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Abstract

The steady-state performance of a hydrostatic (HST) drive through modelling and experiment. was investigated. The 
drive had a closed-circuit configuration, in which the supply from the variable displacement pump drives a variable 
displacement hydro-motor. The aim was to demonstrate the torque-speed control of the hydrostatic drive by varying 
the pump or motor displacements with respect to the overall efficiency, torque-loss (%), and slip. The bond graph
simulation technique was used to model the HST drive, where the losses of the pump and hydro-motor are 
lumped through resistances. The characteristics of the losses were identified through test-data. The drive’s 
performance was studied with respect to the variation of the pump and the hydro-motor displacements. The 
investigation identifies the efficient zone of operation for these drives. Design engineers and manufacturers will find 
the results useful, particularly when adapting control guidelines of hydrostatic drives used for mining application. 
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1. Introduction

A hydrostatic (HST) drive is used in heavy earth 
moving machineries (HEMMs) for its high-power 
density, wider speed-torque range, better 
controllability and excellent steady-state as well as 
dynamic performances. Such drives used to propel 
HEMM mainly have a closed-circuit configuration. In this 
setup, the pump and hydro-motor are directly connected 
without additional losses. Conventional HST drives 
often utilize a variable displacement pump with a fixed 
displacement hydro-motor (Zarotti & Nervegna, 1983; 
McCandlish, & Dorey, 1984; Watton, 2005). In such a 
drive, the hydro-motor speed is proportional to the pump 
flow rate. However, in the closed circuit drive where both 
the pump and the hydro-motor are variable, the drive speed 
can be further increased by adjusting the hydro-motor 
displacement to lower values. This is due to the fact that 
motor speed is inversely proportional to its displacement.
The overall efficiency of a mobile drive concept 
is a result of the power output and losses in every 
single sub-system. Therefore, losses in the hydrostatic 
components have significant influence on the 
performance of the HST drive (Mandal et al., 2009; 
Williamson & Ivantysynova, 2007; Rahmfeld & Skirde, 
2010). In recent decades, various analytical, physical, 
power and numeric approaches have been suggested 
to describe the losses, these are based on quasi-static 
measurement results (Conrad et al., 1993; Lux & 
Murrenhoff, 2016; Kohmäscher et al., 2007). Hasan et 
al. (2015) have compared the performance of four types 
of open-circuit high-speed low-torque hydrostatic drives 
using a bent-axis fixed displacement motor. Research 
shows that a hydrostatic drive using speed controlled 
pump exhibits maximum efficiency. This analysis does not 
consider the losses of the drive that depends on the 

