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Abstract

The hydrostatic transmission is one of the most important applications in the fluid power systems. It gives smooth change in
output speed, torque and power as per the design requirements. Present article deals with various losses of the hydraulic pump
and motor using a closed circuit hydraulic drive. The drive basically consists of a variable displacement axial piston pump that
supplies pressurized fluid to a variable displacement bent axis hydro-motor. In investigating the pump/motor performance, bond
graph simulation technique is used to model the drive system. Various losses of the pump and motor are accounted in the model
by suitable resistive elements. The characteristics of them are identified through experiments. The predicted performance of
the pump/motor is studied with respect to the displacement and load at the same time they are validated experimentally. The
investigation made in the article identifies the control strategy which will be useful for the practicing engineers to select best
combination of the pump and motor displacement for optimizing the drive performance and minimizing the losses as well. The
study performed in this research work will be useful for the similar hydraulic configuration used in mobile equipment.
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1.0 Introduction

HST drives are used in heavy mobile machinery for its
high-power density, wider speed-torque range and good
efficiency. While analyzing the performance of such drive,
it is important to consider its various losses.

Most of the models of the pumps and hydro-motors
currently being used are based on the losses proposed
by notable researchers (Wilson WE, (1949); Schlosser,
W (1961); Zarotti G and Nervegna, (1981); Hydrostatic
Pumps and Motors (1993); Conrad E et al. (1993);
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Mandal SK, et al. (2009); Kumar and Dasgupta, (2015);
Williamson and Ivantysynova, (2007); Rahmfeld and
Eckhard, (2010); Lux and Murrenhoff, (2016); Hasan,
et al, (2015); Kohmascher et al, (2007)). However,
investigating various losses of the variable displacement
pump and the variable displacement motor in HST drive
is presented in this article which has not yet been studied.

Understanding the losses of the hydrostatic drive,
rather pragmatic approach is followed due to the
complicated flow mechanics involved in the components.
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This article characterizes the different losses of the
hydraulic pump/motor using a closed circuit hydraulic
drive, where both the pump and the motor are variable.
By adjusting the displacements of the pump, the losses
have been investigated for wide torque-speed range.

The studies conducted will be useful to develop its
design guidelines from where the components of the HST
drive could be selected without developing a prototype to
get test data.

In analyzing the pump and motor losses, mathematical
models of the pump and the motor are made, where the
pump and the motor losses are considered by suitable
resistances. Chamber volume variation of a multi-piston
pump or the motor with respect to its shaft rotation along
with theirlosses demandsa structured approach to develop
its mathematical model (Dasgupta, and Mondal, (2002)).
The Bond graph gives such an approach in a simplified
way (Thoma, (1990)). A steady-state model of the drive is
developed, where various resistances represent the pump
and the motor losses. The non-linear characteristics of
the losses that depend upon various state-variables of
the system are identified through test results. Compared
with the experimental results, the model is validated.
Using the validated model, various losses of the hydraulic
components is studied. The model presented in this
article guides the design of the experiment and mode
of data handling of the observations in such a way that
the dependency of the parameters on the operating
conditions of the pump and the motor of the HST drives
are obtained. The model is found to be highly adaptable
and it agrees fairly well to the experimental data. This

enhances the reusability of the model and improves its
predictivepower.

2.0 Physical System

From Figure 1, where a variable displacement pumps
driven by a constant speed prime mover supplies flow
to a hydro-motor. The load on the hydro-motor shaft is
provided by suitable loading unit, whereby controlling
the pump and the valve, the load on the motor is varied.

Figure 2 shows the variable displacement bent
axis hydro-motor (Product literature of the variable
displacement bent axis hydro-motor, Bosch Rexroth (I)
Ltd.) considered in the studies, where the pump supplies
pressurized fluid to its seven pistons, which reciprocate
inside the cylinder block. With the movement of the
pistons, the hydro-motor rotates. By varying the angle
between the axis of the drive shaft and the cylinder block,
the speed and the torque of the drive are controlled.

Figure 3 shows the variable displacement axial piston
pump (Product literature of the variable displacement
in-line pump, Bosch Rexroth (I) Ltd.), where due
to rotation of the cylinder block, pistons inside it
reciprocate. By varying the swash plate angle (a), piston
stroke changes and so does the pump flow.

For the analysis of the pump and the motor, various
leakage passages are shown in Figures 2 and 3. Leakage
flow paths are as follows:

a) Leakage flow through the annular region (Qal).
b) Leakage flow through clearances between the ball and
socket joint (Qs).
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Figure 1. Closed circuit hydrostatic drive with variable pump and motor.
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Figure 2. Bent axis hydro-motor (Variable displacement
volume).

