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Lecture no 21
Module no 06
Analysis of an Axial - Piston Swash Plate type Hydrostatic unit

Welcome to today’s lecture, this is continuation of the analyses of an Axial Piston Swash plate
type hydrostatic pump. Earlier we have learned the pressure ripples, their features also what the
will be their input torque of the shaft and volume displacement, et cetera. In this lecture I shall
discuss about the bulk configuration in a better way and thereby we also discuss about the
pressure ripple and then one important aspect, which is called swash plate torque. This means
that the torque required to hold the swash plate in the position or in case of fixed displacement

what are what the torque experience by the swash plate are.
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ANALYSIS OF AN AX]AL-PISTON SWASH-PLATE TYPE PUMP :

Description / Feature of the Pump :

Figure -1 shows a typical ‘Axial Inline Linear Piston’, also simply
called as 'Linear Piston’ swash-plate type hydrostatic pumps.
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Figure 1: Basic feature of an Inline Linear Axial Piston SwashPlate Type Hydrostatic Unit.
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Now, this is the axial Piston pump which we are studying already I have described that this is
rotated, the Pistons are laid in a barrel which is rotated by an input shaft and then this the end of
such Pistons are with hydrostatic thrust bearing, which is called slipper pad. This is moving on
the swash plate, which is inclined for fixed displacement, this inclination is fixed, in case of

variable displacement this angle can be varied. Now as the pressure changes during the rotation,



the suction and compression as well as in the valve, there are also transitions zones depending on

that, torque on the input shaft as well as the swash plate shaft and they vary.

So while we are changing the angle particularly in case of variable displacement or when this is
being used for a fixed I mean constant displacement or some constant pressure, constant torque,
whatever may be the future, in that case we need to control that swash plate torque so for that it

is essential to know what the torque, what is the torque acting on the swash plate at an instant.
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AMNALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Analysis of Pump Flow:

y 1y s
Y+ ve il
> Swash Plate
\ p |
\

A,(0)
0.0 7=
P

Fig. 3 : A typical Piston inside Barrel cylinder.

Now this is the geometric configuration which already I have discussed, between these 2 pistons
which are equi-spaced, the angle is denoted by this one and this angle Si p is the valve angle total
spade on the wall and the Theta is the angle of rotation of the barrel that is rotation of the shaft. If
we look from this side then this theta begins from the left-hand axis the axis system is not shown
here, which already I have described in earlier lecture. Now this is the typical leakage shown, I
mean this typical figure for showing the leakage past the pistons so for that we need to consider
the pressure, volume then bulk modulus, density and also we should consider the area of the

orifice, flow, pressure, et cetera, et cetera.
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Analysis of Actual Pump Flow:
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Fig.4: Typicalvalve Plate (Kidney PatternPort).

Now the valve which is called kidney port, so there is a valve plate which is not shown. On the
kidney port I mean on the valve these are the kidney port if we consider from here to here and if
we consider here to in this direction. One obviously one is for the suction, one is for compression
or delivery, suction and delivery, input and output. Now this here although it is shown,
apparently the cylindrical hole the other end of the barrel, but usually this end is with also
another kidney port, this is kidney pattern because this is written kidney pattern port. Now the
dimension or the angular spade between these 2 kidney ports shows that the length of this will

exactly fit on the space.

This means that momentarily there will be no flow in or out to a chamber, to a Piston and next
moment it will go inside this kidney port may be suction or maybe discharge. Now, looking into
this end say it is rotating like this, then while it is entering whether it is discharge or suction,
there is a groove is provided. Reason is that, if it is exposed to this main port directly then rate of
change of area is very fast and the change in pressure in the in the fluid inside the Piston
becomes very much transient, 1% thing. 2™ thing is that there is a there will be huge noise when it
will if it is directly connected to this, if this group is not provided, therefore sometimes this

groove is called silencing groove.

Here is the geometric zone what is the spade of this groove and this is the spade of kidney port

on the barrel and this is the spade of this dead band it is it should have called dead band. Now



this is again in some design these are not exactly equi-spaced that means in one-side it is less and
other side it is more, this is also to reduce the dynamics because the barrel is moving, the port is
then coming into contact, coming into this kidney port contact. The if it is made equal then due
to the dynamics, actual time maintenance will not be equal, or in other words we can say that this
for the optimum performance it is found that if one angle is less made less and other angle made
higher, the performance is better, where this angle may be equal to this angle or this angle is

slightly larger slightly larger than this angle.