displacement of the pump. Khorshid & Gad (2006) 
analytically studied the steady-state and dynamic 
performance of the servomotor. They compared 
the predicted data obtained through modeling with 
test data. They concluded that the neural network
 technique applied to the servomotor model is suitable for a 
transient mode of operation of highly non-linear 
systems. The performance predictions of 
roadheaders used in underground mining has been studied 
by Özfırat et al. (2017). The effects of several factors on the 
roadheader’s performance were examined. These 
included the power of the machine, weight of the 
machine, power to weight ratio, drilling rate index, uni-
axial compressive strength, and the rock mass rating. The 
machine performance was found to be highly correlated 
with the machine power (P), weight (W) and the P/W ratio. 
The selection of optimal technology for surface 
mining was studied by Stojanovic et al. (2015). 
The authors demonstrated different methods for 
selecting optimal technology using an open pit 
coal mine. The study investigated mining-technical 
factors, including equipment utilized, systems, etc.  
None of previous studies analyzes the combined 
performance of the pump and the motor in an HST 
drive used in mining applications. In this study, the 
performance characteristics of a closed-circuit 
hydrostatic drive is investigated. The focus is on the 
wider range of torque-speed by operating it under 
different modes. In the pump-controlled mode, 
pump displacement is varied, while keeping motor 
displacement fixed. For the motor controlled, motor 
displacement is varied while pump displacement is 
kept fixed. The performance of the drive has been 
investigated for a wide torque–speed range in terms of 
the overall efficiency (η), slip, and torque loss (%) In 
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investigating the performance of the HST drive, a 
pragmatic approach is followed to 
estimate its various losses due to 
complicated flow mechanics involved in the components. 
The data contributes to the development of design 
guidelines. Components of the HST drive for 
mining application could be selected without 
developing a prototype for the test data. The 
bases for selecting the best combination of the pump and 
motor of an HST drive are critical parameters in 
regards to overall efficiency (η), displacement ratios of 
the pump (βpd) and the motor (βmd), and load torque (  ). 
Also discussed are the effects of variation of βpd and 
βmd on the drive’s performance. In analyzing the drive’s 
performance, modeling of the system is made using 
bondgraph simulation technique (Thoma, 1990). In 
this case, the pump and motor losses are represented by 
suitable resistances. Their non-linear characteristics 
that depend on the state-variables of the drive were 
identified experimentally. The overall performance of 
the HST drive is examined with respect to its different 
performance parameters. In this paper, the steady-state 
model is presented. This model guides the design of the 
experiment and mode of observation data handling in such 
a way that the dependency of the parameters on the HST 
drive pump and motor operating conditions are obtained.

2. Physical system
The schematic representation of the closed-circuit HST 
drive considered for analysis is shown in Figure 1(a).
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Fig. 1(a). Schematic diagram of the closed-circuit 
HST drive

Fig. 1(b). Pictorial view of the test rig of the closed-circuit 
HST drive

Figures 1(a) and 1(b) give the schematic and pictorial 
representations of the experimental test rig of the 
hydrostatic drive, respectively. The main component 

used in the test-rig with a specification summary are 
listed in Table 1.

Table 1. List of major component used in the test-rig.

Item. No. Name and Specification Make and Model 

1 3-Phase induction motor 

Power-15 KW 

Speed 1450 RPM 

NADJ40224HTOP 

Compton Greaves Ltd. 

2 Variable displacement pump 

Maximum displacement 28 

cc/rev 

A4VG28EP2DM1/3XRPZC10F

02D/Bosch Rexroth, Germany 

4 Variable displacement hydro-

motor 

Maximum displacement 28 

cc/rev 

A2FM16/61W-VBB030/ 

Bosch Rexroth, Germany 

5 Variable displacement swash 

plate controlled loading pump 

Maximum displacement 28 

cc/rev 

A4VG28EP2DM1/3X–

RPZC10F02D/ 

Bosch Rexroth, Germany 

8.1 through 8.4 Pressure sensor 

Accuracy-  0.25 % 

Pressure range- (0-200 bar) 

S10/Wika, Germany 

9.1 through 9.2 Flow sensor 

Turbine type flow sensor 

Accuracy ±0.5% 

Flow range-0-60 LPM 

TFM 1015/Rockwin Flow 

meter India Pvt. Ltd 

10 Torque sensor 

Accuracy- 1% of full scale torque 

Max. torque range- 100 Nm 

K-T40B-100Q-MF-S-M-DU2-

0-S/ 

HBM, Germany 

 

 

 

 

Referring to Fig. 1(a), the main features of the test-rig are as follows: 

Referring to Figure 1(a), the main features of the test-rig 
are as follows:

a) An electric motor (1) drives a variable 
displacement pump (2) at a constant speed. The 
pump supplies pressurized fluid to the inlet of the 
variable displacement bent-axis hydro-motor (4). 
b) The hydro-motor (4) in turn drives an identical 
pump (5) in the loading circuit that supplies pressurized 
fluid to the proportional pressure relief valve (PPRV) (7). 
c) The controller gives a command signal that varies 
from 0-10-volt DC to adjust the displacement of the 
pumps, hydro-motor and the set pressure of the PPRV 
for a targeted speed and torque output of the drive. 
d) Similarly, the load on the hydro-motor is 
controlled by adjusting the swash plate angle of the 
pump or the  pressure setting of the relief valve.
e) The charge pumps (3 and 7) compensate 
leakage losses. For a detailed functioning of the 
component, refer to the standard textbook by Watton 
(2009).
f) The sensors and digital indicators record 
parameters such as pressure (8), flow (9), and 
rotational speed as well as  torque (10).