Table 1. List of components used in the test set-up.

Figure 3. Axial piston pump (Variable displacement
volume). The detailed overview of the pump as well as the
motor is provided in the textbook (Watton (2009)).

Sr. No. Items Model/ Make
1 Variable displacement axial piston pump Model-A4VG28EP2DM1/3X~
maximum displacement 28 cc/rev RPZC10F02D

Bosch Rexroth, Germany

Accuracy-1% of full scale torque Max. torque
range- 100 Nm

2 Variable displacement Bent-axis hydro-motor Model- A2FM16/61W-VBB030
Maximum displacement 28 cc/rev Bosch Rexroth, Germany
3 Torque sensor Model-K-T40B-100Q-MF-S-M-

DU2-0-S
HBM, Germany

4 Flow sensor
Turbine type flow sensor accuracy £0.5%
Flow range- 0-60 LPM

Model- TFM 1015
Rockwin Flow meter India Pvt. Ltd

5 Speed sensor
Non-contact type
Accuracy +1 RPM or 0.005% of reading optical
speed range- (0-2500 rpm)

Model - ROS-W
Monarc Instrument, USA.

6 Pressure sensor
Accuracy - 0.25 % pressure range - (0-200 bar)

Model- S10
Wika, Germany

c) Leakage flow through clearances through the valve
plate and cylindrical barrel (Q4). Taking together the
above leakages, it is considered as external leakage in
the model.

Similarly, internal leakage of the pump (Qilp) and the
motor (Qilm) are also considered in the model.

The detailed of the experimental set-up and its
working is given in Appendix 1

3.0 Modeling of the System

While developing the steady-state model of the system:
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The leakage flow in the model other than above
discussed for the pump and the motor is not taken
into account.

The effects of the resistance and the capacitance of
the hydraulic fluid flow passage are lumped, wherever
appropriate.

The temperature and pressure effects on fluid
properties are not considered.

The hydraulic oil used in the experiment is a Newtonian
fluid.

The line resistance is not taken into account in the
present study.

The Bond graph model of the system is shown in

Figure 4. A hydraulic displacement machine translates
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hydraulic power to mechanical power or vice-versa. The
displacement ratios of the pump (fpd) and the hydro-motor
(Bmd) are represented by the modulated transformer (7F)
junctions. Being bilateral in nature, the TFs also convert
pressure of the chamber to the shaft torque.

The SF element in Figure 4, with 1 junction shows the
speed (Np) of the pump. The pressure drop across the p
valve ports of the pump arises due to fluid flow through
it. Combining this with the frictional loss, the total
mechanical loss of the pump is represented by the resistive
element R attached with 1 junction. The leakage flow
of the pump represented by the resistance R  appear as
R element on the pump plenum, 0,, junction. The C
element on the same junction indicates the bulk stiffness
of the hydraulic fluid K_ at the pump plenum. The pump
supplies flow V_to the inlet port (R ) of the motor, from
where it moves to the motor plenum, as represented by
0,,, junction. Like the pump, R  of the motor represents
its leakage resistance. The motor converts the hydraulic
power to the mechanical power that drives the load. The
SE element on 1 junction represents the torque load.
Such element determines the differential pressure across
the motor. The C element attached to the same junction
observes the motor speed.

The transformer moduli /', and V3, indicates the pump
and the motor volumetric displacement. The expression
for displacement rates of the hydraulic units (pump and
hydro-motor) are given by:

Vp =1 pd Vp max

and Vm = Uimd Vm max
where, Vi and Ve
are the maximum displacement rate of the pump and
the motor, respectively.
The torque loss of the HST drive mainly depends on
the resistance Rpq and Rym.

RRpd Gy RRm  RRui ;
\/

m [ At
St 1 UB—pfy 1 trp i g
Ny Np Qp Q Ny Ty

Ppd %, B

RiRy1

Figure 4. Reduced model of the HST drive.
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Similarly, leakage resistances R | and R take into
account the volumetric efficiency of the drive. Their
characteristics are collected from the test outcomes given
in Section 4.

The expressions deduced from the model are as
follows: Flow loss due to fluid compressibility is given by:

g Dld a
o (P, Pl
VCP :NPD Vprnax -%rﬂﬁ?ﬁg
»d O O
0 0 (1)

In the above expression, the 2™ term represents the
ideal discharge of the pump, whereas; the 3™ and the 4™
term indicate the leakage of the pump and motor inlet
flow, respectively.

