((pZmax ) + ZVR (¢3 - ¢2max) §02max < §03 < (03max (3)
d) As shown in figure 3(d), the cylinder bore completely enters the flow port, and the
flow area A4(@) is As(Pamax)-

A4 ((0) = A3 (g03max ) = A2 ((meax ) + ZVR ((03max - ¢2max) (D3max S (04 < (04max (4)

e) As shown in figure 3(e), the cylinder bore gradually retreats from the semi-circular
metering edge of the flow port and enters the linear reduction area. Z is the
symmetrical axis of the flow port, @, =(@1max *@amax)/2, the flow area As(@) and As(p) are

symmetrical about the Z-axis. So As(¢) can be calculated as,

A(0) =420, —05) = 4 (00 ) ¥ 2rR (20, =0 = Do) Pamx S5 <Pse (5)

f) As shown in figure 3(f), the cylinder bore gradually retreats from the semi-circular
metering edge of the flow slot and enters the bow-shaped reduction area. The flow

area As(@) and Ax(@) are symmetrical about the Z-axis, too. So Ag(@) is calculated as,

A5(9) = 4,207 — 06)= 2(r* c0s ™ (1= Ry (207 ~P6=P1 max) /27))) + A1 (P max)
— 5incos™ (1= Ry (2007 ~06=P1max) [(21)) X1 (r = Ry (207 ~ 0601 max) ! 2)

D5 max < D6 < Pemax (6)



g) As shown in figure 3(g), the cylinder gradually retreats from the metering edge of
transition triangular slot. The flow area A-(®) and A;(¢) are symmetrical about the Z-

axis, and A/(o) is,

A7 (q)) - Al (2(02 _(07) :R2 (2§0Z _§07 )zlh / Lz (o(nnax < ¢7 <7 (7)

According to above formulas, the relationship between A(¢) (four flow ports in valve
plate) and ¢ are shown in figure 5. Piston periodically passes over the flow ports A and
C or B and D. When the piston passes over the triangular slot, A(¢g) is very small. With
the rotation of the cylinder block, the piston bore will gradually enter the bow area and
the linear increasing area. After the A(¢) reaches a maximum value, it will maintain at a
certain angle and then gradually be reduced to zero, and then enter the next flow port.

At the same time, each cylinder bore can only be connected with one flow port.
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Figure 5: Flow distributing area varying curves with rotation angle

3.2.Leakage calculations of pump

Leakage in the piston pump mainly includes the gap leakage gs; between the cylinder
bore and the piston, the volume loss gs, between the slipper and swash plate, and the
flow loss gs; between the valve plate and cylinder block. The total leakage of the axial
piston pump is q/= gss+ gs2t gs3, Which will affect the discharge flow rate of the pump.

The calculating formulas are
g = 7ds; (141.58°)(p. - p, )/ (12ul,) - xdSy, | 2 (8)
gy, — xd}O; ( B, — pr,,)..-"' (;f((\dj In(r,/n)+128L0; )) (9)

> 12/1 1n(Rr2 /er) 1n(Rr4 /Rr3)

] (10)



3.3.Single piston model
Based on the above analysis, a complete set of single-piston model and packaging
model can be established by using simulation package ITI SimulationX®, as shown in

figure 6.
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Figure 6: Single piton simulation and packaged model

In the simulation model, the opening area of a variable throttle valve is substituted for
the flow area of an individual cylinder, and the opening area of the valve can be
calculated through Eq.(1-7).The resetting module is used to achieve the periodical
rotation of piston around the transmission shaft. The inner parameters of piston model

are used to determine qss, and the leakage module is used to determine gs, and qs3.

3.4. Analysis of simulation results
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Figure 7: Flow and pressure characteristics windows C and D



The rotational speed of pump is 1500 r/min, the ports A and B suck oil, while ports C
and D discharge oil, respectively. As the piston passes over the flow ports C and D, the
pressure and flow characteristics within a single piston chamber are shown in figure 7.
As shown in figure 7, It can be found that the discharge flow of the ports C and D are
independent, and the pressure and flow rate are stable when P.=Pp=21 MPa. In
addition, qct+qp= qa holds. It is obvious that port C and D can be loaded independently.
So the double-acting axial piston pump can be applied on two different hydraulic
circuits. On the basis of simulation results, the reasonable structure parameters can be

determined and prototypes can be created.

4. Experimental test

In theory, if the two ports on one side of the pump with four ports are unified as one
general port, then its performance should be equivalent to that of the pump with three
ports. But in fact, the experimental results show that the pressure and flow
characteristics of the pump with four ports are different from that of pump with three
ports. In the paper, the noise, pressure and pulse spectrum of each working port of
pump are tested. The testing principle and photo of the testing system are shown
respectively in figure 8. In the testing system, the servo motor is used to control the
conversion between suction and discharge of the pump. Each port of the pump is
installed with a pressure sensor. A pilot relief valve is installed respectively at ports C
and D to load the pump. When port C is loaded, ports A and B directly return to the
tank, and the retracting of piston rod of the differential cylinder can be simulated. When

ports C and D are loaded, a pump can be simulated as a double-use pump.
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Figure 8: Principle and photo of the testing system

4.1.Pressure test results
a) When the rotational speed is 1500r/min, port C is applied with different loads, and
port D is idle, the pressure response of port C of the two kinds of pumps is tested and

the results are shown in figure 9.
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Figure 9: Pressure characteristic curves tested in port C

a) When the rotational speed is 1500r/min, both port C and D are loaded. The pressure

response of the two kinds of pumps is tested and the results are shown in figure 10.
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Figure 10: Pressure characteristic curves tested in outlet C

From figure 10, it can be found that the pressure characteristics of ports C and D of the
two kinds of pump are relatively stable on the whole, but there are still small
fluctuations. When the loading pressure is low, the pressure fluctuation is relatively
small. The pressure fluctuation amplitude increases as the load increases, but the
pressure fluctuation amplitude of the pump with three ports is greater than that of the
pump with four ports. By comparing the results of figure 9 and figure 10, it can be found

that the load at port D has no influences on the pressure pulsation of the port C.