During the experiment, the hydraulic oil temperature 
and other fluid properties were kept constant as much as 
possible. Leakage flow is assumed to be 
directly proportional to the working pressure 
difference. Care has been taken to keep the 
pressure difference constant during measurements. 
The pressure, flow, torque and the speed sensors were 
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set to appropriate levels following the standard 
method ( Ivantysyn & Ivantysynova, 2002) and were 
calibrated to collect the test data. The experiments were 
conducted for the drive speeds from 400 rpm to 2400 
rpm. Load torque and operating pressure varied from 28 
Nm to 50 Nm and 63 bar to110 bar, respectively. The 
experiments could not be performed at a higher torque 
setting due to set-up limitations. Repeated test runs 
were made following the standard test procedure 
(BS 4617, 1983).

3. Modeling of the system

The following were taken into consideration while 
developing the steady-state model of the system:

• The effects of the resistance and the 
capacitance of the hydraulic fluid flow 
passage are lumped, wherever appropriate.
• Line resistance is not taken into account.

Fig. 2. Steady-state bond graph model of simplified HST 
drive

Figure 2 shows the bond graph model of the 
simplified HST system. A hydraulic displacement machine 
translates hydraulic power into mechanical power or 
vice-versa. The pump and the motor displacement ratios 
(βpd and βmd) are represented by the respective modulat-
ed transformer (TF) junctions. In the model, the SF ele-
ment with the  junction represents the speed (Np) of the 
pump. The total mechanical loss of the pump is presented 
by the resistive element Rpd attached at the      junction. 
This is done by combining the pressure drop across the 
valve ports of the pump (originating from fluid flow) 
with the frictional loss. Similarly, the valve-port resis-
tance of the motor Rvm on the  junction represents the 
torque-loss of the hydro-motor. The resistance Rpl on the 
pump plenum  junction represents resistance to the pump 
leakage. The C element on the same junction indicates 
the bulk stiffness of the hydraulic fluid Kcp. The pump 
supplies flow Qp through the inlet port to the motor plenum, 
represented by  junction. The resistance Rml represents the 
motor’s leakage. The hydro-motor transforms the hydraulic 
power to mechanical power that drives the load ( 
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The actual slip of the HST drive is expressed as:The actual slip of the HST drive is expressed as: 
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where the hydro-motor’s ideal speed Nmi reads: 
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Actual torque loss may be expressed as: 
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The actual overall efficiency of the drive is given by:  
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The test data obtained through different sensors described in section 2 are used in Equations (9, 

11, and 12) to calculate the values of actual slip, torque-loss and efficiency. These are compared 

with corresponding predicted values. The expressions for predicted slip, torque-loss and efficiency 

are given in Appendix 1. The abbreviations of the notations and their significance are also 

mentioned in Appendix 2. 
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The test data obtained through different sensors 
described in section 2 are used in Equations (9, 
11, and 12) to calculate the values of actual slip, 
torque-loss and efficiency. These are compared with 
corresponding predicted values. The expressions for 
predicted slip, torque-loss and efficiency are given in 
Appendix 1. The abbreviations of the notations and 
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their significance are also mentioned in Appendix 2.