Ignoring the fluid compressibility loss in Eq. (1), the
above expression reduced to

0
R,, = - P
J2
Npr - R71
! (2)

P
Qpl = Rip
8 (3)
Leakage flow of the hydro-motor is expressed as:
D Id
le = Vim Rpl
(4)

The Pump torque is given by:

U =PV, + RN, (5)

The pump drag resistance is given by:

Rpe= (D »- PoVp) /Np ©6)

4.0 Comparison of Model with
Experimental Outcome and
Discussion

The main objective of the test programme is to validate
the model proposed in the article with the test data. In this
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respect, the overall efficiency of the system was examined
with respect to the pump and the motor displacement
ratios at different torque-level. At the onset, the
characteristics of the losses were found experimentally.

4.1 Validation of the Pump and the Hydro-
motor Losses

At differentload torque, the losses were determined for the
pump and the motor with respect to their displacements
(Vp ) and (V_ ), respectively. Substituting the test data
of the pump torque ( T, ), pump speed (Np), load torque
(¥ Id ), maximum displacements of the pump and the
hydro-motor in Egs. (2) through (5), the nature of the loss
characteristics are identified. The test data were collected
for the torque and the speed range of 28-50 Nm and of
400-2600 r_, respectively, where maximum system
pressure was 120 bar. Due to limitation of the test set
up, the displacement of the pump and the hydro-motor
(V_) could not be lowered below 40% of its maximum
value. Accordingly, the characteristics of the losses were
obtained and they are provided in Appendix 1.

From the Figures 5 and 9, it is found that with
increasing pump displacement ratio ([%P 2 or the motor
displacement ratio (f_,), leakage resistance of the pump
(Rp1) increases. Leakage resistance (R_) of the hydro-
motor decreases with increase in the displacement ratio of
the pump ([BP +)» whereas Rml increases with the increase
in the displacement ratio of the motor (B_,) as indicated
in Figures 6 and 10.

30

75

Ry % 101 (N-sfms)—"
[ ]
=] in

45 Increasing Torquelevel

4.0
3 4Vttt

03 04 05 06 07 08 09 10
= —p
Bpa =V Vpmax

Figure 5. Characteristic of the leakage resistance (Rpl) of
the pump in HST drive with respect to the varying pump
displacement.
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Figures 7 and 11 indicate the characteristics of the
motor valve port resistance (R ) that translates into the
torque loss of the drive. It is noticed that with the rise in
the displacement ratio of the pump (B ), such resistance
(R,,) decreases; whereas by increasing the displacement
ratio of the motor (B_,), R _increases. An increase in

theload-torque (X/d ) for a constant displacement ratio
of the pump ([3p > valve port resistance (R ) decreases;
thereby torque losses of the drive also reduces shown in
Figure 7, which leads to higher mechanical efficiency.
Such efficiency of the drive decreases, with the rise in the
torque for a constant displacement ratio of motor (p_,) as
shown in Figure 11.

From the Figures 8 and 12, itis found that characteristic
of the pump drag resistance (R ,) rises with the rise in
the pump displacement ratio (B, ,), whereas, it decreases
with the increase in the displacement ratio of the hydro-
motor (B_,) for the same load torque. The drag resistance
R, increases with the increase in the load torque at
a fixed displacement ratios of the pump (B ) and the
hydro-motor (B_,). Like the hydro-motor, the mechanical
efficiency of the pump is affected by drag resistance.

Using the test data in Eq. (2) for different torque
level, the predicted characteristics of R are compared
in Figures 13 and 14. It is found that the predicted and
the experimental results are very close to each other,
differ by + 1% to + 2%, which seems to be reasonable.
In the same way, the polynomial expressions of other
loss-coefficients (R , R ,and R ;) could be established by
further examination.

2.2 7
I .
18 ]
= _
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=16 ]
B * 50 Nmi
= ]
Z.14 1 + 45 Nm
- =42 Nm
12 1
F 37 Nm
1T ' 032 Nm

08 1 N Ny N

0.3 o4 05 o6 07 0.8 o9 1
Bpa= Vo/ Vpmaxy =—————

Figure 6. Characteristic of the leakage resistance (R ) of
the motor in HST drive with respect to the varying pump
displacement.
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Figure 7 Characteristic of the valve port resistance (R ) of the
motor in HST drive with respect to the varying pump displacement.
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Figure 8. Characteristic of the drag resistance (R ;) of
the pump in HST drive with respect to the varying pump
displacement.
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Figure 9. Characteristic of the leakage resistance (R ) of
the pump in HST drive with respect to the varying motor
displacement.
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Figure 11. Characteristic of the valve port resistance (R )
of the motor in HST drive with respect to the varying motor
displacement.
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Figure 10. Characteristic of the leakage resistance (R ) of
the motor in HST drive with respect to the varying motor
displacement.
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Figure 12. Characteristic of the drag resistance (R ) of
the pump in HST drive with respect to the varying motor
displacement.
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Figure 13. Comparison of the predicted and the
experimental nature of valve port resistance R _ of the motor
in HST drive with respect to the varying motor displacement.

