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Abstract

To improve the performance of the bent-axis type axial piston pump driven by the tapered piston, it is necessary to
know the driving characteristics and mechanism of the tapered piston and the cylinder block. Since each piston not only
rotates on its axis and reciprocates in the cylinder bore but also revolves around the axis of the driving shaft, it is diffi-
cult to analyze the driving mechanism theoretically. The theoretical mechanism for the bent-axis type axial piston
pump is studied by using the geometrical method. The driving range of the tapered piston is determined by theoretical
equations. The results show that the cylinder block is driven by one tapered piston in a limited range and the core pa-
rameters such as the tilting angle of the piston and the ahead delay angle influence performance of the bent-axis type

axial piston pump.
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1. Introduction

The oil hydraulic system used in large and heavy
equipment has been modified constantly because of
its limited performance, negative environmental in-
fluence, and noise. To solve these problems, research
has been carried out in the areas of size reduction of
oil hydraulic systems, high speed and pressure, elec-
tronic control, substitute oil, noise decrease, and etc.

The bent-axis type oil hydraulic piston pump acting
as the core power source in the oil hydraulic system is
no exception to this technique tendency. It is used as
the main pump in heavy construction equipment be-
cause it offers high speed and pressure, high total
efficiency and distinguished variable delivery.
*Corresponding author. Tel.: +82 63 270 2372, Fax.: +82 63 270 2388
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Related researches in this field are extremely lim-
ited. The cylinder block in the rotary part is driven by
a tapered piston connected to the disk of the shaft and
the geometrical mechanism of this type of pump is
very complicated and difficult to analyze.

Such scarce but valuable research that has been car-
ried out as mentioned above focuses on the perform-
ance of the axial piston pump[1], the driving mecha-
nism of the axial piston pump [2], the friction loss of
the axial piston pump [3] and so on.

The driving mechanism of the bent-axis type piston
pump driven by the piston rod is the focus of this
study. The piston rod drives the cylinder block, so the
taper angle of the piston rod and the swivel angle
between the cylinder block and the shaft are very
important design factors. If the above design factors
do not satisfy the optimized conditions, the friction
loss between the cylinder bore and the piston rod
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would increase, and the pump could even fail to run
in conditions with severe friction and wear.

When the piston rod reciprocates in the cylinder
bore with high velocity, it rotates on its own axis and
revolves about the center line of the cylinder block,
and the driving force produced in the contacted part
between the tapered piston rod and the inner surface
of the cylinder bore drives the cylinder block simulta-
neously. Because of all those complicated modes of
motion, it is not easy to analyze the pump’s driving
mechanisms.

Moreover, in the manufacturing processes of the
disk, the cylinder block and the piston, the toler-
ances related to the design drawing and the imple-
ments take place. Accordingly, considering these
tolerances, the driving mechanism becomes very
complicated and it is almost impossible to analyze.
In this study, the driving characteristic according to
the changes of the position tolerance of the disk’s
spherical part which undergoes the difficulty of the
tolerance management in oil hydraulic maker is
determined.

Therefore, in this paper, the driving mechanism
of the piston rod in the bent-axis type piston pump
driven by the piston rod has been grasped; and,
when the center of the disk is eccentric, a theoreti-
cal analysis is performed of the influences of ec-
centric parameters on the delay angle of the piston
rod and the driving ranges of the piston.

2. Geometrical mechanism of piston rod

2.1 Under condition without disk eccentricity

Fig. 1 illustrates the function principle of the piston
pump. When the driving shaft is driven by a motor
(an electronic motor, an engine, etc.), the head of the
piston rod connected to the center of the spherical part
in the disk rotates on the axis of the shaft. On the

Disk gasing Driving Shaft

Piston
Cylinder block
Valve Plate

Fig. 1. Diagram of axial piston pump.

other hand, the end of the piston rod connects with the
cylinder bore, and the consequent lateral force acted
on contacted part of the cylinder bore and the piston
rod drives the cylinder block to rotate about the center
line of the cylinder block. The piston rod reciprocates
in the cylinder bore, and at the same time, it rotates on
its own axis and revolves on the center of the cylinder
block simultaneously.