4. Experimental outcomes and discussion

By varying the displacements of the pump and the 
hydro-motor in the pump- and motor-controlled 
modes of operation, the performances of the drive was 
tested for load torque and drive speed ranges of 28-50 
Nm and 400-2400 rpm, respectively. However, due to 
test set-up limitations, the displacement of the pump 
(Vp) and the hydro-motor (Vm) could not be lowered 
below 40% of its maximum value. The maximum 
pressure level was achieved up to 120 bar. 
During the experiment, the fluid temperature was 
maintained to 50 0C ± 2. The pressure difference across the 
hydraulic machine was kept constant with reasonable 
accuracy during the experiment. Repeated test runs 
were made following the standard test procedure 
(BS 4617, 1983).

4.1 Pump and hydro-motor loss estimates
The test data for flow rate, pressure across the 
pump and motor, their speed and their torque were 
obtained from the respective sensors. The 
results were input into Eqaution (2), (4), (6), and (8) in 
order to obtain pump and the motor loss coefficients.

Fig. 3. Characteristics of the pump and hydro-motor 
losses as a function of βpd

Fig. 4. Characteristics of the pump and hydro-mo-
tor losses as a function βmd

The variation of the loss coefficients Rpl, Rml, Rvm 
and Rpd with respect to the βpd and βmd are shown in 
Figures (3) and (4), respectively. The characteristics of 
these loss coefficients are obtained from best fit curves 
lines to the data points. The polynomials for the Rpl, 
Rml, Rvm and Rpd with respect to the pump and the 
motor displacements ratio are expressed in Appendix 3.

• From Figures 3(a) and 4(a), it is observed that 
by increasing βpd or βmd, leakage resistance of the 
pump (Rpl) increases. Also, at a 
constant βpd and βmd, with rising load torque 
levels, Rpl decreases in both modes of operation.
• The leakage resistance of the hydro-
motor Rml reduces with the raise in βpd; whereas Rml 
increases with increase in βmd as shown in Figures 3(b) 

and 4(b). At a constant βpd and βmd, with rising load torque 
levels, Rml also decreases in both modes of operation.
• Figures 3(c) and 4(c) indicate the 
characteristics of the motor valve port resistance Rvm. 
It is observed that Rvm decreases with the rise in the 
βpd, whereas Rvm increases with increase in βmd for 
the same load torque. Also, Rvm increases with in-
crease load torque at the constants βpd and βmd, which 
translates into torque-loss. Increase in Rvm increas-
es torque loss and decreases torque loss percentage.
• From Figures 3(d) and 4(d), it is found that 
pump drag resistance Rpd rises with the rise in the 
βpd. However, it decreases with the increase in βmd 
for the same load torque. Rpd rises with the rise in 
the load torque at fixed βpd and βmd. An increase in 
Rpd reduces the mechanical efficiency of the pump.

A similar trend of the resistances given were found in 
McCandlish & Dorey (1984) and Mandal et al. (2009) 
in their investigation on the plunger type hydro-
static unit. The variation of Rvm described by the 
quadratic relationship was also observed (Thoma, 1969).

4.2 Performance parameters of the HST drive
The performance parameters, such as the torque-loss (%), 
slip and efficiency of the HST drive, are examined with 
respect to the βpd and the βmd in pump-and 
motor-controlled modes, respectively.

4.2.1 Slip behaviour of the HST drive 
Leakage flow of the pump and hydro-motor 
translates into the drive’s slip. Equations (9) 
and (23) are used to calculate and compare the 
actual and the predicted slip as shown in Figure 5.
Figure 5 shows the slip behaviour of 
the HST drive. It can be observed that: 

1. In the pump controlled-mode of operation, the slip 
reduces with the rise in drive speed for a 
particular torque level, which is caused by an
increase in the Rpl at higher βpd. 
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2. In the motor controlled-mode of operation, the slip 
increases with the rise in drive speed for a particular 
torque level, which is due to a 
decrease in the Rml at lower βmd.
3. Higher slip losses occur when the load torque 
increases at a fixed value of βpd or βmd, which is 
mainly due to the decrease in Rpl and Rml (see Figures 
3(a), 3(b), 4(a), and 4(b)). In general, slip increases with 
increasing torque for both modes of drive operation.
4. At a constant torque-level, when there is an
 increase in βpd, the slip decreases, whereas a 
decrease in βmd increases the slip of the drive.

