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Abstract

The aim of the article is to look at the possibility of accurately determining the energy efficiency of drive sys-
tems. The results of experimentally determined efficiencies and the efficiencies determined from simulations
of two hydrostatic systems with throttling control and fed by a constant capacity pump were compared. The re-
search apparatus was very precisely designed, made and automated. The measuring instruments that were used
are characterized by their high measuring accuracy. The issues related to the determination of the energy losses
and the energy efficiency of the hydraulic motor or drive system, which should be determined as dependent
on the physical quantities independent of these losses, were also discussed. A Paszota diagram of the power
increase in the direction opposite to the direction of the power flow, replacing the Sankey diagram of the power
decrease in the direction of the power flow in the hydraulic motor or in the drive system, was analyzed. The
results showed that a Paszota diagram opens up a new perspective on research on the power of energy losses
and energy efficiency of hydraulic motors and drive systems.

Nomenclature

a — coefficient of the pressure increase in the
overflow valve or in the controlled overflow
valve;

cte — constant;

foer — throttling slot at the cylinder inlet;

foex — throttling slot at the cylinder outlet;

Fy — hydraulic linear motor (cylinder) load, the
force currently required of a linear motor;

Fy; — force indicated on the piston of the hydraulic
linear motor (cylinder);

Fym— hydraulic linear motor’s mechanical losses;

Fsp — force of the spring in the overflow valve;

ki — coefficient of relative volumetric losses
per one shaft revolution of a fixed capacity
pump;

ky — coefficient of the relative decrease in the

pump’s rotational speed;
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ks

k441

k4‘2

ks

k6‘2

coefficient of relative pressure losses (flow
resistance) in internal pump ducts, at theo-
retical pump delivery QOps;

coefficient of relative mechanical losses in
the pump, at App; = 0;

coefficient of relative increase of the pump’s
mechanical losses, at an increase in the pres-
sure in the pump’s working chambers;
coefficient of relative pressure losses (flow
resistance) in the line joining the pump with
throttle control unit, at theoretical pump
delivery Op;;

coefficient of relative pressure losses (flow
resistance) in the line joining the throttle
control unit of the hydraulic motor, at theo-
retical pump delivery QOps;

coefficient of relative pressure losses (flow
resistance) in the hydraulic motor’s outlet
line, at theoretical pump delivery Qpy;
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Pmii —
Pmi —
pr1 —
pr2 —
psp —
pspo —
psps —
Apco—
Apcr—

Apcr—

coefficient of relative mechanical losses in
the hydraulic motor — cylinder, at a force
Fy= 0,

coefficient of relative increase of the
mechanical losses in motor — cylinder, for
increase of the force Fy;

coefficient of relative pressure losses (flow
resistance) in internal ducts of hydraulic
motor, at theoretical pump delivery Op;;
coefficient of relative volumetric losses in
the hydraulic motor;

coefficient of relative minimum pressure
decrease in a 2-way flow control valve,
which still ensures flow regulation, or coef-
ficient of the relative pressure decrease in
a 3-way flow control valve;

coefficient of relative pressure decrease
Appg in a directional control valve (servo-
valve, proportional valve) demanded by
a maximum throttling section fpemax When
receiving a flow intensity equal to the theo-
retical pump delivery Qpy;

hydraulic motor’s relative load coefficient
M M F M | F Mns

the reference pressure in the oil reservoir;
pressure at the cylinder feed’s proportional
valve inlet;

pressure in the outlet conduit from the pro-
portional valve to the cylinder;

pressure in the inlet conduit to the propor-
tional valve from the cylinder;

pressure in the outlet conduit from the pro-
portional valve to the oil reservoir;

nominal (rated) working pressure of the
hydrostatic transmission (hydraulic system);
pressure in the inlet conduit to the cylinder;
pressure in the outlet conduit from the
cylinder;

pressure in the inlet chamber of the cylinder;
pressure in the cylinder discharge chamber;
pressure in the pump inlet;

pump supplying pressure;

operating pressure of the overflow valve;
opening pressure of the overflow valve for
(Qo=0);

operating pressure of the overflow valve
controlled by the receiver’s inlet pressure;
pressure drop in the inlet conduit to the
pump;

pressure drop in the inlet conduit to the con-
trol unit;

pressure drop in the line between the control
unit and cylinder;
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Apcy — pressure drop in the outlet conduit from the
cylinder to the proportional valve;

Apcy — pressure drop in the outlet conduit of the
cylinder from the proportional valve;

Appe1 — pressure drop in the proportional direction-
al valve throttling slot fpe: (at the cylinder
inlet);

Appe — pressure drop in the fpg proportional valve
throttling slot (at the cylinder outlet);

Apy — pressure decrease in the hydraulic linear
motor (cylinder);

Apyi — pressure drop indicated between the inlet
and outlet chamber of the cylinder;

App — pressure increase in the pump;

Qo - intensity of the flow directed through the
overflow valve to the oil reservoir;

Oy — hydraulic linear motor absorbing capacity,
intensity of flow to hydraulic linear motor;

Owm» — intensity of flow from the hydraulic linear
motor (cylinder);

Op — pump delivery;

n — energy efficiency;

Sin  — effective area of the hydraulic linear motor
piston in its inlet chamber;

Syn  — effective area of the hydraulic linear motor
piston in its outlet chamber;

SP - overflow valve;

SPS — overflow valve controlled by the receiver’s
inlet pressure;

var — variable;

vy  — hydraulic linear motor speed;

®,, — hydraulic linear motor speed coefficient

— ratio of instantaneous speed to the nom-
inal speed of a hydraulic linear motor —
Oy = Vu ! V.

