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Abstract

In variable displacement axial piston pumps and motors, the rotation of the barrel causes a strong vibrating torque
load on the variable displacement components, that is, on the swash plate. In most analysis, this vibrating torque is
counteracted by a mechanical end stop, thereby forcing a constant swash plate angle. However, in real pump and
motor operation, the swash plate is not held mechanically. Instead, the position of the swash plate is defined by a
hydraulic control system. The vibrating torque load on the swash block is compensated by the control piston and
cylinder, in which the pressure changes dynamically, as a reflection of the dynamic torque load created by the rotating
barrel. The variation of the control pressure demands the swash plate to oscillate around the average swash plate
position, which is defined by the control system of the pump (or motor). In this study, the vibrating movement of the
swash plate is measured in a variable displacement floating cup pump. The floating cup principle features two swash
plates, which are operated out of phase. This has given the opportunity to connect the control systems of both
swash plates by means of a restriction. The experiments have shown that the swash plate vibration has a significant
effect on the displacement of the individual pistons, while commutating in and around the top and bottom dead cen-
tres. The study shows that the swash plate vibration needs to be included in the analysis of variable displacement
axial piston pumps and motors.
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Introduction displacement axial piston pump, in which he applied a
rotational potentiometer to measure the swash plate
rotation. It is questionable whether this sensor was
capable of capturing the dynamic swash plate move-
ments with frequencies of several kilohertz for the
higher harmonics. Dobchuk also mentioned a problem
G : A he i oations! 13 that £ with the rotational potentiometer: ‘The rotational
ene}rla e()i(cePthns are t ellnvfestlrga'tllglns di tlldt ocus potentiometer would flip between windings, thereby
on the dynamic f:ontro ob vaniable diSp acement creating a discrete output with step levels greater than

pumps. Yet, even in these studies, the effects of the . > -
. the displacement to be measured’. In addition,

dynamic lateral torque load on the movement of the ) . . .
} ) Dobchuk measured the oil pressure in the control cylin-

swash plate around the y-axis (see Figure 1) are often . . L

der under various operating conditions. The measure-

disregarded. Instead, the analysis is performed by tak- e .
) . ments show a strong variation of this pressure level.
ing the average torque load for one shaft revolution.

However, in 2000, Dobchuk et al.”!° performed an
analysis in which he made a model that was ‘capable of  Innas BV, Breda, The Netherlands
resolving swashplate displacement fluctuations caused .
by individual pistons entering and leaving the suppl Corresponding author:
y pist g g PPLY " Peter Achten, Innas BV, Nikkelstraat 15, 4823 AE Breda, The
port of the pump’. Dobchuk also performed measure-  Netherlands.
ments on a John Deere AL75305 nine-piston variable  Email: pachten@innas.com

The essence of a variable displacement pump is that the
displacement is variable and not constant. Although
this is a rather trivial statement, the swash angle has
usually been treated as a constant in previous studies,
both in simulations and in experimental research.
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Figure 1. Control of a variable displacement slipper-type pump.

The frequency of the pressure variation corresponds to
the rotational speed of the pump times the number of
pistons of the pump. The amplitude correlates with the
dynamic torque load on the swash plate.

The dynamic torque load was also investigated by
Bahr et al.'? In this study, the dynamic load and move-
ment of the swash plate of a 40cm?/rev, nine-piston
pump, running at 1450 r/min is analysed by means of
simulations. The study indicated that the swash plate
makes a vibrating movement around its average value.
At a set swash angle of 7.5° and a pump pressure of
30 MPa, the swash plate would make a vibrating move-
ment between 6.4° and 8.1° ‘Fourier analysis for the
swash plate forced vibration shows that it contains the
same frequencies as in the lateral moment’.

Indeed, if the swash plate is vibrating to such an
extent, then this movement has important consequences
for the characteristics, performance and behaviour of
the pump. The vibrational movement of the swash plate
results in a oscillating movement of the pistons of the
rotating group (see Figure 1), which is superimposed on
the general sinusoidal movement. The effect of the
swash plate vibration is largest at and around the top
and bottom dead centres where the commutation
occurs and will therefore have a significant — if not
dominating — effect on the compression and expansion
of the oil columns. As such, the swash plate vibration
might strongly affect the noise and pulsation levels.