Fig. 5. Slip as a function of drive speed

Nm (RPM) Sa Sp Nm (RPM) Sa Sp Nm (RPM) Sa Sp
588 3.1 3.2 590 3.6 3.7 595 4.1 4.1
839 1.7 1.8 859 2.2 2.3 852 2.7 2.8
984 1.1 1.2 987 1.5 1.7 984 2.2 2.2
1100 0.7 0.7 1096 1.3 1.3 1100 1.8 1.8
1293 0.4 0.5 1292 1.1 1.2 1297 1.7 1.8
1386 0.4 0.6 1386 1.1 1.4 1387 2.0 2.1
1458 0.6 0.7 1460 1.3 1.5 1455 2.2 2.2
1588 0.6 0.8 1569 1.4 1.6 1580 2.5 2.6
1700 1.1 1.3 1706 2.0 2.2 1703 3.2 3.2
1883 2.0 2.1 1884 3.1 3.2 1887 4.5 4.5
2042 3.3 3.5 2031 4.2 4.2 2047 5.0 5.2
2212 4.5 4.8 2184 5.7 5.8 2179 6.4 6.5
2332 5.6 6.2 2307 6.7 6.9 2318 7.7 7.7
2400 6.7 7.1 2400 7.9 8.0 2400 8.6 8.7

Nm (RPM) Sa Sp Nm (RPM) Sa Sp Nm (RPM) Sa Sp
592 5.3 5.3 595 4.7 4.8 592 6.1 6.2
855 3.6 3.7 847 3.0 3.1 846 4.6 4.7
981 2.9 3.2 992 2.4 2.5 981 4.0 4.1
1100 2.6 2.9 1104 2.2 2.3 1094 3.7 3.8
1297 2.6 2.7 1292 1.9 2.2 1293 3.6 3.7
1387 2.8 2.9 1384 2.1 2.2 1384 3.8 4.0
1468 2.8 3.0 1460 2.1 2.4 1452 4.0 4.0
1587 3.3 3.4 1576 2.5 2.6 1577 4.5 4.7
1716 4.0 4.0 1705 3.1 3.2 1703 5.1 5.3
1887 5.1 5.4 1888 4.4 4.5 1887 6.4 6.6
2050 6.9 7.3 2043 5.7 5.9 2044 8.1 8.2
2189 9.0 9.0 2195 7.5 7.5 2196 9.9 9.9
2315 10.4 10.4 2319 8.8 8.9 2312 11.6 11.7
2400 11.7 11.8 2400 10.0 10.1 2400 12.7 12.9

Tld=42 N m Tld=50 N m

Tld=28 N m

Tld=46N m

Tld=32 N m Tld=37 N m

Table 2. Actual and theoretical values of the slip of 
the drive at different load torque.

4.2.2 Torque-loss performance of the HST drive
The Rvm and Rpd are the major influencing parameters 
for the torque loss of the drive. Such losses translate 
into mechanical efficiency of the HST drive. Figure 6 
compares the predicted torque-loss 
characteristics of the drive with the test-
data obtained from Equations  (11) and (16).
From Figure 6, it is observed that: 

1. At a constant load torque, with an increase 
in pump and motor displacements (βpd and βmd), 
the percentage of torque loss increases. This is 
due to the fact that as βpd increases, the speed 
increases. Rpd also rises (Figure 3(d)). Rpd 
increases with an increase in βpd Nm (Figure 3(d)).

Fig. 6. Torque-loss (%) as a function of drive’s speed

Table 3. Actual and theoretical values of the torque loss 
(%) of the drive at different loads.

