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The present invention relates to a piston for a hy 
draulic axial piston unit with tiltable swash piate and, 
more specifically, concerns the special design of pistons 
for multicylinder hydraulic axial piston units in which 
the pistons press directly upon a swash plate which in its 
turn is rotatably journalled in a bearing housing and to 
gether with the latter is tiltable about an axis perpendicul 
lar to the axis of rotation of the cylinder drum. 
With heretofore known arrangements of this type in 

which generally the tilting axes are not only perpendicular 
to the axis of rotation of the cylinder drum but are also 
located in a common plane therewith, the pistons have 
always been so designed that that end thereof which acts 
upon the swash plate is a spherical cap the center point of 
which is located on the longitudinal axis of the other 
wise cylindrical piston. 

Regardless of whether or not this tilting axis is located 
in the plane of the Swash plate, difficulties are encountered 
with the spherical design of the piston ends when Small 
tilting angles p or small piston strokes are encountered. 
These difficulties are due to the fact that pisten forces act 
ing upon the swash plate and the bearing housing there 
for produce torques about the tilting axis which torques 
during the rotation of the pistons about the axis of ro 
tation of the cylinder drum vary twice per rotating pis 
ton from a positive to a negative value. Due to these 
moments of changing from positive to a negative value 
and due to play in the adjusting means first there are 
caused very fast angular movements of the bearing hous 
ing as a result of which the adjusting mechanism is pre 
maturely worn. As a result thereof, the adjusting mecha 
nism is prematurely worn, especially in view of the al 
ways prevailing play between the individual adjusting ele 
ments. Similarly, also the tilting bearings and tilting 
pivots are prematurely worn in view of the tilting move 
ments which while being small are effected in rather a 
quick succession so that the said tilting bearings wear out 
relatively quickly. 

It is, therefore, an object of the present invention to 
provide a new design for the piston ends acting upon 
the Swash plate in arrangements of the type involved, 
which will overcome the above mentioned drawbacks. 

It is a further object of this invention to provide pis 
tons for hydraulic axial piston units with tiltable Swash 
plate, which will assure that even at a swash plate tilting 
angle of p almost equalling Zero no oscillating torques 
will be freely effective about the tilting axis of the Swash 
plate. 

It is a still further object of the present invention to 
provide an arrangement as set forth in the preceding 
paragraphs in which at all times a constant contact will 
be maintained between the piston stroke adjusting ele 
ments so that a wearing of the adjusting elements for the 
swash plate will not occur. 

It is a further object of this invention to provide an 
arrangement as outlined above which will avoid the ham 
mering noises which normally occur with arrangements 
of the above-mentioned type when the tilting angle of 
the Swash plate approaches zero. 

It is still another object of this invention to provide a 
piston for hydraulic axial piston units with tiltable Swash 
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plate which will greatly reduce the slip losses as they oc 
cur with heretofore known arrangements of the type in 
volved. 
These and other objects and advantages of the inven 

tion will appear more clearly from the following specifi 
cation in connection with the accompanying drawings, in 
which: 

FIG. 1 illustrates partly in section and partly in view 
an axial piston unit with which normally the above out 
lined difficulties are encountered which will be overcome 
by the present invention. 

FIG. 2 is a sectional view indicated by line II-II on 
FiG. 1 looking at the piston ends when the angle p there 
of is zero, said section being taken along a plane passing 
through the tilting axis of the Swash plate and perpendicu 
lar to the longitudinal axis of the drum supporting shaft. 

FIG. 3 is a diagrammatic sketch for use in connection 
with the understanding of the formula for the tilting mo 
ment of the Swash plate about the tilting axis thereof in 
connection with pistons of the heretofore known design. 

FIG. 4 illustrates the conditions for the tilting moment 
in conformity with the tilting angle p for heretofore 
known piston designs. 

FIG. 5 is a diagrammatic sketch similar to that of FIG. 
3 for explaining the formula for the tilting moment of the 
swash plate about the tilting axis thereof in connection 
with pistons designed in conformity with the present in 
vention. 

FIG. 6 represents a diagrammatic showing of the con 
ditions for the tilting moment in conformity with the tilt 
ing angle p for pistons according to the present invention. 

F.G. 7 illustrates a piston according to the present in 
vention. 

FIG. 7a shows an end view of the piston of FIG. 7 as 
seen from the Swash plate. 
The piston according to the present invention intended 

for a hydraulic axial piston unit with tilting SWash plate 
is characterized primarily in that that end face thereof 
which acts upon the swash plate represents a surface por 
tion of a body of revolution, the arrangement being such 
that a plane passing through the axis of rotation of the 
piston intersects said surface portion along a line com 
posed of two curved line sections forming an image to 
each other with regard to the axis of rotation of the pis 
ton and a central straight line section arranged tangen 
tially to said curved line sections. 

