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Abstract—This article is aimed at system identification
of a pedagogical hydrostatic transmission system (HST)
through parameter estimation using constitutive relations
and real measurements. A bondgraph model has been
developed to analyze the performance of the system through
system modeling and simulation. The characteristic curves
for different components of the HST system were also
obtained through simulation and validated experimentally.
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Basic Bondgraph symbols used in model

| Single port energy storage inertial element
Single port energy storage capacitive element

R Single port dissipative element

SF

SE

1 Common flow junction

Single port element that indicates source of flow

Single port element that indicates source of effort

0 Common effort junction

TF  Two port element that converts hydraulic energy to
mechanical energy and vice-versa

l. INTRODUCTION

Hydrostatic Transmission (HST) systems provide
infinite torque to speed ratio, an advantage over
conventional power transmission using gears. While
considering the use of an HST system, the dynamic
characteristics of the transmission must be considered,
whereas with the gear train such consideration is not often
necessary. Dynamic performance of HST system has been
studied through model simulation in [1-6]. The whole
parameter set required for model simulation must be
known a priori. When some of the parameters are
unavailable, those must be estimated from test-data as a
part of system identification. Nelles published a book
dealing with many approaches for system identification
based on neural network and fuzzy logic [7]. Yousefi has
used Differential Evolution (DE) algorithm to obtain the
best values for unknowns of a servo-hydraulic system
[5].Czop et al. have used a linear transfer function to
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obtain the unknown parameters of a servo-hydraulic test
rig [6]. Yan et al. [8] have used recursive lease square
method to identify the unknown parameters of an electro
hydraulic control system. Dasgupta et al. [9] had carried
out model based dynamic performance of a closed-loop
servo-valve controlled hydro-motor drive system using
Bondgraph[10,14,15].

HST system is used for power transmission and
efficiency of power transmission depends upon the
performance of its components. Dynamics of flexible line
in HST system play a dominant role in power transmission
[11]. Other components like pump and motor affect the
overall performance depending upon their operating
parameters [12]. Power transfer also gets affected due to
variation in bulk modulus of working fluid. The bulk
modulus is affected by the air entrapment in the fluid [13].

The pedagogical HST system, considered for the
present work, is an open loop system consists of hydraulic
pumps, valve and motor. The system modeling [8,9] has
been made using Bondgraph simulation technique
[10,14,15]. The system equations derived from the model
are solved numerically. While solving the equations, the
parameters are estimated from the test data. The
performance of the system with respect to the variation of
the different parameters of the system is studied through
simulation.

The paper is organized as follows. In the next section
physical system has been described. Modeling of the
system is described in Section 3. Identification of system
parameters through experimentation is given in Section 4.
Simulation results are discussed in Section 5 and finally
conclusions are drawn in Section 6.

Il.  THEPHYSICAL SYSTEM

The system considered for the analysis is shown in Fig.
1, where a pressure compensated variable displacement
pump (B) driven by a prime mover (A) supplies flow to the
hydromotor (D) through proportional direction control
valve (DCV). The DCV has 3 positions, direct and neutral
positions are used to run the present experimental circuit
while the cross position is used to run another circuit
which is not in the scope of the present study.
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Fig. 1. The physical system

The hydromotor in turn drives the pump (E) that
supplies flow to the tank through pressure relief valve
(PRV). By adjusting the set pressure of the relief valve, the
load on the hydromotor is varied. The pressure and the
flow of the system are measured by the sensors (P/T and
F/T) shown in Fig.1. Hydraulic motor speed is measured
by using a proximity sensor. The pressure relief valve (G)
protects the system against over pressure.

Ill.  SYSTEM MODELING

The system is modeled by using Bondgraph [10,14,15]
(Fig. 2), which has certain distinct advantages compared to
other modeling techniques. When it comes to the modeling
of systems that consists of sub-systems from different
energy domains (like electrical, hydraulic and mechanical
as applicable to the present system), the bond graph
method is the convenient and efficient.

The assumptions considered for the
development of the physical system are as follows

model

e The fluid inertia is neglected.

A constant velocity source to run the pressure
compensated pump is considered.

»  The effects of pressure on the properties of fluid
are neglected.

. The leakages other than that from pumps and
motor are neglected.