Because of the swivel angle between the cylinder
block and the driving shaft, as the shaft rotates, the
piston moves upwards to TDC and working oil flows
in from the suction port in the valve plate to the cyl-
inder block. Then the piston moves downwards to
BDC and working oil flows out from the cylinder
block to the discharge port.

Fig. 2 shows the driving mechanism of the piston
rod of the bent-axis type piston pump. From the
viewpoint of the cylinder block, the circle of the
spherical part of the disk with radius of g, is seen as
an ellipse and g, is expressed by the following
equation:

Ry, = R,[sin> @ + (cosOcosr)’ (1)

Fig. 3 shows the diagram of the phase angle and the
tilting angle related with the behavior of the piston
head.

Fig. 3. Diagram of phase angle and tilting angle.
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With the shaft rotating, the ahead behavior of the
center of the piston head ( P,) results in the angle
differences between the center of the cylinder block
(0,) and the center of the cylinder bore (O, ). The
two angles are the so-called ahead delay angle and the
phase angle.

The corresponding equations of the ahead delay
angle (9, ) in four quadrants are listed:

0<o<Z
2
5, =sin” [RS_““") P @
de
z£¢9<7z
2
8, =—sin”" {R‘Is—me]—0+ﬂ G)
de
<6< 3—”
2
8, =—sin”! (RS—MJ O+ @)
de
—<0<L2rx
d, =sin‘[Rd smg]—0+2ﬂ' ©)
dc

and then, the phase angle is given as follows:

1 Rdc sin 50 (6)
\/(RC ~R, c0s3,) +(R,sind,)’

@, =sin”

The tilting angle £, is the angle difference between
the center line of piston ( P, P, ) and the center line of
piston bore (O, P, )

L JRZ+R,?~2R.R, cosF,
L

™

B, =sin

Fig. 4 shows the delay angle generated between the
piston rod and the cylinder block. When the rotating
angle of the shaft is @, from the viewpoint of the
cylinder block, the angle between P 'O, and TQ
is the delay angle (&, ).

R’ +R,—(Lsing)’
ZRcRdc

5 ®)

o, =cos”

—]

Fig. 5. Eccentric distance and angle on disk of shaft.

2.2 Under condition with disk eccentricity

Fig. 5 shows a plan sketch of the piston rod when
the disk is eccentric with a certain degree ¢ and
distance e . Here, the eccentric distance e is the
product of the eccentricity ratio e' and the radius of
the disk’s spherical part. Under this condition, from
the viewpoint of the disk, the distance (R, ) between
P, and O, is given as follows:

R; =ede COS(¢_6)+\/Rd2 _[esin(¢—9)]2 (9)

Here, R, is equivalent with g, , which is ex-
pressed above in Eq. (1). It changes according to the
eccentric angle ¢ and eccentric distance e, and the
equation is shown as follows:

R, =ij\/sin249+(cosa'cost9)2 (10)
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Then, the equivalent ahead delay angle (J,) varies
with the rotating angle, and the equations in the dif-
ferent quadrants are:

Table 1. Geometric data of rotary part.

1729

0<o<Z
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(e'Rdcos(¢—H)+./Rf ¢R, sin((/ﬁ—ﬁ)]zjsinﬁ (11)
8, =sin”! -0
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The equivalent phase angle (¢, ), the equivalent tilt-
ing angle (3 ), and the equivalent ahead delay angle
(8,) are also worked out one by one:

0 = sin'l R() sin é‘e (15)
\/(R@ sind, )’ +(R, - R, cosd,)’
2 2 _
5 —sin” JRZ+R?~2R R, cosd, 16
¢ L
R>+R?—(Lsin&)’
8, =cos” ———= (Lsing) -5, (17)
2RR.