Referring now to the drawings in detail and FIGS. 1 
and 2 thereof in particular, the arrangement shown there 
in represents an axial piston unit which comprises a shaft 

rotatably journalled in bearings 2 and 3 and represent 
ing the power input or power output depending on 
whether the unit is used as hydraulic pump or motor. 
Mounted in shaft 1 and keyed thereto by a splined con 
nection 1a is a cylinder drum 4 representing a cylindrical 
rotary body. Drum 4 is provided with a plurality of 
cylinders 5 the axes of which are located along a cylin 
der having a diameter of 2R and being coaxially arranged 
with regard to shaft 1. These cylinders are uniformly 
distributed about the axis of shaft and are open toward 
a swash plate 6 while being separated from a control valve 
7 by a wall 8 with control slots 9 therein. Reciprocably 
arranged in said cylinders 5 are fluid operable pistons 10 
which during operation of the unit are acted upon by 
pressure fluid in the cylinders so as to have their protrud 
ing ends pressing upon the swash plate. It will be appre 
ciated that when under these circumstances the cylinder 
drum rotates while the swash plate is in a tilted position, 
the pistons carry out a reciprocatory movement while per 
forming work. The swash plate represents a rotary body 
in the form of an axial bearing ring which is rotatably 
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journalled in bearing housing 11 for rotation about its 
aXS, 

The forces acting parallel to the axis of rotation of said 
swash plate are by means of rollers 12 conveyed to the 
bearing ring 13, whereas those forces acting transverse 
thereto are absorbed by the needles 14. 
The bearing housing 11 which has a spherical outer 

contour is provided with a bore 11a having inserted there 
into the bearing ring 13. For purposes of absorbing axial 
forces, this bore 11a has its rear end closed by an annular 
wall 11b. The bearing housing 11 is furthermore pro 
vided with two oppositely located trunnions 11c coaxial 
with the tilting axis of the swash plate. The axis of trun 
nions 11c is so arranged that it intersects the rotation axis 
of the swash plate and also the axis of rotation of drum 4 
while being perpendicular to both of them. 

5 

O 

In FIG. 1 the effective surface of the swash plate is lo 
cated in a plane which contains the tilting axis. This, 
however, must not necessarily be so. The tilting axis 
may also be located ahead of the effective. Surface of the 
swash plate in which instance, as is well known, smaller 
tilting moments are obtained. 
The trunnions 11c are tiltably journalled in housing 15 

so that the bearing housing and together therewith the 
swash plate 6 may be tilted about the tilting axis thereof. 
The titlting angle is designated p and represents the angle 
formed by the effective plane of the swash plate with a 
plane perpendicular to the longitudinal axis of shaft 1. 

Cylinder drum 4 which is axially easily displaceable on 
shaft 1 is for effecting the initial sealing pressed by a 
spring 16 against the sealing surface of the control valve 
7. The spring 16 is interposed between the adjacent end 
face of cylinder drum 4 and a spring ring 17 connected to 
shaft . 
The control valve 7 is provided with two kidney-shaped 

cutouts 18 at the separating surface between control valve 
7 and cylinder drum 4 in a manner well known and shown 
for instance in U.S. Patents 2,687,049; 2,931,250 and 
3,074,296. One of said kidney-shaped cutouts 18 is con 
nected to the high pressure conduit of the respective hy 
drostatic unit, whereas the other kidney-shaped cutout is 
connected to the low pressure conduit for respectively 
controlling the inflow and outflow through the control 
slots pertaining to the respective cylinders and located in 
the walls separating the cylinder from the control valve, 
all in the manner described in the above-mentioned 
patents. 
At any rate, the control is so effected that all pistons, 

the axes of which are in FIG. 2 located on the left-hand 
side of the plane I-I passing through the tilting axis and 
perpendicular thereto, are acted upon by pressure of the 
high pressure conduit, whereas all pistons the axes of 
which are located on the right-hand side of the plane E-I 
are under the pressure of the low pressure conduit. 
The pistons which in the specific example shown in 

FIG. 2 number nine are so designed that the four pistons 
on the high pressure side as well as the five pistons on the 
low pressure side are located symmetrically with regard 
to the tilting axis. The radius vectors through the axis 
of the unit form with the plane I-I angles of 10, 50°, 
90 on one side and 30 and 70 respectively on the other 
side. The axial forces H exerted hydraulically by the 
individual pistons, which at the tilting angle p=0 of the 
Swash plate act directly upon the swash plate, may in this 
position of the pistons be replaced by two resultant axial 
forces 2H and XHN. One of these resultant forces, 
namely 2H passes through the center of gravity S of 
the four pistons on the high pressure side, whereas the 
other resultant axial force, namely 2HN, passes through 
the center of gravity S5 of the five pistons on the low 
pressure side. 

If the tilting angle p equals zero, in this position of the 
pistons, the resultant forces of all pistons acting upon the 
Swash plate in axial direction are so located that they will 
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4. 
their centers of gravity S4 and S5 are located on the high 
pressure side as well as on the low pressure side in the 
plane of the tilting axis A-A. When however, the cylin 
der drum is moved out of its position of symmetry in one 
or the other direction, the centers of gravity S4 and S5 
rotate with the cylinder drum in a similar way in one or 
the other direction. The greatest distances from the tilt 
ing axis will then be obtained when either the uppermost 
or the lowermost right-hand piston on the low pressure 
side is located precisely in the plane I-I without, how 
ever, changing over to the high pressure side. This situ 
ation will be encountered at a rotation which, generally 
eXpressed, with an uneven number z of pistons equals 
90/z, and with an even number z' of pistons equals 
180°/g'. 