If we make this is less than this angle then what will happen there will be direct connection from
this charge to input that output to input and vice versa so immediate pressure drop will be there

and it cannot be controlled, huge leakage will be there.
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ANALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Analysis of Actual Pump Flow (Contd....):
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Figure 5: Kidney Portand Cylinder Portinteraction. 5 | ‘

Now, if we think of the port that silencing groove, now this is the main port on the valve plate
and this you can say this is a through whole through which the oil is going from one side and
from other side it is going to the pipeline. Now, the silencing groove it may be of flat bottom and
constant width. Now when this, this is the kidney port of the barrel when this move gradually on
that, initially opening will be less, gradually it will increase and then finally it will increase to the
whole port will be open to this main port, okay. Now it can be made simply like this which is a if

we think of the manufacturing, it can be made by milling cutter in mill cutter like that.



Now next one is the ramped bottom constant width, so ramped bottom means this is an inclined
bottom. If you look into this, how to calculate area, we will always consider this from this corner
this perpendicular area that is the minimum area open to this port. In this case also directly we
will instead of considering this area we will consider this area in perpendicular direction what is
the opening. That means character whether we have to consider the flow is going like this, we
have to consider this diagonal. In this case we can see this is more effective, so it is gradually
increasing. Now in comparison to this we can have also it is like a pyramid okay, so no this is flat
bottom that means this area is increasing, gradually this is increasing, this width is increasing

however, depth remains constant.

Now as we understand machining of such thing is very-very difficult because here practical this
is the vertex of a triangle and depth is like this. Probably, I cannot think of machining with
ordinary tools but this is also explained that this can be used. But most common is that ramped
bottom ramped width geometry that means this is inclined as well as the size is also increasing. I
will show how to calculate the area, one of that I will take for an example and I show that how

the orifice area can be calculated.
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Now this is you can now see these are the 4 possible configurations and these are provided for

the silencing groove.
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Analysis of Actual Pump Flow (Contd....):

The instantaneous rate of change of pressure in the i, piston-chamber
* is given by:

T
\;'p (i p2)| +Kop, -

d’
17.14,% m(e)on(0)

d
[Sig"(P, "P.t)] Cad, 4, ; mn{a)sm(o-) ®

=-f

@

. (5.19-26)

5i4

Now earlier, I have already discussed that the instantaneous rate of change of pressure in the ith
Piston Chamber is given by this equation, I am not repeating this because earlier we have
discussed. Here we consider the sign, depending on that direction of flow can be determined so
this is the pressure drop and this is the leakage characteristics K Theta. So this of earlier lecture,

if you remember in lecture 19 we have discussed this.
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Analysis of Actual Pump Flow (Contd....):
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Now, again I am continuing with Actual pump, Actual pump means in this case we will consider

the leakage and others to find out the pressure ripple. Now the port area remains at a maximum



constant when it is completely over the discharge or suction manifolds that means when this port
kidney port will come over this main port then it will be maximum. In the transition region the
port area gradually increases to a maximum from 0 when the piston is entering into the manifold
zone from the dead zone that is from the top dead centre or bottom dead centre. In case of palm,
the oil is being exposed to high working pressure and in case of motor the oil is being exposed to

low pressure if the BDC and vice versa if it is from top dead centre.

That means if we consider from it is bottom dead centre then that means in case of pump it is
completely full with fluid. Now then next moment it will be connected to a port, in case of pump
definitely it is a high pressure because it is going to discharge. In case of motor it will be the
reverse so to understand this language you have to think in that way. Similarly, the port area
gradually decreases to 0 from its maximum opening when the piston is leaving the manifold zone

to the dead zone.
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Analysis of Actual Pump Flow (Contd....):
Determination of Port area /fm (Contd....):
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Figure 6: (a) Kidney Port Manifold & (b) Silencinggroove geometries.

The variation of the orifice area with the angle of rotation is derived below:

The figure- 6 shows the manifold configuration at the Top Dead Center
(TDC) and Bottom Dead Center (BDC).
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At the beginning of the discharge or suction ds,
asilencing groove is provided to provide the change in flow and
pressure experienced by the piston chamber gradually.
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ANALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Analysis of Actual Pump Flow (contd....):

7 \
Kidney Pattern / \

(otoaBamdd: T o poC r
T Pivkon Cfinder) Section A-A

(b)  Fat Bottom, Ramped Width Geometry
(a) Kidney Port Manifold

Figure 6: (a) Kidney Port Manifold & (b) Silencing groove geometries,
r
The end of one manifold and start of another manifold has an angular gap of ¥
The angle subtended by the kidney port in barrel is given by i and the angle
covered by the silencing groove on valve plate is given by ¢, .