 
 

From Figure 6, it is observed that:  

1 At a constant load torque, with an increase in pump and motor displacements (βpd and βmd), the 

percentage of torque loss increases. This is due to the fact that as βpd increases, the speed increases. 

Rpd also rises (Figure 3(d)). Rpd increases with an increase in βpd Nm (Figure 3(d)). 

2. At a constant speed, with a rise in load torque, the torque-loss percentage decreases. This is 

because Rvm increases with increasing load torque, as shown in Figures 3(c) and 4(c). The drag 

resistance Rpd also increases with a rise in load torque (3(d) and 4(d)). Therefore, moving towards 

the increasing torque levels, the percentage of torque loss decreases. 

 

4.4  Overall performance of the drive 

Drive efficiency depends on the slip and the torque-loss percentage. These are shown in Figures 

5 and 6, respectively. The predicted overall efficiency given by Equation (13) (Appendix 1) is 

compared with the test-data obtained from Equation (12). The comparison between the test data 

and the predicted efficiency is shown in Figure 7. 

From Figure 7, it is evident that:  

Nm (RPM) Δtla Δtlp Nm (RPM) Δtla Δtlp Nm (RPM) Δtla Δtlp
601 2.3 2.4 607 2.6 2.7 601 2.8 3.0
844 2.4 2.4 853 2.7 2.8 844 2.9 3.0
1043 2.4 2.6 1030 2.8 2.9 1037 3.0 3.1
1236 2.5 2.7 1239 2.8 3.0 1233 3.1 3.2
1315 2.6 2.7 1315 2.9 3.1 1312 3.2 3.3
1391 2.7 2.8 1384 3.0 3.1 1387 3.3 3.4
1444 2.7 2.9 1447 3.1 3.2 1438 3.3 3.5
1596 3.0 3.1 1590 3.3 3.5 1586 3.7 3.8
1741 3.2 3.4 1732 3.6 3.8 1729 3.9 4.1
1956 3.8 3.9 1950 4.1 4.4 1937 4.4 4.7
2098 4.1 4.3 2098 4.5 4.8 2076 4.9 5.1
2215 4.5 4.7 2221 4.9 5.1 2215 5.4 5.5
2400 5.1 5.3 2400 5.5 5.8 2400 5.9 6.2

Nm (RPM) Δtla Δtlp Nm (RPM) Δtla Δtlp Nm (RPM) Δtla Δtlp
607 3.1 3.2 613 3.3 3.3 613 3.5 3.6
831 3.1 3.2 834 3.4 3.4 828 3.7 3.8
1027 3.2 3.4 1021 3.5 3.5 1011 3.8 4.0
1226 3.4 3.5 1226 3.7 3.7 1220 4.0 4.2
1308 3.5 3.6 1302 3.8 3.8 1286 4.1 4.3
1372 3.5 3.6 1359 3.9 3.9 1353 4.3 4.4
1428 3.6 3.7 1425 4.0 4.0 1413 4.4 4.6
1590 3.9 4.0 1564 4.3 4.3 1552 4.7 4.8
1713 4.2 4.4 1716 4.6 4.6 1688 5.0 5.1
1928 4.8 5.0 1912 5.2 5.2 1880 5.5 5.7
2067 5.3 5.4 2060 5.6 5.6 2019 6.0 6.2
2212 5.8 5.8 2203 6.1 6.1 2180 6.6 6.7
2400 6.3 6.5 2392 6.7 6.7 2367 7.2 7.4

Tld=28 N m Tld=32 N m Tld=37 N m

Tld=42 N m Tld=46 N m Tld=50 N m

2. At a constant speed, with a rise in load torque, 
the torque-loss percentage decreases. This is 
because Rvm increases with increasing load torque, 
as shown in Figures 3(c) and 4(c). The drag resistance 
Rpd also increases with a rise in load torque (3(d) 
and 4(d)). Therefore, moving towards the increasing 
torque levels, the percentage of torque loss decreases.