Since consequently an even number of pistons over an 
uneven number of pistons results approximately in double 
the distances of the centers of gravity from the tilting axis 
of the Swash plate, which fact in the present case is rather 
unfavorable and since an even number of pistons also 
brings about a relatively considerably greater fluctuation 
in the delivery, the following calculations are based on an 
uneven number z of pistons. 
The greatest distances of the centers of gravity will in 

this instance then be obtained with z=9, at a rotation of 
the cylinder drum of th:10 from the illustrated position 
of symmetry of the pistons. When the cylinder drum is 
turned further and further, these centers of gravity will 
each time after reaching their maximum positive or nega 
tive distance from the tilting axis of the swash plate skip 
from the high pressure side to the low pressure side and 
vice versa, while therein between passing through all 
values between the maximum positive and negative dis 
tance or also vice versa. If the pressures at both sides 
of plane I-I were even, the forces exerted by the pistons 
upon the Swash plate would during this alternating cycle 
always balance each other with regard to their torque 
about the tilting axis because at equalized pressure the 
resultant of all pistons would pass through the center 
point of all pistons and this center of gravity would at 
any rate be located in the axis of rotation of the cylinder 
drum which axis of rotation in conformity with the above 
assumption is located in one and the same plane with the 
tilting axis of the Swash plate. Since in operation the 
fluid pressure on one side of plane I-I, i.e. on the high 
pressure side, is higher than the fluid pressure on the 
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not produce a torque about the tilting axis A-A because 75 

other side of plane I-I, i.e. on the lower pressure side, 
from these conditions moments about the tilting axis will 
result which during the rotation of the cylinder drum and 
at the tilting angle of p=0 will continuously vary from a 
positive maximum value to a negative maximum value or 
Vice versa. The maximum magnitude of these alternat 
ing moments Mwa is defined for an uneven number z. 
of pistons in conformity with the above assumption by 
the following equation: 

1 S M-e-t(s ph- tips). F. Slin 
In this equation: 

2, designates an uneven number of pistons of a unit; 
Sz-1/2 designates the distance between the center of 

gravity of the smaller number of pistons on the high 
pressure side from the axis of rotation of the drum; 

Sz. 1/2 designates the distance of the center of gravity 
of the greater number of pistons on the low pressure 
side from the axis of rotation of the cylinder drum; 

PH designates the fluid pressure on the high pressure side; 
PN designates the fluid pressure on the low pressure side; 
F designates the surface of each individual piston. 
In this equation, according to the laws concerning the 
center of gravity, the following substitution may be 
effected: 

2-l.S.-12. I.S.-- 
2 2 2 2 
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so that there will be obtained the following equation: 
90° 2. )(ph pN) 

These alternating moments about the tilting axis for 
p=0 are overlapped by the moments Msp which at a 
tilting angle p of the Swash plate are exerted by the 
pistons in the position of symmetry of FIG. 2 due to the 
fact that at the contact point of the piston with the swash 
plate, the latter can exert upon the piston only a force 
perpendicular to the plane of the swash plate when dis 
regarding minor friction forces. When the piston surface 
is designed as calotte of a ball or in other words forms 
a portion of a spherical Surface, and the center of said 
calotte is located on the axis of rotation of the piston, 
the normal force Np of each piston passes through the 
respective center of this ball in a direction perpendicular 
to the plane of the swash plate as will be evident from the 
upper portion of FIG. 1. 

If H designates the hydraulic force exerted by the 
pressure fluid upon the piston, which force equals the 
product of fluid pressure p and piston Surface F, so that 
Hsp.F, the piston force H is by the presence of the 
Swash plate and the piston cylinder wall split into two 
components Np and Tp, These components are for each 
piston: 

2-1. S. 
M.--t( 2 ... Fisin 

Np = H/cos (p=p.F/cos (p 
and 

Tcp=H.tan (p=p.F.tan (p 
ASSuming a constant tilting angle, the individual compo 

nents of all pistons are parallel to each other so that the 
resultant forces may be considered as having been exerted 
by a single piston the axis of rotation of which passes 
through the common center of gravity of the pistons of 
the high pressure side as well as of the low pressure side. 
This means that the resultant force may be considered as 
having been exerted by a single piston which for pur 
poses of calculating the tilting moments Mp may be 
located in FIG. 1 in the axis of rotation of the drum and 
which contacts the swash plate, as shown in FIG. 3 on a 
larger scale. 
The moments Mp exerted by a “resultant' piston will 

be obtained in conformity with the following equation, 
in which a designates the radius of the ball which forms 
the calotte: 

Mcp=XN p.a.tan sp=c2H cos/pa.tan (p 
When cos p is nearly 1, it is possible without incurring 
any material mistake to Write: 

so that the equation 
XH.a. tan to tan (p 

will be obtained. 
This equation is represented by the straight line G in 

FIG. 4 and wherein the abscissa represents tan p/tan 15 
and the ordinate represents Mp/M15. This line extends 
from 

Mp/M5=1.0 at tan p/tan 15 = 1.0 
to 

Mp/Ms-E-1.0 at tan p/tan 15 = -1.0 
In the graph, the units are without dimension because 

each dimensioned value is divided by another of the same 
dimensions so the graph is applicable to all sizes of hy 
draulic units. The selection of the moment and tangent 
at 15 degrees for the divisor is made because 15 degrees is 
about the maximum angle of tilt of the swash plate and 
the numeric values dealt with in the graph are thus of a 
convenient size. 
The previously calculated values of Mw will have 

to be added to or subtracted from the said moment. 
Referring to FIGURES 3 and 4 which show the prior 

art, in the graph of FIGURE 4 the line G represents the 
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6 
torque exerted on the Swash plate of the pump in vari 
ous tilted positions of the Swash plate. The torque is 
either positive to the right side of the graph or negative 
to the left side of the graph. This is a unidirectional 
torque exerted on the swash plate for the particular tilted 
position thereof. 
AS has been explained, in reference to FIGURE 2 the 

center of action of the forces of the pistons on each side 
of the axis of the pump that divides it between high and 
low pressure is through the center of gravity of the pistons 
on the respective side of the said axis. Since the pistons 
are individual elements, the center of gravity of the pistons 
on each side of the axis will shift first to one side of the 
tilting axis of the swash plate, then to the other side. 