The main parameters needed in the analysis of the
rotary part in the bent-axis type piston pump driven
by the piston rod are arranged in Table 1.

e' 0~20E-4 -
o 5~30 [deg]
L 62 [mm]
R, 73.5 [mm]
R 69.5 [mm]
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Fig. 7. Ahead delay angle to swivel angle.

3. Theoretical results

3.1 Under condition without disk eccentricity

Fig. 6 shows the influence on R, when the
swivel angle is 5, 15, 25, 27, and 30deg, respectively.
When the swivel angle increases, the piston stroke
becomes larger; consequently, the difference between
the maximum and minimum of R increases.

Fig. 7 shows the influence of the increase of the
swivel angle on the ahead delay angle. Because the
bent-axis type piston pump is driven by the tapered
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Fig. 8. Delay angle to swivel angle.

piston rod and the ahead delay angle exists, it is im-
possible to drive the piston rod and the cylinder block
simultaneously. That is, when the driving shaft rotates,
the head of the piston rod connected with the center
of the spherical part in the disk revolves on the axis of
the shaft, the end of the piston rod connects with the
cylinder bore, and the consequent lateral force acted
on the contacted part of the inner surface of the cylin-
der bore and the piston rod drives the cylinder block
to rotate about the center line of the cylinder block.
By the above principle, as the swivel angle is the lar-
ger, the rate of increase of the ahead delay angle is
also greater.

Fig. 8 shows the influence of the delay angle with
the change of the swivel angle.

In the bent-axis type piston pump driven by the pis-
ton rod, because the delay angle can distinguish the
possibility of normal driving, it is generally used as a
criterion for the optimum design of the swivel angle

and the taper angle. A single piston rod performs the
driving action on the cylinder block twice at one revo-
lution of the shaft [2].

Based on the assumption that the piston has seven
piston rods, the driving range of one piston rod with
the minimum delay angle is about 25.7 deg, and there
are two driving ranges for one rotation of the piston
rod.

Fig. 8 shows that the driving ranges where piston
rod makes the cylinder bore rotate mainly exist in the
first and the third quadrants. When the rotating angle
passes by 45 deg and 225 deg, the distance between
the head of the piston and the center of the cylinder
bore becomes shorter and the ahead delay angle de-
creases, so the driving ranges with the minimum de-
lay angle are generated

In addition, the minimum delay angle gradually
approaches zero with the increase of the swivel angle,
and when the swivel angle is above 27 deg, the mini-
mum delay angle becomes less than zero, so it is im-
possible to drive normally.

3.2 Under condition with disk eccentricity

Considering Fig. 8, it is noticed that the delay angle
changes greatly even for a slight change of the swivel
angle. So in the real design process, the geometrical
tolerances will consequently deteriorate the perform-
ance because of the change of the delay angle. Be-
cause the delay angle is the focus in this paper, the
influence of the disk eccentricity from the center of
the shaft which is the main factor determining geo-
metrical tolerances on the delay angle has to be un-
derstood.

Figs. 9 to 13 show the change of the equivalent de-
lay angle according to the eccentricity ratio of the
disk from the center of the shaft (where =35, 15, 25,
27, 30 deg).

Fig. 9 shows the change of the delay angle accord-
ing to the change of the eccentricity ratio for o= 5
deg. The minimum delay angle approaches zero when
the eccentricity ratio increases. Assuming that there
are seven piston rods, the driving range of one piston
rod with the minimum delay angle is about 25.7 deg,
and it can be confirmed that there are two driving
ranges at one rotation of the piston rod. When the
eccentricity ratio is 20E-4, the minimum delay angle
decreases below zero, and the piston rod cannot drive
the cylinder block normally.

Fig. 10 and Fig. 11 show the changes of the delay
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Fig. 9. Delay angle to eccentric ratio ( (¥ =5deg).
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Fig. 10. Delay angle to eccentric ratio ( ¢ =15deg).
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angle according to the change of the eccentricity ratio
when the swivel angle is 15 and 25deg, respectively.
The minimum delay angle approaches zero with the
increase of the eccentricity ratio of the disk, and it
exhibits the same tendency as that in Fig. 9.
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Fig. 12. Delay angle to eccentric ratio ( ¢z =27deg).
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Fig. 13. Delay angle to eccentric ratio ( ¢ =30deg).