So far, this vibration has not been taken into
account in the design and optimisation of pumps. An
inclusion of these phenomena would strongly increase
the complexity of pump modelling and testing. For
testing, it would no longer be tolerable to lock the
swash angle mechanically to a certain position.
Nevertheless, it would be desirable to have a control-
lable and reproducible test condition, and therefore, a
control is needed to define this test condition. For

simulation models, the challenge is to include the
interaction between the pressure variation in the
pump cylinders during commutation and the dynamic
movement of the swash block into the model. The
dynamic torque load of the swash plate is dominated
by the commutation. As such, the commutation has a
strong influence on the dynamic movement of the
swash plate. Yet, the dynamic movement of the swash
plate also results in a dynamic movement of the pis-
tons and therefore strongly influences the commuta-
tion around the top and bottom dead centres. The
vice versa relation between commutation effects and
dynamic swash plate movement will add to the com-
plexity of modelling of hydrostatic machines.

Floating cup variable displacement pump

In this study, the high-frequency, dynamic behaviour
of the swash plate and its control actuators has been
measured in a 28cm’ variable displacement floating
cup pump (Figure 2).

Although the floating cup principle belongs to the
family of axial piston pumps, the principle is quite dif-
ferent from conventional slipper-type and bent axis
designs:"*

e The pump has two rings of 12 pistons, arranged in
a back-to-back configuration.

e The left and right sides of the pump are operated

out of phase.

The pistons are press fitted into the rotor.

Each piston has its own cup-like cylinder, which is

supported by, and floating on a disc.

The pump has two barrels and two swash plates.

Each swash plate can be rotated to vary the displa-

cement of the pump.

The maximum swash angle is limited to 8°.

Each swash plate is controlled by means of one bias

piston and two control pistons or actuators.

e The actuators create a pure torque on the swash
plate.

e The friction between the swash plate and the swash
plate bearing and between the pistons and the cylin-
ders is lower in comparison to the slipper-type
pumps.

The small amount of friction of the swash plate bear-
ing, the relatively large opening area of the barrel ports
and the low friction between the pistons and cylinders
of the rotating group result in much less damping of the
swash plate system than of conventional slipper-type
pumps. Furthermore, the number of pistons per barrel
is higher (12 per barrel for the floating cup against 9 per
barrel for a typical slipper-type pump), which increases
the excitation frequency, whereas the even number of
pistons reduces the excitation frequency.

In this study, a new valve is introduced to control
the rotational position of each of the swash plates at a
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Figure 2. Cross section of a floating cup variable displacement pump (FCVP).

certain predefined value, while leaving the swash plates
free to vibrate around this predefined swash plate angle.
The movement of the swash plates is measured by
means of inductive sensors. Furthermore, the pressure
in the control cylinders is measured by means of piezo-
resistive sensors.

A fundamental difference between conventional
pumps and the floating cup pump is that the latter has
two swash plates, which are driven out of phase. The
control systems of the two swash plates of the floating
cup variable displacement pump (FCVP) can be com-
bined by means of a hydraulic connection between both
systems. This study describes the effects of the resis-
tance in the connecting line.

Control of slipper-type pumps

Although there are a large variety of controls for axial
piston pumps and motors, most systems are a variation
of the design that is displayed in Figure 1. A bias piston
and spring push the swash plate to the maximum angle.
The control piston counteracts the torque from the bias
piston and spring and rotates the swash plate to a
smaller angle. The relationship between the control
pressure and the swash angle depends on the size of the
bias and control pistons as well as on the arm length of
these pistons with respect to the y-axis, that is, the axis
of rotation of the swash plate. The control circuit itself
can be simplified and represented by means of two

restrictions in series (R; and R, in Figure 1). The two
restrictions de facto create a simple restrictive pressure
divider. In this simplified representation, the variable
restriction R; symbolises the control valve of the pump.