This will obviously impose upon the swash plate an 
Oscillating moment which varies from a maximum in one 
direction to a maximum in the other direction as the 
cylinder barrel of the pump rotates. Since this moment 
Varies from plus to minus and is acting on the swash 
plate, the resultant moment on the swash plate due to 
the last-mentioned oscillating moment and the moment 
developed thereon due to the pumping action will be 
the Sum of the said moments, 

In FIGURE 4 this is represented as the region meas 
ured vertically between the lines G1 and G2. To de 
termine the moment acting on the swash plate at any 
angularly adjusted position thereof, the position is located 
along the abscissa and the limits on the torque acting on 
the Swash plate are then found by finding corresponding 
points on lines G1 and G2 vertically aligned with the 
said point on the abscissa. The actual torque on the 
SWash plate will vary at a rate determined by the speed 
of rotation of the pump and will, thus, shift continuously 
between lines G1 and G2. 
The swash plate is supported on trunnions and these 

introduce a certain resistance to movement of the swash 
plate, which resistance is represented by the horizontal 
lines above and below the abscissa in FIGURE 4. 

It will be evident, at this point, that when the moment 
on the swash plate reverses, the swash plate will only tilt. 
when the limiting torques acting thereon overcome the 
resistance offered by the trunnions to movement of the 
SWash plate. 

Thus, in FIGURE 4 the shaded triangular areas in the 
graph represent those regions in the graph in which the 
limits of torque exerted on the swash plate are sufficient 
for moving the Swash plate against the resistance of the 
trunnions. The graph of FIGURE 4 pertains to the 
prior art piston of FIGURE 3, which has a spherical end 
cap so that as the Swash plate tilts from a negative angle 
through Zero to a positive angle, the torque G due to the 
pumping action will vary uniformly through zero, and 
conditions illustrated in FIGURE 4 will be obtained. 

Referring now to a particular example with nine pistons 
for which sz-1/2" sin 90/z will equal 0.125R (R indi 
cating the distance of the pistons from the axis of rotation 
of the drum), 

''mar-, 4X0.125RF(ph-pN) 
M50 "(4p–5p) Fatan 15 

ASSuming R to amount to 1.642d, and a to amount to 
1.55d (d indicating the piston diameter), the above equa 
tion will read: 

'mas. (4ph +5pN-9pn)0.125X 1.642d F. 
M1so (4pH-5p) 1.55dF tan 15° 

This equation can be simplified to read: 
Mw 9p 
-- 0.495(1-A) Miss 4pH - 5px 

ASSuming pH=30pn by way of example, the equation 
will finally read: 

max: 10496(1- 9 Mso )= +0.460. 25 



7 
With this value there will be obtained the parallel lines 
G1 and G spaced from the line G by the distance 
Mw/Miss---0.460. Taking into consideration that 
the trunnions 11c of the swash plate cause a frictional 
torque MR in the bearing housing 15, the magnitude of 
this friction torque is indicated by the equation: 

MR= (SH/cos (p) purz, 
in which a indicates the friction coefficient of the trunnion 
with regard to the bearing and in which rz indicates the 
trunnion radius. Assuming for purposes of example 
that u=0.06, and that rz=1.34d, and dividing the above 
equation by M15 and furthermore assuming that COS sp 
is nearly 1.0, there will be obtained the following equa 
tion: 

MRHO.0804d 
Mo "Hatan 15° T 

0.084d 
1.55.dx 0.268 0.193 

When plotting these two lines in FIG. 4 parallel to the 
abscissa at a distance therefrom of MR/M15 = -0.193, it 
will be noted that within the range of tan p/tan 
15 = -0.25 to -0.25, i.e. in the tilting angle range be 
tween p = --3.8 and p = -3.8, the oscillating torques 
exerted about the tilting axis by the pistons may exert 
harmful effects inasmuch as in this connection, oscillat 
ing moments may be effective in the plus and minus 
range. 
The tilting angle range within which free alternating 

moments may occur becomes even greater when the tilt 
ing axis (not as assumed above when setting up the above 
equations) is not located in the effective plane of the 
swash plate but when looking from the piston, is located 
in front thereof. If the tilting axis is located at a dis 
tance a (radius of the ball calotte) in front of the Swash 
plate while, however, as before it is located in the same 
plane as the axis of rotation of the cylinder drum 
desired in order to reduce the tilting moments-free al 
ternating torques would result over the entire tilting angle 
range. With arrangements of this type, the tilting mo 
ments Mob for each angle would become zero so that, for 
instance, in a diagram according to FIG. 4, the lines rep 
resented by the Mw/M15 values (M1so refers to the 
tilting axis through the axis of rotation of the cylinder 
drum in the plane of the Swash plate) will be parallel 
to the abscissa and parallel to the friction torques MR/M15 
and thus will never intersect. This means that over the 
entire tilting angle range there would prevail free oscil 
lating alternating torques of the magnitude 

it (M /M15-M/RM15) 
so that the above mentioned defects would be encountered 
over the entire tilting angle range. 