Referring to Fig. 2 the electric motor A is assumed to
drive the pump (B) at constant speed (ws) represented by
SF1. A transformer element (TF) in the Bondgraph
representation of a hydraulic system transforms the
hydraulic power to mechanical power and vice-versa. The
TF elements connecting 1 and O junctions represent the
volume displacement rate of the Pump (Dgp). The
transformer modulus Dy(Ps) denotes the pump
displacement rate which is a function of system pressure
(Ps). The bulk stiffness of the fluid (K, is denoted by C
element. The pump flow passes through proportional valve
F (Fig. 2), which is represented as resistance Rg. The flow
through the proportional valve depends on its port area
Agev- The 1 junction indicating the mechanical part of the
load corresponds to the speed of motor output shaft wp,
The load inertia (J;), speed dependant friction load (Ryic)
are represented by | and R elements, respectively. They are
connected with 1 junction that constitutes the load
dynamics. The motor D is coupled with a pump E, and the
mechanical energy is again converted to hydraulic pressure
energy. The displacement of motor D and pump E is
constant (D, and Dy, respectively). The angular speed of
the motor, and pressure of pump B, motor D, and pump E
are measured as om, Ps, Pmi, and Py, respectively. The flow
from the pump E goes to tank H via relief valve F, the set
point of which has been changed to load the system.

The system equations derived from the model are given
below:

The flow supplied by the pump (B) is given by:

Py 2|P, — Py | -
o ; ; ; WD,y = C,A + Vg (1)
. Hydraulic oil used is considered to be Newtonian s¥mp T p d“idev BL
fluid mplks
»  The resistive and capacitive effects are lumped
wherever appropriate.
IL,::::“Q PRV,
pump DCV motor in 22 SE:-P
- s > - R:Rpic C: K, i
pump C: K R: C, An,‘.jm C:K, motor f pump @ Sump

constant displacement displacement displacement

velocity =Dy, (P) 4 8 10 pa=Dy, 14 n=Dy, 18 21

source s 9 1 - 13 15 fR\ 17 19

SFIl—rli—rf-lT|3—70P+r||: ,op i TF 1 T e 0 ——— Iy,

[uN s v i O, op

/ 6 ' 12 16 20
PRV, @ 23 1
24 R: Rupiie R: Runi Iy R: Ry,
pump leakage motor leakage pump leakage
SE :-Psup
Sump

Fig. 2. Bond graph model of the system

Proceedings of the 1% International and 16™ National Conference on Machines and Mechanisms (iNaCoMM2013), 11T Roorkee, India, Dec 18-20 2013

18



Where the first term of the above equation represents
ideal flow from the pump B, the second term is the
leakage flow of the pump B, third term indicates the flow
through the direction control valve (DCV), and the fourth
term represents the compressibility flow loss of the fluid
at the pump plenum.

The inlet flow to the hydraulic motor is expressed as:

2|P5_Pmi| Pmi

CdAdcv = mem + + I./DL' (2)

mlkg
where the first term is the inlet flow to the motor that
comes through the DCV. The second term represents the
outlet flow of the motor. The third term and the fourth
terms represent the leakage flow of the motor and the
compressibility flow loss of the fluid at the motor plenum,
respectively.

The 1 junction represents mechanical load part of the
motor that comes from the torque balance, which is
expressed by the following equation,

Pl = PmiDm_mefric _Pppr (3)

Where the first term of equation 3 i.e. (P, ) is the
torque due to inertia load J1, the second term i.e. P,;D,,
indicates the torque equivalent to the pressure at motor (D)
inlet, the third term i.e. w,, Rg,;c is the torque loss due to
viscous friction coefficient Ry, , the fourth term i.e. B,,,D,,
represents the torque applied on the motor (D) shaft due to
pressure at loading pump (E) outlet.

The flow supplied by the pump (E) is expressed as

By + Cq Ay, lepp _Patm|
Rplkg

Where the first term represents outlet flow from the
pump (E), the second term indicates leakage flow of the
pump (E), the third term is the inlet flow to the PRV and
the fourth term indicates the compressibility flow loss of
the fluid at the pump plenum.

The angular velocity of the motor (D) is given by:

W, Dp = + VEL (4’)

Py
On = 7 )
The pressure at pump (B) outlet is expressed as
Ps = Kpmp VBL (6)
The pressure at the motor (D) inlet is given by:
Pmi = Kpm VDL (7)
The pressure at the pump (E) outlet is expressed as
Ppp = Kpp VEL (8)

IV. ESTIMATION OF THE PARAMETERS

Some parameters of the pump, motor and valves were
obtained from test data and others are estimated
theoretically. The bulk stiffness of the fluid at pump and
motor plenum were considered identical and obtained
theoretically. The displacements of the hydro motor (D)
and the pump (E) were also obtained theoretically.