The rotation of the barrel with the ring of pistons on
top of the swash plate creates a strong and dynamic
variation of the torque around the y-axis.>®%!13
Dobchuk® has proven that the torque variation is coun-
teracted by the control cylinder, that is, by the variation
of the pressure in this cylinder. At a pump pressure of
120 bar and a rotational speed of 1800 r/min, the pres-
sure in the control cylinder varied between 20 and 70
bar at a frequency of around 270Hz, which corre-
sponds to the rotational speed (30 rev/s) times the num-
ber of pistons (nine).

To create the pressure variation in the control cylin-
der, the control piston needs to move, thereby forcing
oil through restriction R,. However, to avoid cavitation
in the control system, the orifice of this restriction can-
not be chosen too small. Since the control pressure is
about half the pump pressure, the variable resistance
R, is about equal to R,. The two relatively mild restric-
tions R; and R, create a substantial leakage flow. For a
small 28 cm® pump, this leakage flow can be as large as
4.5 L/min."> At a rotational speed of 1500 r/min and a
50% displacement, this leakage equals to 19% of the
flow output and thus in a 19% reduction of the total
efficiency. Although the control valve represents a sig-
nificant loss in the operation of variable displacement
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Figure 3. Design principle of the swash angle control at
predefined swash plate angles.
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Figure 4. Calculated average pressure in the actuator system
(normalised against the pump output pressure) and swash plate
angle for different pump pressures, assuming a bias spring force
of 45 N.

pumps, the detrimental effect on the pump efficiency is
seldom mentioned. The standards for efficiency mea-
surements (ISO4409'® and SAEJ745'7) even do not
demand the measurement of these losses.

Control system of the FCVP

This study introduces a method to operate the pump
at a certain predefined, average, swash plate angle,
while leaving the swash plate free to respond to the
varying torque load and vibrate around the prede-
fined swash plate angle. The solution is applied in a
floating cup pump, but it could also be used in other
pump designs. In order to avoid using a mechanical
end stop, the two so-called B-valves have been built
into the pump, one for each swash plate. Figure 3
shows one of the two swash plates of the FCVP,
including the B-valve, the bias piston and spring and

Figure 5. Connecting both actuator systems by means of an
orifice.

the two actuator pistons. Together with the bias
spring, the bias piston (which is always connected to
the high pressure side of the pump) swivels the swash
plate to a larger angle. This is counteracted by the
pair of actuator pistons.

The B-valve defines a maximum displacement. As
soon as the rotation of the swash plate pushes the valve
plunger to the point where the check valve opens, oil is
supplied to the actuator system, and the swash plate is
rotated to a smaller angle. The swash plate can be con-
trolled between 0° and a certain maximum swash plate
angle, which is defined by the length of the valve plun-
ger. Different predefined maximum swash plate angles
can simply be realised by means of different valve plun-
gers with different lengths.

The B-valve supplies oil to the control actuators
when the swash angle is too large. This increases the
pressure in the actuator cylinders, which results in a
reduction of the swash angle B. For the 28 cm® proto-
type, the calculated static relationship is shown in
Figure 4, taking into account a bias spring force of
45 N. The relationship is calculated on the basis of a
simple model for the commutation and expansion in
the top and bottom dead centres. In reality, the rela-
tionship changes due to carry-over effects’ and changes
with the rotational speed.

One of the most important design characteristics of
the floating cup is the double row of pistons, mounted
back-to-back on a single rotor. The pistons on the left
side of the rotor are positioned in between the pistons
on the right side, thereby creating an out-of-phase oper-
ation of the two halves of the pump. As a consequence,
the pressure variation of the control pistons of the left
side of the pump is also out of phase with the pressure
profile of the right side. This creates the opportunity to
connect and combine the control systems of both swash
plates (see Figure 5).
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Figure 6. Simplified control circuits of (a) a conventional slipper-type pump and (b) the new floating cup pump with two swash

plates.