Turning now to FIGURES 5 and 6, FIGURE 5 shows 
a piston end according to the present invention and FIG 
URE 6 shows the moments acting on the swash plate. 
As before, in FIGURE 6 the center inclined line on each 

side of the graph represents the moment exerted on the 
Swash plate in respective tilted position thereof due to 
the pumping action. This moment is always positive 
on one side of the graph and is always negative on the 
other side. Also, as before, the inclined lines above and 
below the said center inclined line show the limits within 
which the torque on the swash plate varies due to the 
oscillating moment which comes about due to rotation of 

Wax 

the cylinder barrel and periodic shifting of the center 
of gravity of the pistons on the high and low pressure 
sides of the pump across the tilting axis of the swash 
plate. 

In FIGURES 5 and 6, however, due to the flat end on 
the piston, there is an abrupt off-set in the said inclined 
center line so that this center line does not pass through 
the zero point of the axis in the same manner as line 
G of FIGURE 4. 
The amount of off-set of the said inclined center line 

representing the pumping torque on the Swash plate is 
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8 
so large that when the oscillating torque is imposed there 
on, as represented by the upper and lower inclined lines, 
there is no point along the graph where the torque acting 
on the swash plate will overcome the resistance of the 
trunnions in both directions of the torque. 

It will, therefore, be seen that the prior art arrange 
ment, as set forth in FIGURES 3 and 4, has a condition 
of tilt of the swash plate on opposite sides of its zero 
position when the Swash plate is subjected to an oscillating 
torque in excess of the resisting moments of the trun 
nions in both directions of tilting about the tilt axis of 
the swash plate. The swash plate will, thus, wobble on 
its trunnions and the trunnions will wear rapidly, while 
at the same time the pistons will tend to take an erratic 
movement and interfere with smooth flow of fluid through 
the pump and there will, likewise, develop high stresses 
between the swash plate and the pistons, and the pump 
will also be noisy. 

It is furthermore evident in the arrangement of FIG 
URES 5 and 6 that there is no point during the tilting 
movement of the swash plate that the oscillating torque 
thereon is sufficient for overcoming the trunnions' re 
sistance in both tilting directions of the swash plate. With 
this improved arrangement there is thus no wobble of the 
Swash plate and the pistons take the uniform action, pro 
moting uniform fluid flow through the pump and elimi 
nating high stress and hammering noises. 
The amount of off-set between the two points where 

the center inclined line of the graph in FIGURE 6 in 
tersects the vertical axis of the graph is determined by 
the size of the fiat on the end of the position. Even a 
slight tilting of the swash plate from a zero position will 
Suddenly shift the point of engagement of the pistons 
there with to the periphery of the flat on the end of the 
piston. 

In the prior art, on the other hand, the point of con 
tact of the end of the piston with the Swash plate progresses 
only gradually across the central axis of the piston as 
the Swash plate tilts through zero. 
The feature of the flat on the end of the piston is, thus, 

effective for producing the results illustrated in FIGURE 
6 

Still further, the size of the flat is such that the piston 
will rotate when engaging the swash plate except when 
the SWash plate is in an exactly zero tilt position. At 
this time, the flats will engage the swash plate but since 
the flats present Substantial areas there is no extreme 
pressure built up in the region where the pistons engage 
the SWash plate and no undue wear of the swash plate 
will take place even if the hydraulic unit is standing under 
pressure. In practice, the zero tilted position of the swash 
plate is seldom achieved and is usually of only brief dura 
tion. 
More specifically, if in contrast to the above, that end 

of the pistons which engages the swash plate is, instead 
of being designed as a ball calotte, designed as a surface 
portion of a body of revolution in conformity with the 
present invention, while said surface portion intersects a 
plane passed through the axis of rotation of the piston 
along a line comprising two sections of a circle the radius 
of which is at and the centerpoints of which are located 
on a line perpendicular to the axis of rotation of the 
piston and Spaced from said axis of rotation by a distance 
e, and thus if these circular lines are interconnected by a 
common tangent as indicated in FIG. 5, the tilting mo 
ments plotted in FIG. 5 will be obtained according to the 
present invention. These tilting moments are expressed 
by the formula 

i) COS p 

In this formula the plus sign applies to the positive tilting 
angle and the negative sign applies to the negative tilting 
angle. If, as shown in FIG. 5 at=ate/sin 15, the 

. XCH Migos-AF. 
'cos . at tan ph 
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same value as previously obtained for M15 will be ob 
tained for M-15, since thus there will be obtained 

H e 
, os- - -- ti O M COS (a tan i5 cos 15.) 

XH ( role tan 15 e ) = sta-tan 15-sigo + so 
XEH O e e ) 

T cos E(a tan 15 cos 5' cos 15 
XH cos 56 (a tall 15°) = Mo 

The same applies to the tilting angle p = -15 so that 
also in this instance Mtp/M15 will for 

tan p/tan 15 = 1.0 
yield the values -- 1.0 as before. If, however, tan p/ 
tan 15 becomes zero, Moe/Miss will be he/ (a tan 15). 
This means that the tilting moment Moe will in contrast 
to the ball calotte end not be zero but will have a more or 
less positive or negative value depending on the magnitude 
of e and depending on whether the movement toward 
p=zero comes from a positive or a negative tilting 
angle p. 