In the present analysis, silencing groove with flat bottom and ramped
width geometry (i.e,, the third configuration in Fig.- 5) is considered.

g

ANALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Analysis of Actual Pump Flow (Contd....):
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Figure 6: (a) Kidney Port Manifold & (b) Silencing groove geometries.

For simplicity of the analysis, the port areas are linearized.
Let the angle covered by the right end of kidney port be theta, Also the kidney

ports of the barrel is considered to be rectangular. Also the opening and the
closing ends of the actual valve are rectangular.
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Now in earlier analyses I had shown that we will consider the flat bottom and ramped width
geometry. This is just to show the variation of the area but this is not practical as I told that
machining of this might be problem. Now at the beginning of the discharge manifold or suction
manifolds, a silencing groove is provided for which this is the area already I have discussed. And
then these are the angle shown here different angle in earlier lecture I have already discussed so |
am not repeating here. Now we are considering this area I mean this kidney port pattern, this is

that this one of this here.

Now area when we are calculating, we are considering this area. Let the angle covered by the

right end of the kidney port be Theta okay. Also the kidney port of the barrel is considered to be



rectangular, kidney port of the barrel is considered to be rectangular that means there is slightly
curved but we will consider it is rectangular that means we will consider that this is a rectangle
and this is a circle. This circle diameter will be width of this one and then length this from this

center to this centre, we will consider this, actually it is curved.
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Analysis of Actual Pump Flow (Contd....):

Determination of Port area /fm (Contd....):
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Figure 6: (a) Kidney Port Manifold & (b) Silencinggroove geometries.
By simple geometric principles, the following results are obtained:
Itis assumed that ¥ > ?; and V=V ,ie., ideal case,

The full area Ag of the silencing groove exposed to the
valve plate kidney port is given by:

A, =05(rp,)w w(5.19-27) 14

By simple geometric principles the following results are obtained; it is assumed that this angle is
greater than this angle okay, we have assumed. And we have assumed also this angle is equal to
this angle and the small variation for the spade of this right-hand side of the axis and left-hand
side of the axis is not considered in this analysis at all. Now then what is the area we consider in
this case as it is a flat bottom? In this case we consider whatever exposed of this area that
becomes clearly this is the height and this is the base and half of that, did you understand my
point? In case of the flat bottom and ramped width we simply consider whatever area is opened
here not in this diagonal direction, directly we will consider this area is the orifice area who, so it

is calculated like this which already I have described in earlier lecture.
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Analysis of Actual Pump Flow (Contd....):  Let the full area of the kidney port of
Determination of Port area A, (Contd....): the barrel is A;,'

—— Therefore, the variation of port area of the i™
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Now the important factor is that what is the total opening from the barrel to the port? That you
can see that let the full area of the kidney port of the barrel is A k, therefore the variation of the
port area of the ith chamber is given by the following relation. Now when this angle that is the
lapping of this one, we have considered now angle from this line, this is the angle of rotation.
Our actual angle of rotation we have considered Theta but while we are describing this area
exposure, we have considered that this is the 0 position means the tip of this is here. Now this is

increasing so when this tip is within this limit then area is given by this one.

This is A g is the total area of this angle, so it is given by this is total area of the silencing groove
flat area. So then when it is after completing this it is going inside then for that we may consider
this is the area, so this area is already exposed that means this triangle is already exposed. Then a
part of this area is going inside this kidney port, the width here is same, this kidney port width
and this kidney port width is same. So this if you carefully just observe that these are the simple
geometric calculations, now when it is further moving further that means this angle this angle is
less than this and no sorry this angle is greater than this and less than this then we find this area
is completely different area = a part of that has come over that and then for the condition when it

is fully on this port then this is the total area.

Yeah for this, this is the total area and this condition is that when it is just going out. Remember,

that at other end there is no silencing port, if it is rotating in this direction, silencing port is



always when it is entering other end there is no silencing port. So this angle is the total spade of
this kidney port, so when it is crossing then the angle is given by this one. So my suggestion is
that to calculate the angle and to calculate the area, we should go through these equations and we
need a practice otherwise we will not be able to find out what are the areas. These are simple

geometric lessons but it needs practice okay.
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ANALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Flow and Flow ripple — (Numerical Example):

Table- 1:Data of a pump.