Similar trend of the resistances given were found
by McCandlish (1984) and Mandal er al. (2009) in
their studies on the plunger type hydro-static unit. The
variation of R described by the quadratic relationship

was also observed by Thoma (1969) and Schésser (1961).

5.0 Conclusions

In this article, various losses of the pump and motor in a
closed circuit HST drive have been studied with respect
to the variation in the displacement of the pump and
the hydro-motor. In this respect, bond graph simulation
technique is used in modeling the HST drive. A reduced
bond graph model is proposed, where various losses are
taken into account by suitable resistive elements. Such a
model has fewer parameters and needs reduced number
of test-runs to establish them. The loss coefficients of
the drive indicate that they vary with the load torque
and displacement of the pump and the hydro-motor, a
behaviour that was also recognized by Mandal et al. (2009)
and Kumar et al. (2015). The losses found to have a non-
linear relationship with the load torque and displacement
rate of the pump and the hydro-motor. Using them, the
performance parameters of the drive such as the slip,
torque loss and efficiency could be established. From
the study, suitable control strategy can be established
for the maximum operating efficiency of the hydraulic
components.
The conclusions drawn from the study are as follows:

o With the variation of the pump and the motor
displacements, the pump leakage resistance (R)
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Figure 14. Comparison of the experimental and the
predicted nature of valve port resistance R _ of the motor in
HST drive with respect to the varying motor displacement.

decreases with an increase in the load torque (KId ) as

shown in Figures 5 and 9.

+ The hydro-motor leakage resistance (R ) reduces with
the rise in the displacement of the pump, whereas, with
an increase in the motor displacement, such resistance
increases. At a given speed (w_), R | rises with the rise
in torque level as shown in Figures 6 and 10.

« The valve port resistance of the motor (R ) reduces
with increase in the displacement of the pump, whereas,
it (R ) increases with increase in displacement of the
motor. For a constant drive speed, R decreases with
increase in load torque as shown in Figures 7 and
11. The pump drag resistance (R ) rises with rise in
Ppd, whereas, it (R ) reduces with decreasing B, , as
presented in Figures 8 and 12.

Losses of the hydraulic components discussed in this
article do not represent the performance of all hydraulic
pump and motor, as it will differ among the manufacturers.
Further refinement of the model is feasible if the ignored
minor losses due to thermal effects, hydrodynamic losses
etc., are considered, that needs more detailed theoretical
analysis and rigorous experiments.

By measuring slip and torque losses a suitable control
schemes may be formulated for varying displacement
ratios of the pump and motor to optimize the performance
of the hydraulic components. This may be a potential
future work

The reduced model proposed in this article may
be useful to the practicing engineers in the selection of
similar HST drives. It may be also helpful to analyze the
control aspects of the plant, where proposed drive is an
integral part
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Appendix

CONTROLLER WITH
DATA ACQUISITION SYSTEM

S —

RAULIC POWER UNIT

Figure 15.

Schematic diagram of the experimental test-up
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Figure 16. Pictorial view of the test rig of the closed circuit HST drives

In the test set-up, a variable displacement pump
driven by an electric motor at a constant speed supplies
pressurized fluid to the hydro-motor; that, in turn, drives
a pump of loading circuit. By controlling the displacement
of the pump or the motor as well as adjusting the pressure
of the relief valve in the loading circuit, the torque load
of the hydro-motor is varied. The torque and speed of the
hydro-motor and also the pressure and flow of the pump
are stored in the data acquisition system The displacement
of the pump and the motor are adjusted from the control
panel for a targeted torque and speed of the drive. During
experiment, the fluid temperature was maintained within
50£20C. The pressure difference across the hydraulic

- 448 | Vol 70 (8) | August 12022 | http://www.informaticsjournals.com/index.php/jmmf

machine was kept constant with reasonable accuracy
during the experiment.

By using the pressure, flow, torque and speed sensors,
the test data were collected and before conducting
experiments all of them were calibrated. The experiments
were conducted for the drive speed that ranges from 400
rpm to 2600 rpm; whereas, load torque and operating
pressure was varied from 28 Nm to 50 Nm and 63-120
bar, respectively. The experiments could not be performed
for higher torque range due to limitations of the set-up.
Repeated test runs were made following a standard test
procedure (BS 4617, (1983)).
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