In contrast to the course of the tilting moments as illus 
trated in FIG. 4, the design of the piston end in con 
formity with the present invention will yield a course of 
the tilting moments of Mtp/M15 over tan (p/tan 15 in 
conformity with FIG. 6, i.e. an approximately straight 
line course between the points Mtp/Miss=1.0 at 
tan p/tan 15 = 1.0 and M+ p /Ms'= --e/(a tan 15) at 
tan p/tan 15-0, and furthermore between points 
Mtp/M15=-e/(a tan 15°) at tan p/tan 15-0 and 
Mtp/M5'- -1.0 at tan (p/tan 15 = -1.0. When tilt 
ing the Swash plate from a positive tilting angle sp to a 
negative tilting angle (p, or vice versa, the tilting monent 
M+ p/M15 changes abruptly from a value--e/(a tan 15°) 
to a value -e/(a tan 15), i.e. from a positive to a 
negative value or vice versa. 
These values of the tilting moment are overlapped, in 

a manner described in connection with FIG. 4, by the 
alternating moments Mw/M1s during the continuous 
rotating movement of the cylinder drum out of the posi 
tion of symmetry of the pistons. In this instance, the 
lines representing said alternating moments Mw/M15. 
extend parallel to the straight lines Mip/Ms, namely 
at a distance Mwa/M15 = -0.46, when assuming that 
z=9 and pH/pN=30. 
As long as at tan p/ tan 15 = 0, the values 

M+ p/Ms-M /M15 Wmax 

on the right-hand side of FIG. 6 exceeds the frictional 
torque MR/M15=0.193, and as long as the value 

on the left-hand side with regard to FIG. 6 is smaller 
than the frictional torque M/M15 = -0.193, no oscillat 
ing alternating moments can act as free outer alternating 
moments on the tilting axis so that the above mentioned 
harmful effects do not occur. 

In order to arrive at the above mentioned results, the 
following condition must be met: 

Mt p/MissMwa/M150-MR/M15 

ax 

lilalX 

or when inserting thereinto the above formula, the re 
quirement is expressed as follows: 
- - c 
a tan 15 

(g)(pa-ps) 
(gph + lp)a tan 50 2 

900 pit?", Sz-1. --- 
2 a tan i5 
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so that there will be obtained the following requirement: 
- O e 1-p NipH pN/pH ...sin 90 - urz 
2--1 2 2. 

1+-liion?OH 
As will be evident from the above, the spacing e of the 
center points from the axis of rotation of the piston (see 
FIG. 5) may become zero, namely if u and especially rz 
are Selected of a corresponding magnitude. It has been 
proved, however, that to this end too large diameters of 
the trunnions would be required which could be realized 
only if the tilting axis were provided at a considerable 
distance from the effective plane of the swash plate. Such 
an arrangement, however, results in too large a space 
requirement for the tilting of the swash plate, which is 
in most instances prohibitive. 
When in the last formula substituting 

2 -- 1+ilips pit 
for K, assuming z=9, the following table for various 
values of pH/ps will be obtained: 

pflip N = 5 10 15 20 25 30 00 

K=0.6550 0.810 0.868 0.900 0. 920 0.935 1.000 

For a standard hydrostatic axial piston unit with nine. 
pistons each having a diameter d, the distance R of the 
pistons from the longitudinal axis of the cylinder drum 
may be assumed to amount to R=1.642d and the radius 
of the trunnions may be assumed to amount to rz=1.34d. 
With s sin. 10'-0.125R and with K= 0.935 assuming a 
maximum pressure ratio of pH/pN=30 and a friction co 
efficient u=0.06, as it is well justified in view of the pre 
vailing conditions, the following numerical values will be 
obtained for e: 

e20.935X 0.125X1.642d-0.06X 1.34d 
O 

e20. 192-0.0804=0.01.16 
d 

For the sake of completeness it may be mentioned that 
the above obtained requirement exists not only when the 
tilting axis through the axis of rotation of the cylinder 
drum is located in the effective plane of the swash plate 
but in general for any position of the tilting axis in front 
of or behind the effective plane of the swash plate. 
Furthermore, this requirement exists also regardless of 
whether or not the tilting axis is located in one and the 
Same plane with the axis of rotation of the cylinder 
drum. 

It is, however, advisable to arrange the tilting axis of 
the swash plate at least in one and the same plane with 
the axis of rotation of the cylinder drum inasmuch as this 
arrangement at any rate yields the smallest e-values in 
dependently of the position of the tilting axis with re 
gard to the effective plane of the swash plate. 

However, the smallest tilting moments over the entire 
tilting range are obtained, when the tilting axis of the 
Swash plate is located at a distance at in front of the ef 
fective plane of the swash plate, when viewed from the 
pistons, and in one and the same plane with the axis of ro 
tation of the cylinder drum. Referring, as before, Miss to 
the tilting axis of the swash plate passing through the axis 
of rotation of the cylinder drum in the effective plane of 
the Swash plate, the mean tilting moment Mp/Ms will be 
constant over the entire tilting angle range and will 
amount to he/(a tan 15) so that for the values of 
EMw/M1so there will be obtained lines parallel to 

the abscissa in a diagram according to FIG. 6 and spaced 
from said abscissa by a distance: 

e e 

a tan 156twmas? M is or , ta, 150 Ewina./Ms 
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If the spacing of the tilting axis of the SWash plate from 
the effective plane of the swash plate were still larger 
than at, for instance a, (the radius of the ball as before), 
the mean tilting moment Mp/M15 would, at tan (p/tan 
15-0, again amount to he/ (a tan 15), but Mp/M15 
would be zero if tan p/tan/15 = -1.0. Consequently, in 
a diagram according to FIG. 6, the values Mp/M15 
plotted over tan p/tan 15 would yield a line declining 
from --e/(a tan 15) attain p/tan 15F0 toward the right 
to the value zero at tan p/tan 15 = 1.0 when tan p/tan 
15° is positive, and would yield a line ascending from a 
value of -e/(a tan 15°) at tan p/tan 15 = 0 to the 
value zero at tan p/tan 15 = 1.0 when tan p/tan 15 is 
negative. 
The lines representing the values of Mwa/M15 would 