However, without a resistance in the connecting line,
the two actuator systems would be integrated to one
single system. This undamped, combined system is
undefined and unstable since the operation of one of
the two B-valves influences both swash plate positions:
the swash plates will be drifting and a proper control of
the pump is impossible. Furthermore, the actuator sys-
tem will no longer be able to create a pressure variation
since the two swash plates move completely out of
phase: Oil is simply transferred from one actuator sys-
tem to the other. Without a pressure variation in the
actuators, the varying torque load on the swash plates
will not be counteracted by the pressure variation in
the actuator system. This results in very large move-
ments of the swash plates.

To create a stable control and effective operation of
the actuator systems, a resistance needs to be applied
between both actuator systems. In this study, various
restrictions, that is, various orifices with different ori-
fice diameters have been tested.

To enable the integration of a hydraulic control of
the swash plate position, the orifice that connects the
two actuator systems is split into two orifices in series
(Rs in Figure 6). The other two resistances R; and Ry
fulfil the same pressure split function as R; and R, in
the original pump control. However, in the new design,
the resistance R4 can be chosen much larger than the
resistance R, of the original pump. In the original cir-
cuit, the resistance R, cannot be too large, since this
would result in large pressure variations in the control
actuators, eventually causing cavitation. In the new
control system for the floating cup pump, the pressure
variation in the control actuators is determined by the
value of resistances Rs and no longer by the resistances
Rz and R4 of the general pump control. Because of this,
the new design allows much smaller orifices for R; and
R4, which strongly reduces the volumetric losses of the
control system. In this study, however, the general
pump control is overruled, and the orifices R; and Ry
have been closed altogether. As a result, the pump will

be operated at the maximum swash plate angle, which
is defined by the B-valves.

Measurement of the rotational position of
the swash plates

One of the main objectives of this study was to measure
the movement of the swash plate as a response to the
varying torque load. To fulfil the demands of an accu-
rate and dynamic measurement, two inductive sensors
have been mounted, one for each swash plate (Appendix
2 gives a specification of all sensors). Figure 7 shows the
position of the inductive sensor relative to the swash
plate.

The inductive sensor measures the distance to a
curved target area on the swash plate. The curvature of
the target area is made as such that an almost linear
relationship is realised between the swash plate angle
and the output voltage of the sensor. The dimensions
and position of the target area allow a measurement
over the entire operating range of the pump between 0°
and 8°.

Swash plate angle and control pressure

In a first experiment, the connecting line between the
two actuator systems has been closed off completely (i.e.
Rs = ; see Figure 6). Both actuator systems are com-
pletely isolated as long as the B-valves are not operated.
The vibrating movement of the swash plates results in a
compression and expansion of the oil in the actuator
system, without the possibility to supply or bleed extra
oil to or from the actuator system (Figure 8).

The isolation of the actuator systems results in
strong cavitation during the expansion stroke of the
actuators. In the following compression, the pressure
signal shows sharp peaks, possibly indicating micro-
dieseling of combustable oil-air mixtures.

In a second experiment, the actuator systems are
coupled and connected by means of two orifices in
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Figure 7. Cross section of part of the housing (at 8 =0° and 3 = 8°), showing the position of the inductive sensors and the curved
target area on the swash plate. The gap height h varies as a function of the swash plate angle 3.
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Figure 8. Operation of the pump with a blocked connection between the two actuator systems, showing (a) the measured swash
plate movement and (b) actuator pressure of only one side of the pump (n=3000 r/min, ps =260 bar, T, =50 °C).

series (Rs in Figure 6), each having a hole diameter of
I mm. The diagrams (Figure 9) show the signals for
both sides of the pump. The B-valves are designed and
positioned as such that the internal check valves open
at ~ 7.45°. The peak-to-peak amplitude of the swash
plate vibration is 0.07°. This is much smaller than in
case of a complete separation of both actuator systems,
for which the peak-to-peak amplitude was 0.33°. The
larger amplitude for the decoupled system is probably

due to the strong reduction of the stiffness of the actua-
tor system when cavitation occurs.