Description ' Value
[1.| Bulk modulus of the flid, e
[ 2, [ Discharge coefficient of the orifice, A | 0.62
3. | Angular extent of the barrel orifice (one chamber)y 30°
! 4 | Angular extent of a silencing groove, o [ 11°
5. | Maximum opening area of the silencing groove, 4, 225x107 m*
6. | Haximumarsaof each barrel port, 4, [ 3.75x10r
7. | Leakage coefficient, K 10m* | Pa
[ 8. [ Swash plate tilt angle, ¢ . 0.314 rad (18°) .
‘ 9, | Nominal volume of a single piston chamber, ¥, [2285x10%m" |
‘ 10. | Pitch radius of Piston spacing on barrel, » d,l2 5501x10%m
‘ 11. | Rotational speed of the barrel/block, &) 235 rad [ sec
| Density of the fluid, 2 850kg / m’

i Note: 9 =" and §=() [Ref. Fig.- 2].

L

Then the pump which we have considered here, this is I have already shown earlier but we
consider the bulk modulus is 10 to the power 9 Pascal and coefficient of discharge is irrespective
of the size of the orifice is 0.62, angular extent of the barrel orifice is 30 degree and angular
extent of the silencing groove 11 degree, maximum opening area of the silencing groove is 2.25
into 10 to the power - 5 meter square and maximum area of the each barrel port is 3.75 into 10 to
the power - 4 meter square, as you see this is smaller than this. This is the if you consider the top
of this silencing groove, this is the area. Remember we will consider A g as this area for the
orifice when we take this flat bottom type for the pyramid type that is ramped bottom and as well

as the ramp opening for that we have to calculate such angle separately, I will show that.

Now leakage coefficient here we have considered K, I think it was given K Theta here, so we
consider the leakage coefficient, again when I was discussing about the leakage coefficient I was
told that depending on the length of the stroke, length of the opening, this actually it would
change but if we find that stroke length is not very high because the swash plate angle for this



pump is not very high, in that case we may take further analysis K is equal to constant where we

have taken in this case.

Now swash plate angle alpha is maximum 18 degree and nominal volume of single piston
chamber is 22.83 into 10 to the power - 6 meter cube very small, and r is equal to that is radius is
5.501 into 10 to the power - 2 meter that is 55 millimetre, d p is 110 millimeter, rotational speed
of the barrel say nominal speed we have considered 235 gradient per second, density is 850 KG
per meter cube and we have also considered this angle, 2 angles are same and the Delta that is

the deviation of the both the side distribution, those are 0.
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Flow and Flow ripple - (Numerical Example) (contd....):
Ideal flow rate :
Fig.-6 shows the ideal flow rate [Eqn. 5.19-7 as below] with the shaft
rotation of the pump with data detailed in Table-1,
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Fig.-6: Geometric Displacement Overall Flow Ripple

It can be seen that from the analysis of the ideal case flow, the pump with even
number of pistons has larger pulse time period and also larger amplitude than
the odd number counterpart (as we have discussed earlier with phasor

analysis). Such ripples are undesirable due to the resulting large fluctuations

and noise. 14

Now with these values 1* of all we have this curve plot that is following the equation, this is
ideal the geometric displacement. Now what we have taken with the same diameter, we have
taken number of Pistons is 9 pistons, we see the diameter of the piston is same but we have taken
this radius d p in such a way that stroke length is varying, stroke length is different for 7
chambers, 8 chambers and 9 chambers so that total flow that is swept volume remains same for
the same inclination okay. So that is why we see that if we take the average through this that will

be same but if you think about the ripple, in case of 7 the blue is 7 chambers.

Now if we go for 9 then this ripple is reduced than 7, but in between that if you go for 8, ripple
will be more. You can examine from this equation as well as from our the flow ripple analysis

which we have done by the phasor analysis. It can be seen that from the analysis of the ideal case



flow, the pump with even number of Pistons has larger pulse time period and also larger
amplitude than the odd-number counterpart. As we have discussed earlier with phasor analysis,

such ripples are undesirable due to the resulting large fluctuations and noise.
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Flow and Flow ripple — (Numerical Example) (contd....):
With respect to the pump data detailed in Table-1, let discharge pressure is
p,=10 MPa & suction pressure is p,=2MPa (say close circuit HST).
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Fig.- 7:Variationin portarea Av with shaftrotation.