in this instance already at tan sp/tan 15=0 drop below 
the curve of -M/M15 and extend beyond the curve 
--M/Ms so that again no harmful alternating moments 
would occur at tan p/tan 15 =0, but these alternating 
moments would occur over the entire remaining range. 
In order to avoid this, e would have to be increased cor 
respondingly at the distance at from the effective plane 
of the swash plate retained. This increase, however, may 
have the result that the swash plate can no longer be 
tilted by larger angles inasmuch as it lacks a definite point 
of contact with the pistons. In addition thereto it may 
be mentioned that the line of intersection of the piston 
end face with a plane extending through the axis of ro 
tation of the piston does not necessarily have to be com 
posed of two circular lines of constant radius the center 
points of which are located at the same distance from the 
axis of rotation of the piston while the connecting line 
between said center points is perpendicular to said axis. 
Instead, this line of intersection may consist of lines 
curved in any desired manner, i.e. lines with variable 
radius of curvature. It is, however, important that these 
curved lines tangentially engage a plane perpendicular 
to the axis of rotation of the piston at a distance e from 
said axis and that the smallest radii of curvature of Said 
lines are not selected too small in view of the Hertz 
specific pressure between the piston and the Swash plate, 
Hertz specific pressure being a customary expression in 
dicating the stress of a material as results, for instance, 
when a ball under pressure presses on a plate, and more 
in general, when curved surfaces are pressed against each 
other. 
As will be evident from the preceding description, for 

the heretofore customary pistons according to FIG. 3, as 
indicated in FIG. 3, the following value for the momen 
tum is obtained: 

Mcp=2H/cos p a tan p(=XN p a tan p) 
In contrast thereto, for the piston according to the pres 
ent invention (FIG. 5) the following value applies: 

M+p =>EH/cos p (at tan pre/cos' p) 
Mp is, therefore, the total tilting moment exerted by all 
pistons according to the embodiment of FIG. 3 in the 
position of symmetry of the pistons with regard to the 
tilting axis according to FIG. 2, at a tilting angle (p. 
In contrast thereto, Mph is the tilting moment exerted 
by all pistons in the embodiment according to FIG. 5 of 
the present invention in the position of symmetry of the 
piston with regard to the tilting axis according to FIG. 
2 at a tilting angle of p. 
When rotating the pistons or the cylinder drum re 

spectively out of the position of symmetry of the pistons 
according to FIG. 2, the center of gravity S4 as well as 
the center of gravity S5 moves out of that plane which is 
formed by the tilting axis and the axis of rotation. Their 
largest spacings from this plane then amount to the spac 
ing of the center of gravity from the axis of rotation of 
the cylinder times sin (90/z), i.e. with z. equalling 
9:times sin (90/9) =sin 10. These spacings may be 
found for S. in FIG. 2 (the points on the radii 10 with 
regard to the tilting axis A-A). 
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Inasmuch as in the center of gravity of the piston on 

one pressure side as well as on the other pressure side 
(p, p) the resulting force of the pistons located on one 
or the other pressure side acts parallel to the axis of rota 
tion, during rotation of the cylinder drum oscillating 
moments are obtained the maximum values Mwas of 
which equal the resulting piston force of one or the other 
pressure sides times the largest spacing of the respective 
center of gravity of the pistons from the tilting axis. 
The resulting force is determined by the number of 

pistons located on one of the pressure sides times the 
surface of one piston times the pressure. This force is 
furthermore to be multiplied with the respective lever 
arm of this force at which the same is effective with re 
gard to the tilting axis, and which amounts to SX sin 10 
or S sin 10 in the example according to FIG. 2. When 
considering that with a positive moment of one pressure 
side there is present a negative moment of the other pres 
sure side, there is finally obtained after combining the in 
dividual values the formula: 

M = -- (4SpH-5Sspn) F. sin 10° wmax 

This oscillating moment Mwai is superimposed upon 
Mp or M+ p. 
From the above it will be evident that pistons designed 

in conformity with the present invention and employed 
in hydrostatic axial piston units will not bring about any 
oscillating moments about the tilting axis of the swash 
plate even when the Swash plate tilting angle p equals 
zero. At all times the piston stroke adjusting elements 
will remain in contact with each other so that the elements 
of the adjusting mechanism of the swash plate will be 
prevented from prematurely wearing out. In addition 
thereto, a fast oscillating movement of the swash plate 
is avoided and, therefore, its pivots and pivot bearings will 
have a long life. 

Due to the design of the pistons according to the present 
invention also the hammering noises normally occurring 
in such angle ranges are eliminated. Such hammering 
noises are not only due to the impact of the adjusting 
elements upon each other in view of the play which always 
exists between these elements, but they are also due to the 
lifting off of the pistons from and their subsequent impact 
upon the swash plate in view of the heretofore prevailing 
very fast oscillating movements about the tilting axis of 
the swash plate, especially at the low pressure side. 

In addition thereto, the specific design of the pistons 
will, during the first few moments of the passage of the 
piston from the high pressure side to the low pressure 
side, prevent the displacement of a more or large quantity 
of fluid from the high pressure side to the low pressure 
side. Such a displacement was heretofore caused by the 
oscillating movement of the swash plate and normally 
results in high slip losses. 
The specific design of the pistons according to the pres 

ent invention will, therefore, in addition to avoiding harm 
ful noises in the critical angle range also bring about a 
decrease in slip losses, thereby improving the volumetric 
degree of efficiency of the unit. 