4.3  Overall performance of the drive
Drive efficiency depends on the slip and the 
torque-loss percentage. These are shown in Figures 5 and 6, 
respectively. The predicted overall efficiency given by 
Equation (13) (Appendix 1) is compared with the test-data 
obtained from Equation (12). The comparison between the 
test data and the predicted efficiency is shown in Figure 7.
From Figure 7, it is evident that: 

1. Drive efficiency in the pump-controlled 
mode of operation increases up to 1350 rpm due 
to an decrease in slip. Also, with a further increase 
in speed (above 1350 rpm) in motor-controlled 
mode, the slip predominates over the percentage of 
torque losses, leading to decreased drive efficiency.
2. The drive’s efficiency in the motor 
controlled mode of operation starts decreasing with an
 increase in drive speed (above 1350 rpm). This 
is due to the fact that leakage resistances, Rpl 
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and Rml, decrease (Figures 4(a) and 4(b)) with a 
decrease in the motor displacement ratio (βmd).
3. The drive’s efficiency rises with an increase 
in the load torque at a constant speed. This is 
due to the fact that the percentage of torque-loss 
predominates over the slip of the drive, and it 
decreases with increasing torque levels at a 
particular speed, as given in Figure 6. Higher 
efficiency at a high load torque of the piston-type 
hydrostatic machine is also recognized by McCandlish 
et al. (1984), Mandal et al. (2009), and Thoma, (1969).
4. The highest efficiency of the pump-
controlled HST drive is about 87%, whereas the 
maximum efficiency of the drive in the motor-
controlled mode of operation is 84%, as shown 
in Figure 7. This is due to the fact that the slip 
of the drive in the pump-controlled mode of 
operation is less than that in the motor controlled mode.

Fig. 7. Comparison of the predicted and actual drive’s 
efficiency

Table 4. Actual and theoretical values. Overall efficien-
cy of the drive at differenttorque loads.

Nm (RPM) ƞa(%) ƞt(%) Nm (RPM) ƞa(%) ƞt(%) Nm (RPM) ƞa(%) ƞt(%)
601 22 24 606 30 32 580 36 37
725 26 29 715 35 37 677 42 43
862 30 33 831 42 44 837 50 50
950 33 35 952 44 47 920 52 53
1033 34 37 1023 46 48 1023 56 56
1199 37 39 1196 49 50 1190 58 59
1288 37 39 1298 48 50 1298 60 61
1477 33 35 1491 45 45 1491 50 52
1649 28 31 1664 39 40 1657 46 46
1879 24 27 1875 33 34 1882 41 40
2104 22 24 2106 31 32 2126 38 39
2382 22 25 2376 31 32 2382 39 40

Nm (RPM) ƞa(%) ƞt(%) Nm (RPM) ƞa(%) ƞt(%) Nm (RPM) ƞa(%) ƞt(%)
574 41 42 570 44 45 556 48 50
721 52 53 717 58 59 703 62 64
837 58 59 843 63 65 829 74 75
946 61 62 948 70 71 955 81 81
1023 63 65 1017 72 73 1017 83 84
1196 68 69 1199 76 78 1199 85 88
1298 68 70 1304 77 78 1297 88 89
1484 61 62 1486 71 71 1493 82 83
1651 54 56 1654 62 63 1647 71 72
1869 47 50 1878 55 56 1857 63 64
2126 44 46 2123 50 51 2130 58 60
2388 43 45 2381 50 52 2388 59 60

Tld=28 N m Tld=32 N m Tld=37 N m

Tld=42 N m Tld=46 N m Tld=50 N m

From the above observations, it may be 
inferred that the pump-controlled HST drive is 
efficient for high torque and high speed ranges. In 
contrast, for high torque and low speed ranges, the 
motor-controlled drive was found to be more efficient.
The variation in the theoretical and the actual 
efficiencies is about +1% to +3%. Various factors such 
as hydrodynamic losses, flow loss due to a thermal 

effect, bearing friction, other additional leakage paths, etc. 
were not considered in the present study. Consideration 
of the previous effects needs more detailed modelling, 
and it also requires the incorporation of statistical data.