Fig. 12 shows the change of the delay angle accord-
ing to the change of the eccentricity ratio when the
swivel angle is 27deg. According to the changes in
the eccentricity ratio of the disk, the critical value of
the delay angle, whose minimum delay angle is near-
est to zero, is displayed.

Fig. 13 shows the tendency that, if the swivel angle
is above 27deg, the minimum delay angle is always
less than zero regardless of the eccentricity ratio.
When the minimum delay angle becomes less than
zero, the piston rod changes the driving direction
from along the direction of shaft rotation to the oppo-
site direction, so it cannot drive the cylinder block
normally.

Fig. 14 shows the change of the delay angle accord-
ing to the change of the swivel angle when the eccen-
tricity ratio is 15E-4. When the swivel angle is less
than 27 deg, the values of the delay in the driving
ranges are greater than zero, so normal driving is
possible.
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Fig. 14. Delay angle to eccentric ratio ( ¢' =15E-4).
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Fig. 15 shows that when the eccentricity ratio is
20E-4, there exists a value which is less than zero in
the driving range of the delay angle, regardless of the
change of the swivel angles, and it is impossible to
drive normally.

Therefore, when the taper angle &, the radius of
the disk’s spherical part R, , the radius of the cylin-
der bore R_, and the length of the piston rod L are
chosen beforehand, the maximum swivel angle can be
determined and the maximum eccentricity ratio can
be designed.

4. Conclusions

Based on the above theoretical analyses about the
driving mechanism of the bent-axis type oil hydraulic
piston pump driven by a piston rod, if the design pa-
rameters such as the taper angle £, the radius of the
disk’s spherical part R, , the radius of the cylinder
bore R , and the length of the piston rod L are

given, the following conclusions can be obtained :

(1) In the bent-axis type oil hydraulic piston pump
driven by piston rod, when the minimum value
of the delay angle is greater than zero, there ex-
ist normal driving ranges that take the point of
the minimum delay angle as centers in the first
quadrant and the third quadrant.

(2) In the same condition, the maximum swivel
angle of the bent-axis type oil hydraulic piston
pump driven by the piston rod can be deter-
mined by theoretical analysis. And then, when
the swivel angle is greater than the calculated
maximum value, the delay angle becomes less
than zero, regardless of the eccentricity ratio, so
the normal driving by the piston rod is impossi-
ble.

(3) If the eccentricity ratio of the disk center is less
than 15E-4 and the swivel angle is below the
calculated maximum value, the minimum delay
angle is always larger than zero, so normal
driving is possible. However, if the eccentricity
ratio is greater than 15E-4, the minimum delay
angle is always less than zero irrespective of
the swivel angle, so normal driving is impossi-
ble.

Nomenclature

: Eccentric distance between O, and O,

: Eccentricity ratio between e and R,

: Length between P, and P, in tapered piston

: Center of driving shaft

: Center of disk on driving shaft

: Center of cylinder block

: Center of cylinder bore

: Center of piston head

: Ahead center of piston head

: Center of piston end

: Behind center of piston end

: Radius between O.and O,

: Radius between O, and P,

: Distance between O, and projected P, on
cylinder block

: Equivalent distance between O, and
projected P, on cylinder block

: Distance between O, and P,

: Rotational angle of driving shaft

: Swivel angle between cylinder block and
driving shaft
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B, : Tilting angle (£P,P,0,)

B. : Equivalent tilting angle (P, P,0, )
8, : Ahead delay angle (£P,0.0,)

0, : Equivalent ahead delay angle (£P,0.0,)
8. : Delay angle (£/P,0,P,)

8, : Equivalent delay angle (/P,0,P,)
¢ : Eccentric angle

¢' : Eccentric angle ratio ¢ and 27/7
@, : Phaseangle (£P,0,0,)

@, : Equivalent phase angle (£P,0,0.)
& @ Taper angle of piston
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