4.1 Flow-pressure characteristics of pump (B)

When the load pressure exceeds the set pressure, the
swash plate angle of the pump decreases to near zero. A
minimum angle of the swash-plate is required to maintain
the leakage flow of the pump. However, the maximum
and the minimum values of the swash-plate angle are
restricted by the end stops and the pre-compression of the
pump return spring.

The flow versus pressure of the pressure compensated
pump (B) in the physical system was obtained through
experimentation as shown in Fig. 3. It was construed from
the characteristics in Fig. 3 that in region-1 flow rate
decreased linearly with a constant slope due to the leakage
of fluid from the pump plenum. Thereafter, when pressure
approached the maximum limit (Ps=90x10° N/m?), the
drastic fall of flow rate was observed due to the pressure
compensation. In the region-2 the nature of fall was
observed parabolic, and in the region-3 it was almost
linear. Based on this experimental observation, the flow-
pressure characteristic of the pressure compensated pump
was assumed to be a composite curve in three regions
(Fig. 4) in the model. The equations representing the three
regions were approximated as follows:

x10*
2.5
) @ ®
“g 1.5 .
= region-1
(@] region-2 ®
0.5/ region-3
0 30 50 70 90
P, (N/m?) x10°

Fig. 3. Flow vs. pressure characteristics of pressure compensated pump
(B) in the physical system

Flow

Pressure

Fig.4: Flow vs. pressure characteristics of a typical
compensated pump

pressure

The equation for the region-1 of flow-pressure
characteristic was obtained from linear fit of the test data
and expressed as:

Q=-2611%x10""P, + 1.666 x 10° 9

Where Q represents flow from the pump and P,
indicates the system pressure.

The equation governing region-2 was derived from
quadratic fit of the test data and given as:

Q=-11x10"8p%4+1.7x10"11P, — 6 x 10~° (10)
The equation for the region-3 was obtained from linear
fit and expressed as:

Proceedings of the 1% International and 16™ National Conference on Machines and Mechanisms (iNaCoMM2013), 11T Roorkee, India, Dec 18-20 2013



Q =3.053 x 10712P, + 27.48141 x 10~°

4.2. Estimation of the port area of DCV

Two valves have been used in the set-up: one is the
direction control valve (DCV) and other is the pressure
relief valve (PRV). Although the pressure and flow across
these two valves are obtained from the pressure and flow
sensors, but the port areas of these valves cannot be
measured directly. Therefore, the port areas are obtained
using the following equation:

2|P = Py |

(1D

Qdcv = CdAdcv (12)

From Eq. (12)it is clear that the relation between

AP | (= 2|Ps—

through the valve (=Qacv)-

"”l)IS directly proportional to the flow

x 10
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Fig. 5. Characteristics ofy/|AP| vs.Q gy

The characteristic of v/ |AP]| vs. Q4,,, 0f DCV is shown
in Fig. 5 The above results are obtained at different port
opening areas (A; through Ay).

From the test data as shown in Fig. 5 the valve port
opening areas are calculated, which are as given below:

A; =3.86x 10°m? A, = 4.29 x 10°m?, A; = 4.43 x
10° m? A= 4.77 x 10° m?

4.3 Estimation of port area of PRV

For a pressure relief valve the relation between flow
and pressure drop across it is as follows:

2|, = Py |
Qprv = Cq Apry Pvfm (13)
From Eg. (13) it is clear that 1/|AP] (= 2|Pyp —Patm | 2y ~Pam Iy i

directly proportional to the flow through the valve

(:Qprv )

Q,., (m's)

22
X 10°

Jap (N"/m)
Fig.6.Characteristics of \/|AP|vs. Q.

The characteristic of /|AP| vs. Q,,,, of PRV is shown
in Fig. 6. The above results are obtained at different port
opening areas (A; through Ay).

From the test data as shown in Fig. 6 the valve port
opening areas are calculated, which are as given below:

A;=3525x10°m? A, = 1.95x 10° m? A; =
1.93x 10°m? A, =1.769 x 10° m?

V RESULTS AND DISCUSSIONS

The simulation was carried out to investigate the
dynamic performance of the system. With the parametric
values estimated through test data (as described in Sec.
1V) and also obtained from product catalogue, the system
equations given in Sec. Il were solved numerically by
using software Symbols-Shakti® [10,14,15]. All the
parametric values assigned for the simulation are listed in
Table 1.