4.2.Pressure spectrum test results
To facilitate the study of pressure spectral characteristics of the pump, the rotational

speed is set to be 1500 r/min, and port C is applied with pressure 21 MPa, the pressure



pulsation spectrum curve of two prototype pumps is measured and shown in figure 11.
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Figure 11: Spectrum curves of the prototype pump at speed 1500 rpm

According to the theoretical calculations, the pressure (flow) pulse frequency of a single
cylinder is the number of revolutions per second. The pump has ten pistons, when the
rotational speed is 1500 r/min, the pressure pulsation frequency of a single cylinder is
25 Hz; according to the function of pump pressure pulsation, a large pulsation
amplitude will occur under the integer multiples of the pump pressure pulsation
frequency. The test results shown in figure 11 also illustrate this rule. The pressure
pulsation frequency points of two pumps are basically the same, and the pressure
pulsation amplitude in the integer multiples of 25 Hz is significantly large. In the case of
applying the same load, the difference of pressure pulse amplitude between the two
pumps is large; the pressure pulsation amplitude of double-acting piston pump with
three flow distributing windows is much higher than that of the double-acting pump with
four flow distributing windows; and the pressure pulsation amplitude of the former one

is about 10 times higher than that of the latter one on the average.

Through the comparison and analysis of the time-domain pressure pulsation in figure 9,
it can be seen that the frequency range with low amplitude in the frequency domain
diagram reflects small amplitude pulsations in the time domain response. The pressure
pulsation of the pump with three flow ports is larger than that of the double-acting pump
with four ports, which has something to do with the isolation structure and symmetrical
structure between the flow distribution ports on the same side of the double-acting
piston pump with four flow distributing windows. In addition, being affected by the noise
of AC power supply, the pulse amplitude of two pumps at 50 Hz reaches the maximum
value. The pressure process and the spectrum are tested in the case of two kinds of
pump speeds, i.e., 1000 r/min and 500 r/min. The pump pulsation rule is consistent
with that at the speed of 1500 r/min.



4.3.Noise testing results

During the test, the sound level meter is used to record the noise of two pumps with
different numbers of revolutions. Figure 12 shows that when the rotational speed is
1500 r/min and 1000 r/min, port D has no load, and the noise of two pumps changes

with the load applied at the port C.

100 100
2 5
S 75 | 5 75 ;4%
] 2
g S0 3windows 4 windows 550 | 3windows 4 windows
g 25 | g 25
s =
A 0 1 1 1 ] n" 0 1 1 1 |
0 6 12 18 24 0 6 12 18 24
Pressure p/MPa Pressure p/MPa
(a) Speed1500 r/min (b) Speed 1000 r/min

Figure 12: Noise characteristics of the prototype pump

It can be seen from figure 12 that, in the case of different rotational speed, the noise
increases with the increase of pump loading pressure. In the case of the same speed
and small load, the noise of two pumps has few differences. As the load increases, the
noise of the piston pump with four ports is essentially the same, and that of pump with
three flow ports is increased by about 10 dB; the noise level is higher than that of the
pump with four flow ports, which shows similar changes consistent with pressure
pulsation characteristics changes in the previous tests. From the comparative analysis
of the results both from time domain and frequency domain in figure 9 and figure 11, it
can be obtained that the pressure and flow pulsation of double-acting axial piston are
the main factors causing the noise of piston pump; if the pump outlet load is greater,
the pump pressure fluctuation is greater, and the noise is increased, and the results of
the pump with three ports are even more significant, which indicates that the
performance of the symmetrical double-acting piston pump with four flow distributing

windows is superior to that of the pump with three flow distributing windows.

5. Conclusion

1) The test results verify the practical feasibility of the double-acting axial piston pump
which can be used as a single pump and a double pump to drive two different loads, or
to direct control the differential cylinder in closed circuit.

2) The outlet pressure pulsation of double-acting axial piston pump increases with the
increase of the outlet load. In some pressure situation a minor pressure fluctuations is

overlapped, but the overall pressure response performance is stable, so the pump can



be used in the actual system.

3) From the time domain, frequency domain and noise level, it is shown that the

performance of symmetrical double-acting axial piston pump with four flow distributing

windows is better than that of the pump with three flow distributing windows.
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7. Nomenclature

R: R, Pitch circle radius of outer and internal flow windows mm

01, 0y, O3 Gap piston to cylinder, slipper to swash plate, valve plate mm
to cylinder

ry, o Internal and external radius of slipper sealing band mm

R, R, Ri3, Ry Internal and external radius of valve plate sealing band mm