In the floating cup design, the pistons on the left side
of the rotor are positioned in between the pistons on
the right side. As a result, the vibrations of the two
sides of the pump are out of phase. This is clearly visi-
ble in the test results, as shown in Figure 9. Inside the
pump, the flows of both sides are merged to a single
flow. Being merged, the vibrations from both sides are
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Figure 9. (a) The cover side and mount side of the pump, with (b) measured swash plate angle and (c) actuator pressure. The
actuator systems are connected by means of two |.0-mm-diameter orifices in series (n = 3000 r/min, p4 =300 bar, T,;, =50 °C).

almost completely cancelled (see the average swash
plate angle in Figure 9(b)).

The test with the two 1.0-mm-diameter orifices also
shows a strong reduction of the amplitude of the actua-
tor pressure. The cavitation is completely avoided and,
consequently, also the pressure spikes.

The swash plate vibration and the behaviour of the
actuator system are dependent on the rotational speed.
Figure 10 shows the swash plate angle and actuator
pressure for three different operating speeds of the
pump. Only the test results of the mount side of the
pump are shown. As earlier, the test results of the cover
side of the pump are similar but out of phase with the
behaviour of the opposite side. The plots are normal-
ised by dividing the time by the duration 7 of one pulse
calculated as follows

T='—=—=§ (1)

The measurements show that on a normalised time-
scale, the pressure traces are almost identical. On the
other hand, the amplitude of the swash plate vibration
is strongly affected by the rotational speed of the pump.
Generally, the amplitude increases at lower operating
speeds. The larger amplitude is a response of the system
to the lower frequency at reduced rotational speeds.

In itself, the lower frequency reduces the flow, which is
generated by the actuators. This flow is sent through
the orifices to create a pressure variation and will thus
result in a smaller pressure amplitude. To compensate
for the flow reduction due to the lower frequency, the
amplitude of the swash plate vibration is increased in
order to achieve the same flow through the orifices as
at a higher operating speed.

The relationship between the swash angle amplitude
and the operating speed has been further investigated
(Figure 11). In these experiments, different orifices have
been tested with an opening diameter of 0.7, 0.8 and
1.0mm. As earlier, for each test, two equal orifices in
series are applied in the connecting line between the two
actuator systems.

As would have been expected, an increase of the
resistance in the connecting line (i.e. a smaller orifice
diameter) results in a reduction of the swash angle var-
iation. The experiments also show a strong increase of
the peak-to-peak amplitude at low operating speeds.
An indirect effect of the larger amplitude is a change of
the average swash angle. This can clearly be seen in
Figure 12, which shows another measurement at vari-
ous operating speeds. Because the B-valves control the
maximum value of the swash plate position, the maxi-
mum value is approximately constant. Consequently, a
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Figure 10. (a) Measured swash plate angle and (b) actuator pressure at the mount side of the pump for three different operating
speeds. The actuator systems are connected by means of two 0.7-mm-diameter orifices in series (n=3000 r/min, p, = 300 bar,

Toii,1 =50°C).
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AB[°] 4
08 1
04 B
o + 2x®0.7mm—/
O 2x@0.8mm
2x@1.0mm
0 1 1 1 1 1

n [rpm]

3000

Figure I l. Measured peak-to-peak amplitude A at different operating speeds and for different orifices in the connecting line

between the two actuator systems (pa =300 bar, T, =50 °C).

larger amplitude of the swash plate vibration results in
a lower average swash plate position. This is illustrated
in Figure 12.

Influence on the cylinder movement

The measurements of the movement of the swash plate
can be used to calculate the effect on this movement on
the displacement of the individual pump cylinders.
Figure 13 shows the position of an individual piston in

its corresponding cylinder. The relatively small swash
plate angle of 7.45° results in a short stroke, which is
typical for a multi-piston pump. The dotted line
would be the sinusoidal movement, in case the swash
plate position would have been locked mechanically.
The other line in Figure 13 is calculated on the basis
of the actual measurement of the swash plate angle B.
The measurement is performed at a rotational speed
of the pump of 1000 r/min, a pump pressure of 300
bar and an oil temperature at the inlet of 50 °C.
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Figure 12. Measured swash angle of the mount side of the pump at different operating speeds (2 X 0.6 mm orifices, p4 =300 bar,

Toil,1 =50°C).
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Figure 13. Comparison of the displacement of a single piston with a constant swash plate position 3 and a variable 3: (a) the
piston position x for an entire revolution and (b) enlarged area where the commutation occurs around the top dead centre

(n=1000 r/min, p4= 300 bar, T, =50 °C).
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Figure 14. (a) Calculated lateral swash plate torque M, (p =300 bar) and (b) measured actuator pressure po. (n =223 r/min,

pa =300 bar).