Figure- 7 shows variation in port area 4, , with shaft rotation, calculated using
equations 5.19-28 and data from Table -1.
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Now in this analysis what we have considered, we have considered the variation of area while
we are calculating this flow, pressure, et cetera. Now, these are the data shown and what we find
the valve plate area for the flow of in-out is varying in this way, say this this variation due to the
you can say that silencing groove and other end there is no groove so it is a straightforward so
this is a sample calculation we have just calculated what are the areas. And as you find for when
the full kidney port is coming on the main ports, the full opening is there so this area you can
compare with the area of the barrel kidney port okay, so these are the area and then we plotted

the pressure.
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ANALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Flow and Flow ripple — (Numerical Example) (contd....):
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Now this is for the now this is this as at the valve entry and this is the exit. Now as you see that
as this area just from the dead zone when this area has started opening momentarily, there is a
pressure rise that means when the piston is coming on the, it is full and it is pressure in case of
pump it is in the delivery side and it is in the dead zone, there will be momentary rise of this
pressure, this depends on the area it is opening. Or in other words I would say that depending of
different ports you will find that this pressure rise will be different however, if we provide that
the Delta has some value, you will find there will be pressure fluctuation there. So then the
question is that why we provide that, we will find that overall losses and overall performance

will increase although there may have a spike.

But this actually I would say this calculation is done on the basis that apparently when it has
reached the dead zone the initial opening of the orifice for a small angle, we have taken a small
angle and area is too small but in reality this pressure rise may not be there, this will be

truncated.
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ANALYSIS OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :
Flow and Flow ripple — (Numerical Example) (contd....):

A Case Study:
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Fig-: Pressure Buildup in a Piston Considering Transient at Valve Entry.

The pressure spikes on the
suction side during the
transition from discharge to
suction manifolds and on the
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10l ; ; N i | volume decreases at a rate

T = - wo faster than the fluid can squeeze

out through the port. If the
boundary pressure is not
sufficiently large compared to

the starting pressure, volumetric
compression of the fluid will
cause the pressure within the
piston bore to overshoot the
approaching boundary condition,
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Now here I have described that oil this pressure rise, which I have already told.
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Flow and Flow ripple - (Numerical Example) (contd....):
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Fig.-9:Simulated Overall Flow Ripple

Fig.- 9 shows simulated overall flow ripples for pumps with
for 7 pistons (blue), 8 pistons (red) and 9 pistons (green).
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Now initially I have shown the what will be the flow rate but if we consider the leakage, if we
consider the pressure fluctuation with all such considerations, your actual ripple may become
like this. Experimentally it is also shown that it is not a smooth curve, there will be fluctuation
like this. So this is of course not the experimental on considering this curve is drawn on the basis
of considering the leakages, considering the pressure rise, considering the change in area when

the port is opening and closing and this will be the theoretical curve, this may not match with



experimental curve because while we are conducting the experiment, there are some more

unknown factors which may not be considered in theoretical analysis.
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ANALYSIS OF INPUT SHAFT TORQUE OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :

Pressure in Transient Region (contd....):

For the triangular V-shaped relief groove,
— where the V angle is 90 degree, the orifice area

and its relation to the angular position 8 is
\\\\\\\\\ (referring to Figure below):
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Hence, substituting eqn, 5.20-19 in eqn. 5.20-18,

g =[P sin® 10— O 1< ClAp., - p)! 2,1 . (5.20-20)
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Now pressure in transient region, in this case to analyze the pressure what will be the pressure
variation while a piston moving from 0 degree to 360 degree that we will analyze first, then that
pressure is considered for the further analysis of the flow, pressure, et cetera. Now in this case we
have considered this V angle is 90 degree that means if we consider this groove silencing groove
this is the we have considered the V shape that means this is a ramp in this direction as well as
ramp in this direction. Now, this angle is 90 degree that means this angle is considered 90 degree

okay.

Now for that if you look into this geometry, then this altitude will become this angle, now what
the orifice area and in relation to the angular position theta is given by this angle where in this
case again we have considered the Theta angle with respect to the bulk rotation, so this angle is
considered as a total angle Theta — Theta 1. So this means that from a reference point, the
position of this tip is Theta 1 and our total rotation is Theta. So when we know this Theta and we
know this position, we will use this angle, whereas this angle is the angle of inclination which is
not shown okay, angle of inclination that means this angle, with respect to this surface this angle

1s gamma.