5.1. Effect of variation of bulk modulus of the fluid.

Bulk modulus of fluid may change due to air
entrapment. The effect of variation of bulk stiffness of the
fluid (K,) on the motor speed (wy) is shown in Fig. 7.
With the increase in the value of K, the motor speed
settled down at a faster rate.

300- ................
Z 200
-
E
e —0—K,, =2x10" N/m°
° 100+ y: —O0—Kp=5x10"" N/m®
—— K= 8x10"" N/m’
—7— K= 5x10" N/m°
0

0 6 8 10
Time (s)

Fig. 7. Effect of varying bulk stiffness on the hydraulic motor speed
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TABLE 1.

PARAMETRIC VALUES AND SET PRESSURE CONSIDERED FOR SIMULATION

Parameters Values Parameters Values

Full open pressure for | 13x10°N/m? Relief valve 2 set pressure 6 x10° N/m?

PRV,

Full open flow for | 2x10* m%s Pump (B) speed | 150 rad/s

PRV, ()

Density(p) 870 kg/m® Bulk stiffness of hydraulic oil | 1x10"N/m’
(Km)

Relief valve 1 set | 8x10°N/m’ Pump (E) displacement 6.12x10"" m®/rad

pressure

Relief valve 2 full open | 8 x10°N/m* Motor (D) displacement 6.74x10" m%/rad

pressure

Relief valve 1 full open | 2x10™* m¥s Main pump (B) displacement 1.33x10° m*/rad

flow

Damping ratio ({) 0.70 Frictional resistance 0.014 N

Motor leakage 6x10" N.s/m> | Pump leakage 6x10™ N.s/m>

Moment of inertia of | 0.015 kg.m’ Piston mass of relief valve 0.1kg

motor pump coupling

Piston area of pressure | 9x10°m? Atmospheric pressure (Pam) 1 bar

relief valve

5.2. Effect of variation of port opening area of
proportional DCV .

Figure-8 displays the speed response of hydro-motor
(D) with varying port opening area of proportional DCV.
It is observed from the figure that with increase in
opening area of proportional valve the speed of hydraulic
motor increases, although peak time almost remains same.
This is because the rate of flow increases with port
opening area of the valve.

5.3. Effect of variation of bulk stiffness on pump pressure.

Fig. 9 represents the pressure response across the
pump B with increase in bulk stiffness. Although
practically it is very difficult to change the bulk stiffness,
since to change it the fluid must be changed or there must
be significant change in temperature of fluid. In the above
figure it is clear that with increase in the bulk stiffness the
time taken to reach the maximum pressure reduces, as
liquid acting as spring takes less time to transfer the
applied force on it.

5.4. System identification

The speed response of hydromotor D obtained through
simulation of the Bondgraph model using the
parametersgiven in Table 1 and for a particular value of
Age (= 5x10°) is plotted in Fig. 10(a). The test data of the
physical system were archived by using a portable data
logger, HMG 3010, made by Hydac Electronics. The Data
logger recorded speed of the motor D at every 2
millisecond, which is shown in Fig. 10(b).The plot of test
data matches with the simulation result (Fig. 10(a)) with
sufficient accuracy.

350
300
250
= 200
[
= 150 - — Adcv=l.04x104 m’
3 —0— Age,=1x10" m’
100 e Ay =5X10° m?
50 —7— Age=3%x10" m’
0- ; . ; :

0 2 4 6 8 10
Time (s)

Fig. 8. Variation of speed with varying port opening area of proportional
DCV
6

xX10

¥

—— K = 1x10" N/m®
—0— K = 5x10""N/m’
—— K =7x10""N/m°
== K =9x10"" N/m*

0 2 4 6 8 10
Time (s)

Fig. 9. Effect of change in bulk stiffness on pump pressure
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Fig. 10. Speed response of hydro-motor D; (a) Simulation,
(b)Experimentation.

VI SUMMARY AND CONCLUSION

Estimation of some of the system parameters and
performance analysis of the system have been done on an
open loop pedagogical HST system. In this respect, the
displacement of pressure compensated variable
displacement pump (B) is modeled by using composite
curves considering the flow variation both due to
increased leakage at higher pressure and nonlinear
pressure compensation effect. The port areas of the valves
and the leakage resistance of the pump are estimated
through test data. Using the parameter values obtained
from experimentation and product catalogue, the
simulation of the model has been carried out. The effects
of critical parameters of the system on the speed and
pressure responses on the system have been investigated.
The work may be extended further for control analysis
with an objective of best performance with respect to
energy efficiency.
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