Furthermore, due to the measures suggested by the 
present invention, the heretofore encountered wear of the 
piston and the Swash plate at small tilting angles is 
avoided. Such wear was due to the fact that the point 
of contact between the piston and the swash plate at small 
tilting angles was located within the so-called “friction 
circle of the piston.” In this way, at best, differences in 
speed between the piston and the swash plate could be 
compensated for only by corresponding sliding move 
ments between the piston and the swash plate under very 
high Hertz specific pressures (ball against plate) so that 
considerable wear was unavoidable. The above men 
tioned differences in speed between the piston and the 
Swash plate occur even at a minor inclination of the axis 
of rotation of the Swash plate with regard to the axis 
of rotation of the cylinder drum and also at a minor un 



3,256,782 
3 

avoidable eccentricity of one of these axes relative to the 
other. 

In contrast thereto, the design of the piston ends in 
conformity with the present invention will bring about 
that the contact points of the pistons with the swash plate 
are, even up to the smallest tilting angles, located outside 
the “friction circle of the piston.' The diameter of said 
friction circle amounts to approximately 0.1d, inasmuch 
as the distance between the said contact points and the 
axis of the piston can never be smaller than e, and inas 
much as 2e is always in excess of 0.1d as may be seen 
from the above mentioned numerical examples. Also 
differences in speed between the piston and the swash 
plate which might occur during the operation of the unit 
are compensated for by rotary movements of the pistons 
about their axes of rotation and by corresponding rolling 
movements of the pistons on the swash plate, which in 
heretofore known arrangements would have been possible 
only at larger tilting angles. 

Merely at tilting angles p which are absolutely zero, 
a contact between the pistons and the swash plate occurs 
within the said so-called “friction circle.” In this in 
stance, however, the pistons and the swash plate are in 
contact with each other over a circular area the diameter 
of which equals 2e. If in this connection the axis of rota 
tion of the swash plate is eccentric with regard to the 
axis of rotation of the cylinder drum, the swash plate and 
the pistons will also in this instance slide upon each other. 
However, since the contacting area is plane and finite, 
this contacting area is no longer subjected to a high Hertz 
specific pressure but is subjected to much smaller specific 
pressures. Moreover, a situation in which the tilting 
angle p is absolutely zero occurs very seldom, especially 
with automatic speed control, and if it occurs, it will last 
for a very short period of time only. 

It is, of course, to be understood that the present in 
vention is, by no means, limited to the particular con 
struction shown in the drawings but also comprises any 
modifications within the scope of the appended claims. 
What I claim is: 
1. A piston for a hydraulic axial piston unit with a 

tiltable swash plate, said piston having its one end face 
which engages said swash plate convex toward the swash 
plate and formed as a surface of rotation the intersecting 
line of which with a plane containing the axis of rotation 
of the piston comprises two curved lines on opposite sides 
of the said axis of rotation of the piston and being mirror 
images of each other and located within the diametral 
limits of the piston, said lines meeting a plane forming a 
part of said one end face of the piston and perpendicular 
to the axis of rotation of the piston at a circular region 
of the plane concentric with said axis of rotation of the 
piston, the centers of curvature of all regions of said lines 
being respectively located on the same side of the axis 
of rotation of the piston as the pertaining said line, the 
radius of curvature of each said line at every region there 
along being at least as large as the diameter of the piston. 

2. A piston according to claim 1 in which the two 
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curved lines are circular arches the centers of which are 
located on a line perpendicular to and intersecting the 
axis of rotation of the piston and are positioned on the 
line a predetermined distance from the said axis of rota 
tion, and said plane forming a part of said one end face 
of the piston being tangent to said circular arches. 

3. A piston according to claim 2 in which said predeter 
mined distance is smaller than one-fourth of the piston 
diameter. 

4. A hydrostatic axial piston system having cylinder 
drums each with an uneven number of pistons recipro 
cable therein and also having a high pressure side and a 
low pressure side, said hydrostatic axial piston system 
furthermore including swash plates adapted to be engaged 
by said pistons and also including pivot means pivotally 
supporting said swash plates and furthermore including 
bearing means for Supporting said pivot means, each of 
said pistons having one end face for contact with the 
respective swash plate, said end face having its marginal 
surface portion formed by an annular curved surface area 
representing a portion of the outer surface of a body of 
revolution the axis of revolution of which coincides with 
the longitudinal axis of said piston while the center of 
curvature of said curved surface is laterally spaced from 

5 said piston axis by a distance defined by the formula 
e I-PN/PH \.8-1. sin 90° ir 
P 2 - 1 2 --uzz 1+Lipnlph 

in which pH represents the pressure of the working fluid 
at the high pressure side, 

pN represents the pressure of the working fluid at the 
low pressure side, - 

z indicates an uneven number of pistons in said cylinder 
drum, 

s-1/2 stands for the distance of the center of gravity 
of z-1 consecutive pistons in one and the same 
cylinder drum from the axis of rotation of the latter, 

puz indicates the coefficient of friction of said pivot 
means and said supporting bearing means therefor, 

rz indicates half the diameter of the pivot in said sup 
porting bearing means. 

5. An arrangement according to claim 4, in which the 
radius of curvature at said curved surface is defined by 
the formula at = a-e/sin o. in which a-d/2 sin (3 and in 
which d represents the diameter of the pistons of one 
and the same drum and or and 3 are angles within the 
range of from 13 to 17. 
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