Now therefore this area can be calculated simply using this expression, so this is the height and
as it is 90 degree, this is the base, half base if we consider this side so this is the area of one side
and multiplied by the by 2 will keep the total area. Now look at this, in this case we are
considering this area as the orifice, not the surface area. In case of this configuration of the
silencing groove we have to calculate in this way. Now the area is in this case can easily be
calculated, we do not consider the area of the valve barrel port okay. So now we substitute this
into the earlier equation, this was the earlier equation what we used so to find out the flow q 11,

here is the gamma angle is shown, this is the gamma angle that means this angle is the gamma.
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AnALYSIS OF INPUT SHAFT TORQUE OF AN AXIAL-PISTON SwASH-PLATE TYPE PUMP :
Swagsh Plate Torque: r
The pressure force” » ona
piston, exerted on the
swash plate is expressed as:

F,=px Ap e (5.20-8)

Where, Apis the cross

sectional area of the
f X piston, and Pis the
Viewy instantaneous

Fig.-2: Reaction Forces on Barrel due to. n™ Piston pressure on piston,
andSwash Plate Interaction.

Therefore, reaction force
A (see Fig.-1), considering n™
Piston, is expressed as:

e Icosa| =(p,x4,) cosax
e (5.20-9)
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Now let us calculate the force, we will now consider 1* the torque, we now we consider here is
the pressure so we consider a force A p along the piston, this is simply the pressure into the area
of the piston okay, A p is the cross-section area of the piston. Now what will be this force
reaction force offered by the swash plate? This will be definitely F pn divided by Cos Alpha, pn
is the n is the nth piston so for the nth piston this will be the force. When we are calculating the
force of a piston then we consider that particular position of the piston and the pressure, the

instantaneous pressure at the piston.

So this is simply why this is we have simply divided by the Cos Alpha because force acting in
this direction so definitely in this direction the force is opposite to this to generate I mean to offer

that much resistance in this direction, the inclined plate has to offer this much force which is the



which we have to find by dividing by Cos Alpha, this is from the simple geometry and force

analysis.
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ANALYSIS OF INPUT SHAFT TORQUE OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :

Swash Plate Torque (contd....):
Figure 3 shows the geometrical relations between a piston at any angular position

8 and the swash plate pivot.
By considering how the pressure force ', is exerted on the swash plate and by
neglecting the friction force between the slipper and the plate, the force giving
rise to the torque is equal to ’ leosar,

From geometrical conﬂderatmns, and designating this ‘Torque arm’ as 7; :

- rsind+asin@+e .. (5.21-1)
A, T

F cosa
_,./“"" and hence combining equations (5.20-8),
sina : (5.20-9) & (5.21-1) the resultant torque T

- j dueto i Piston at ) on swash plate
'o about the pivot is expressed as:

\\\ - / i (rsin@, +asina +¢)
\\\\ Tl \" L=F, w(5.212)
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e : Ina more general form:

(rsind, +asina +e)

View-V LI
L=(px4,) = v (5.21-3)

Fig.-3: Geometrical relations of Piston, Barrel &Swash Plate.

In general the pivot axis intersects the barrel i.e., the shaft axis and =0 . However,
in some cases with small amount of éccentricity overall performance improves,
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Now, so this already I have described so this much force is acting over there, then torque arm this
is the torque arm that means we are calculating the talk about this point, so we have to consider
this force and this arm length to find out the torque about this point okay. Now here one
interesting point is that we have considered that this pivot point of this 1 plate not intersecting
the axis of the barrel shaft or axis of the input shaft in case of pump, output shaft in case of
hydraulic motor. Now this eccentricity in the if it is asked why this eccentricity is provided, again
I would say which is very small eccentricity it has been found that pump performance or motor

performance improve for some cases, not all cases.

Due to some range of the operation, this eccentricity is beneficial that is why here the
eccentricity shown. While we are calculate in this arm we have considered the eccentricity but in
our final calculation we have neglected that that means we have considered E = 0. So r s can
easily be calculated, this is r sin theta this is r then sine component this is r so this is sine
component of that then a this is the length of the... Actually I would say that here all those 4 it is
on no it is right, we have to consider this length from this pivot from the centre of this ball joint,
this is the slipper pad so this is ball joint from here to the pivot point, this length is A so we have
to take this component also then this length e divided by cos Alpha is this arm.