Critical for the behaviour of the pump is what hap-
pens during commutation, that is, around the top and
bottom dead centres. This is also the area in which the
effect of the swash plate movement is largest. This area
has been enlarged in Figure 13(b). As can be seen, the
movement of the swash plate has a significant effect on
the displacement of the individual pistons. For this mea-
surement, the displacement due to the swash plate vibra-
tion is about as large as the sinusoidal movement during
the commutation. Since the amplitude of the swash plate
vibration varies with the operating speed (see Figures 11
and 12), the influence of the swash plate vibration will
be much larger at low operating speeds. At operating
speeds of 3000 r/min, the amplitude of the swash plate
vibration is only one-third compared to the vibration at
1000 r/min but even then, the change of the piston velo-
city will have a significant effect on the Ap in the relief
grooves of the port plate. The effect of the vibrating
swash block becomes even more important if the pump
is running at a smaller displacement, which reduces the
amplitude of the sinusoidal movement, whereas the
vibration of the swash plate remains the same.

Analysis and conclusion

The driving factor behind the swash plate vibration is
the lateral torque load. Figure 14 shows a comparison
of the calculated torque load and the measured pressure
variation in the actuator system.

The frequency of the rotational vibration corre-
sponds to the rotational speed of the pump and the
number of pistons, which is acting on each swash plate.

The amplitude is dependent on the pump pressure as
well as on the rotational speed, being largest at high
pump pressures in combination with low rotational
speeds. The measurements confirm the earlier analysis
made by Dobchuk’ and Bar et al.'?

The vibrating movement of the swash plate has
important consequences for the analysis and modelling
of variable displacement pumps and motors. Although
the measurements have been performed at a floating
cup pump, the measurements and analysis performed
by Dobchuk® and Bahr et al.'? indicate that the swash
plate of other types of axial piston pumps and motors
also vibrates. Also in other types of variable displace-
ment axial piston pumps, the torque variation caused
by the rotating group of pistons exists as a fundamental
vibrating load on the swash plate, which has to be coun-
teracted by the pressure variation in the control cylin-
der, and therefore, by a movement of the swash plate. It
is a fundamental mistake to treat the swash angle as a
constant in the analysis, testing, design and develop-
ment of variable displacement hydrostatic machines.
Furthermore, the influence of the pump control should
be included in standards for pump and motor testing.

Funding

This research received no specific grant from any fund-
ing agency in the public, commercial or not-for-profit
sectors.

Declaration of conflicting interests

The author declares that there is no conflict of interest.