5. Conclusions

In this article, the performance parameters of a closed-
circuit hydrostatic drive have been investigated using 
bond graph simulation technique where torque and flow 
losses are accounted for by the resistive elements. The 
relationship of these resistances with system variables 
can be experimentally determined. They are found 
to have non-linear relationships with the torque and 
the displacements of the pump and the hydro-motor. 
Using them, the predicted performance parameters of the 
closed circuit HST drive are experimentally obtained and 
verified. Owing to the wide change in the operational 
conditions to recognize the non-linearity of the drive 
performance, the nature of the resistances are described 
by the quadratic relationship and found to be highly 
adaptable. They result in good correlations with 
experimental data. It is shown that when a 
simulated response of the model is combined with 
experimental observations, the result is a reduction of the 
effective load on the data handling. Comparing the test data 
with simulation results, the losses of the HST drives are
 estimated at running conditions. This may be difficult 
to perform in practice. For such loss estimation, the 
component does not need to be disassembled, and a 
special measurement technique is not required. The 
proposed method for predicting the performance may 
be useful to engineering application when selecting a 
similar drive system. The steady-state characteristics 
of the slip, torque-loss and overall efficiency of the 
proposed  drive operating in fluctuating load conditions 
can be used to operate the system in pump-and motor-
controlled modes. When switching over from pump to 
motor or control or vice-versa, it will be run through a 
suitable controller with respect to its variable load profile. 
The model is found to be highly adaptable and it agrees 
fairly well with the experimental data. This enhances the 
reusability of the model and improves its predictive power.
Thus, a future study may be useful on the minimizing of 
power consumption and optimizing energy maintenance. 
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الملخص

تــدرس هــذه المقالــة أداء محــرك هيدروســتاتيكي (HST) مــن خــلال النمذجــة والتجربــة. إن المحــرك موضــوع الدراســة المُســتخدم للتحليــل 
ــذا البحــث  ــدف ه ــة. يه ــرة الإزاح ــة متغي ــة هيدروليكي ــى حرك ــرة إل ــة المتغي ــة الإزاح ــن مضخ ــداد م ــؤدي الإم ــث ي ــة، حي ــرة مغلق ذو دائ
ــر المضخــة أو إزاحــة  ــق تغيي ــق عــن طري ــذي يتحق ــتاتيكي، وال ــي المحــرك الهيدروس ــدوران ف ــي ســرعة عــزم ال ــم ف ــار التحك ــى إظه إل
المحــرك مــن حيــث الكفــاءة الكليــة، ونســبة خســارة عــزم الــدوران (٪) والانــزلاق. تــم اســتخدام طريقــة المحــاكاة بالربــط البيانــي لنمذجــة 
ــص  ــد خصائ ــم تحدي ــات. وت ــن خــلال المقاوم ــي م ــودات المضخــة والمحــرك الهيدروليك ــع مفق ــم تجمي ــث ت المحــرك الهيدروســتاتيكي حي
المفقــودات مــن خــلال اختبــار البيانــات. وتتمثــل المســاهمة الرئيســية لهــذا البحــث فــي دراســة أداء المحــرك فيمــا يتعلــق بتغيــر المضخــة 
ــركات  ــة بالمح ــم الخاص ــادات التحك ــذ إرش ــاء تنفي ــن أثن ــم والمصنعي ــي التصمي ــدة لمهندس ــون مفي ــد تك ــي ق ــي، والت ــريد الكهرومائ والتش
الهيدروســتاتيكية المســتخدمة فــي التعديــن. ويحــدد البحــث منطقــة التشــغيل الفعالــة للمحــرك، والتــي ســتكون مفيــدة فــي التطبيقــات الهندســية.
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