We consider this length, we considered this length and then this length divided by cos of swash
plate inclination gives us the torque arm. So we combine the earlier equations and these
equations and we finally get this is the T i, in this case again we have considered ith ith chamber,
not the nth, nth was for the force analysis, sorry this is a mistake we should have considered
there also ith chamber, so this is only for one piston okay, one piston this will be the torque. Now
similarly we have to consider all the pistons and here instead of this force, we directly we are
considering the instantaneous pressure and the area of the piston so this is in more general form.
Now in general the pivot axis intersects the barrel that is the shaft axis and e = 0, however, in

some cases a small amount of eccentricity for overall performance.
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ANALYSIS OF INPUT SHAFT TORQUE OF AN AXIAL-PISTON SWASH-PLATE TYPE PUMP :

Fluid Pressure on Pistons:

There are four pressure region along the path of a piston as the barrel
rotates a whole revolution. Referring to Fig. 4- the regions are listed below:

1, System pressure P, along the discharge

9, port of the valve plate.
TD.L [P /%, : :
P. region.~— T 2. Suction pressure P, along the suction
1 ey ) A port of the valve plate,
0 / [/ \ 3. Transition region between the
PN\ discharge pressure P, and the
0 [IT“‘ e o vy :_‘ i suction port of pressure P, ,
\W\Y/ | /] (The pressure at this region will reduce
[ / I from P, to P, and is termed P,,).
N P, reglon 4, Transition region between the sucti{on
I e region of P, and the discharge of
P./ 'B.D.C P, (at any instant, P., will increase
0, " U For- from P, to P, along the region,
Fig.-4:Pressure Regions around the Valve Ports. 0, < 6 < 0 p; = p, = Constant
Precisely at various values 6 < 6 <6,  p=p,6)=Variadle
of_ 0' ¥ the_acting pressure P; 6 <6 < 6 P, = p, = Constant
will have different values i
k. as shown: 0 < 6 < 0, p=p.,6)=Varable

w(52-4) 2|

Now next is we have to consider the pressure distribution at different zones, system pressure P 2
along the discharge port of the valve plate, this is P 2 is the system pressure so this is the P 2
region so when it this is the delivery side, this is the delivery side that means 1* plate is inclined
in this way, this is coming out of the screen, this is going inside there in so that while the piston
1s moving from this point to this point, it is gradually it is being compressed. So this is the high-
pressure zone region, then P 1 along this suction port, this is the low-pressure (())(43:37) next the
transition region between the discharge P 2 and the suction P 1 in case of pump, the pressure at
region will reduce from P 2 to P1 and is termed as PC 1 so this is the PC 1 region, only this

region.



The next phase we consider that this is the PC to region, where the pressure is gradually
increasing. So in equation while we are calculating the pressure, each for each and every piston
when they passing through this region we have to carefully consider that pressure that means
while we are calculating for a particular piston, we have to consider what are the pressure there.
Some pistons have P 1, some piston is having P2, some piston in having P C1, some piston is
having P C2 so while we are calculating the swash plate torque, for all piston we have to
calculate separately and there we have to some up them. So therefore precisely at various values

of theta 1, the acting pressure P1 will have different values as shown like this.
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Swash Plate Torque (contd....):
",

In addition to the pressure forces
transmitted by the pistons to the
i swash plate, the swash plate
| exerts inertia forces on pistons
"I causing them to reciprocate.

. The longitudinal displacement of
I theith piston is described by:

X, =(rsinf)tana

i

= rianasin[0+¢,(i-1)]

Fig.-3: Geometrical relations of Piston, Barrel &Swash Plate. «(5.21-5)

the velocity of the i piston: and, acceleration of the it piston:
_dX, . dY )
X a (ro)tanacosq X 7‘ ~(ro”)tan asin ),
e (5.21-6) : e (5.21-7)

Therefore, the inertia force F; of the it piston is expressed as:

F,=-M,(ro")tanasing, ..(5.218)

Y

We can now we can divide into different zones and we can write it down what are the pressures
over there, what I have described there this is written in the equation from A. Then in addition to
the pressure forces transmitted by the pistons to the swash plate, the swash plate exerts inertia
force on pistons causing them to reciprocate, do you understand my point? Say this pressure
force are there as well as there is inertia force for the pistons so that is to be considered for the
particularly for the transient region. While we are thinking the control of swash plate or by the
what are the actuation system, we have to control the torque to keep the swash plate in a position

or to move the swash plate from one position to other position so we consider this force.