Downloaded from pii.sagepub.com by Peter Achten on July 26, 2013


http://pii.sagepub.com/

Achten

539

References 12. Bahr MK, Svodoba J and Bhat RB. Vibration analysis of
1. Yamaguchi A and Ishikawa T. Characteristics of displa- constant power regulated swash plate axial piston pumps.
cement control mechanisms in axial piston pumps. 4 Soqnd Vib 2003; 259(5):,122%123,6'
B JSME 1979; 22(165): 356-361. 13. Khahl .M. Pe;fformai.we zn\festzgalfon of the swash plate
. axial piston pumps with conical cylinder blocks. PhD The-
2. Zeiger G and Akers A. Torque on the swash plate of an sis. Concordia University, Montreal, QC, Canada, 2003
;;t)ailzggston pump. J Dyn Syst: T ASME 1985; 107: 14. Achten PAJ, van den Brink T and Schellekens M. Design
. . . . L of a variable displacement floating cup pump. In: The
3. Zeiger G and Akers A. Dynamic analysis of an axial pis- ninth Scandinaviarrz) international con?éreniepon . f?uid power,
ton pump swash plate control. Proc IMechE, Part C: J SICFP'05, Linkdping, Sweden, 1-3 June 2005. Sweden:
Mechanical Engineering Science 1986; 200(1): 49-58. Linképing’ University.’ ’
4. Kavanagh GP. The dynamic modelling of an axial piston 15 p,ceh Rexroth. Axial piston variable pump A10VSO.
hydraulic pump. MS Thesis, University of Saskatchewan, Brochure RE 92711/01.12, January 2012.
Saskatoon, SK, Canada, 1987. . 16. 1304409:2007. Hydraulic fluid power — positive-
5. Kim SD, Cho HS and Lee CO. A parameter sensitivity displacement pumps, motors and integral transmissions —
analysis for the dynamic-model of a variable displace- methods of testing and presenting basic steady state
ment axial piston pump. Proc IMechE, Part C: J performance.
Mechanical Engineering Science 1987; 201(4): 235-243. 17. Hydraulic power pump test procedure. SAE paper J745.
6. Inoue K and Nakazato M. A new prediction method of
operating moment and cylinder pressure of a swash plate .
type axial piston pump. In: Proceedings of the second AppendD( |
JHPS international symposium on fluid power, Tokyo,  Notation
Japan, 6-9 September 1993, pp.361-366. London: E &
FN Spon. h gap height inductive sensor
7. Manring ND and Johnson RE. Swivel torque within a M, swash plate torque around the y-axis
variable-displacement pump. In: The expo and technical n rotational speed
conference for electrohydraulic and electropneumatic Pact dynamic pressure level in the actuator or
motion control technology, 23-24 March 1994. Milwau- control piston
kee, WI: National Fluid Power Association (NFPA
8. Zh’;ng X, Cho J, Nair SS, et al. Damping E)n the 2wash P4 PUTHD Bressure
’ SR ’ o _ Pc control pressure
plate of an axial-piston pump. In: Proceedings of the supply pressure
American control conference, Chicago, IL, 28 June-30 I;{L .y.
June 2000, pp.3590-3594. TEEE. restriction
9. Dobchuk JW. Sub-component level modeling of a variable ! tme .
displacement axial piston pump. MSc Thesis, University r p}llse duration
of Saskatchewan, Saskatoon, SK, Canada, 2000. T4 oil temperature at the pump outlet
10. Dobchuk JW, Nikiforuk PN, Ukrainetz PR, et al. Effect 77 oil temperature at the pump inlet
of internal pump dynamics on control piston pressure rip- X piston displacement
ple. In: Proceedings of the 6th triennial international sym- X, y, z Cartesian coordinates
posium on fluid control, measurement and visualization, z number of pistons of the pump
Sherbrooke, QC, Canada, 13-17 August 2000. Canada:
Université de Sherbrooke. B angular position of the swash plate
11. Kassem SA and Bahr MK. On the dynamics of swash ~AfB amplitude of the swash plate vibration
plate axial piston pumps with conical cylinder blocks. In: ¢ rotational position of the pump axis
Proceedings of the 6th triennial international symposium on
fluid control, measurement and visualization, Sherbrooke, Appendix 2
QC, Canada, 13-17 August 2000, Université de Sher- . .
brooke, Canada. Sensor specifications
Table I. Pressure sensors.
Make Type Principle/description Range (bar) Output Quantity
Kistler 4065A500 Piezoresistive 0-500 To amp. bc
4618 Amplifier 0-500 0-10VvV
Trafag 8891 Thin film 0-60 0-10Vv bL
Trafag 8891 Thin film 0400 0-10Vv ba
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Table 2. Temperature sensors.

Make Type Principle/description Range Output Quantity

Metatemp MI-Pt100 Pt100 3 wire mm 0°C-l00°C To transmitter T, and T,
Pmax 600 bar
SEM 203P Transmitter, used for all temperature sensors 0°C-100°C 4-20 mA

Table 3. Inductive position sensors.

Make Type Principle/description Range Output Quantity
Balluff BES 516-324-SA17-05 Inductive measuring type 0-1.2mm 0-10V B
IFM IF5598 IFA2002-FRKG/US Inductive switching type Switching distance of 2 mm Pulse n
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