First of all we calculate the longitudinal displacement of the ith piston then this you can calculate

look at this, it is rotating like this so 1% of all we will consider, see this is the theta angle, we will



consider this is r and then this is the sin theta then this is inclined so we consider the 10
components of that so this becomes we are calculating while we are calculating this 1* torque,
we have to calculate this perpendicular height. This becomes 1* this value and then with the Tan
Alpha we get the real this torque arm position from this pivot point. Look at this, we have here

also neglected the e there is no eccentricity.

Now the velocity of the ith piston then if we differentiate with respect to time, it gives this value
and as well the acceleration we find we can calculate further differentiating with respect to the
time right. So therefore, the inertia force of the ith piston is expressed by this equation, this is the

acceleration term and this is the mass of the piston okay.
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Swash Plate Torque (contd....):
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Fig.-3: Geometrical relations of Piston, Barrel &SwashPlate.

Adding this force component, to the expression (5.21-3), the combined torque
component T, due to the i"™ piston is expressed as:

4[4

Now adding this force component to the expression the earlier expression, the combined torque
that is swash plate control of for the ith piston is given by this expression okay, it is acting over

here, this is only for ith piston okay.
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Swash Plate Torque (contd....):

The reciprocating group of the
pump includes a holding plate
which hiolds the piston shoes

7 (slippers) against the swash

i plate and reciprocates with them,

2 i_ Accounting for the inertial of the
. plate relative to the swash plate

X =(r sin@)tana — -l

,,,,, AN ¥ \ }
pi 7 31 pivot adds another torque (7,,)
i el I component, expressed as follows:
"L i oo e
A , Tp=Jp(Ro" tana)
w(5.21-10)
Fig.-3: Geometricalrelations ofPiston, Barrel &SwashPlate. Where, Jyp is the polar

moment of inertia of the

holding plate (also called as

retainer plate) and R is the

corresponding torque arm,
Summing up all components the total instantaneous torque on the swash plate
at any angular position 8 of the shaft (barrel) is , therefore:

z
Z(p,A" Mpwzrlanasinq)(rsinq tasina +e)
T, =Jp(Ra' tan@) =L e (5.21-11)

= cos’ @
5

Now this reciprocating group of the pump includes a holding plate, which holds the piston shoes
against the swash plate. Now actually here say if we consider the how these pistons are moving,
forward motion is possible because this is raving on that but there is no physical connection
between these 2, only this is a if the compression force is there then it will move. So while it is
moving in the other directions, how this will be pulled out? Actually there is a plate which is
sometimes called retainer plate, that retainer plate is held by a spring here against the barrel so
this always keeps this slipper pad in touch, in contact with the swash plate. Now we must

consider the dynamics or the inertia of this retainer plate also.

Now, while we are considering this accounting for the inertia of the plate related to the swash
plate pivot and another torque T hp component expressed as follows. This is equal to that
moment of inertia and R Omega square Tan Alpha, the derivation is not shown but as if we have
considered mass of that and this is acting at a if we consider that this is the polar moment of
inertia, this is radius of (())(50:31) and Omega square Tan Alpha will give us that torque. Now
we add this torque with also the original torque what we have calculated. So now the submission
of this that is the for each piston inertia = the pressure force torque due to this part = the torque
due to the retainer plate. So this is precisely the equation for the torque of controlling or holding

the swash plate in a position or to rotate the swash plate at an instant.



(Refer Slide Time: 51:23)

References:

1. Zeiger, G. and Akers, A, Torque on the swash plate of an axial piston pump. ASMEJ
Dyn Sys Meas Contrl, 107 (3) Sept (1985), p 220-226.

2. Milestone, W,D., Solomon, a., and Gerry, 0. The Kinematic Analysis of Axial Piston
Pumps. Mech Mach Theory. 18(16), (1983), p. 475-479.

3.  Zeiger, G. and Akers, A. Dynamic Analysis of an Axial Piston Pump Swash Plate
Control, Procd. IMechE (UK). 200 (CI), (1985), p 49-58.

4. Manring, N.D., the Torque on the Input Shaft of an Axial Piston Swash Plate Type
Hydrostatic Pump. ASME J Dyn Sys Meas Contrl, 120 (1) June (1998), p 57-62.

24

So these are the reference, I suggest that you should read this paper 1 particularly 1 and then 4.
But if you would like to know the details about the dynamics, you should also follow these 2
papers. If you look into this, this was published may be in the same year but in other issues, this
was published in ASME, this was another journal but 1* they found out this a nominal torque and
then they did the (())(52:14) analysis, whereas to know the Kinematic details you should read
this paper. Okay thank you.