Introduction

A control system with a proportional directional
throttling control valve or a directional control servo
valve, controlling a cylinder (linear hydraulic motor)
is used in a ship’s steering gear drive, controllable
pitch propeller control, a variable capacity pump
control system for hydraulic deck equipment motors
or fixed pitch propellers in small ships (for exam-
ple ferries), in deck cranes and ship ramps (Piatek,
2004). The scope of the basic research in drives and
hydrostatic controls includes the study of the ener-
gy efficiency of components and systems, including
a detailed analysis of the sources of individual losses
(Czynski, 2005).

The energy efficiency, which is one of the most
important features that characterize the system, is
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defined as the ratio of the useful power Py, of the
hydraulic motor to, corresponding to this value P,
the power Pp, consumed by the pump on its shaft
from the motor that drives it (electric, diesel). In the
case of improper selection of the type of system, this
may result in an increase in the losses as well as the
temperature of the liquid, and hence, in the viscos-
ity of the liquid, which in turn causes a decrease in
the efficiency of individual elements and affects the
movement characteristics of the system. Therefore,
energy efficiency can be a decisive factor in the
applicability of a system in a specific case. How-
ever, detailed energy efficiency analysis often leads
to structural improvements in various elements of
the system. However, improving the quality of
hydrostatic systems cannot be carried out solely by
improving their elements (Paszota, 2016a).

The hydrostatic system, along with the interrela-
tionships that occur in it, and the interdependence of
phenomena occurring in various elements during the
system’s operation, cannot be treated as only a set
of elements from which it is built. A comprehensive
approach to the system reveals both the elements of
the system in which the need to improve specific
features is most evident, as well as making, under
specific operating conditions, the selection of char-
acteristic parameters of particular elements of the
system that guarantee optimal results for the system
as a whole (Paszota, 2016b).

The energy efficiency of hydrostatic transmis-
sions, in particular with regard to throttling control
of the hydraulic motor, as well as the efficiency of
hydraulic servo systems may in fact be higher than
the most frequent values given in the literature (Sko-
rek, 2013). The ability to calculate the real overall
efficiency of the system as a function of the many
parameters that define it is becoming a useful tool
for the comprehensive assessment of the quality
of the designed system. The possibility of such an
evaluation is also important due to the application of
hydrostatic control and regulation systems in various
machines and devices, as well as due to the increas-
ing power of hydrostatic drives in the era of ever ris-
ing energy generation costs (Skorek, 2010).

In a system with too low an efficiency, the load,
mainly on the pumps, increases, which leads to an
increased risk of failure and the need to repair or
replace it, as well as to a shorter service life (Quan,
Quan & Zhang, 2014). Too low an efficiency of the
system, usually resulting from intensive throttling of
the liquid stream, is also a source of rapid deterio-
ration of the exploitation characteristics, especially
the lubricating properties of the hydraulic oil, which
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is the result of a too high operating temperature and
thus a too low oil viscosity — the energy carrier in the
hydrostatic transmission (Skorek, 2013).

More about the hydrostatic drive of machines and
the state of the technology can be read in the liter-
ature (Osiecki, 1998; Kollek & Stasiak, 2012; Pie-
trzak & Okularczyk, 2012; Stefanski & Zawarczyn-
ski, 2012; Siemieniako, 2013; Quan, Quan & Zhang,
2014).

Constant and variable pressure system
with series throttling control of the speed
of the hydraulic linear motor (cylinder)

The most common system for throttling control
of a linear hydraulic motor is the system (Figure 1)
in which the directional proportional control valve is
supplied by a constant capacity pump in cooperation
with an overflow valve that stabilizes the constant
supply pressure p = cte, to be equal to the nominal
pressure. With the decrease of the load F), of the
motor, and especially with the reduction of its speed
v, the energy efficiency # of a constant pressure
system with series throttle control decreases sharply
(Figure 6) (Skorek, 2010).
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Figure 1. Diagram of the tested system at a constant pressure
— p = cte structure

There are several ways to reduce the energy loss-

es in the elements of a system with proportional con-
trol (in the pump, in the throttling control unit and
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in the hydraulic motor, especially in a linear motor),
and thus increase the energy efficiency of a system
with a throttling control valve.
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Figure 2. Diagram of the tested system with the proportion-
al valve fed by a constant capacity pump cooperating with
a controlled overflow valve in a variable pressure system —
p = var (Skorek, 2010)

The hydraulic system of the drive and the pro-
portional control of the linear hydraulic motor can
be, for example, supplied by a constant capacity
pump cooperating with a pressure overflow valve
controlled, by the pressure p», at the outlet from the
proportional directional control valve to the receiv-
er. The variable pressure system p = var (Figure 2)
enables a reduction of the losses in the pump, as
well as in the control unit and in the hydraulic linear
motor (Skorek, 2010).

Paszota diagram of the power increase
in a motor or in a drive system opposite to
the direction of the flow of power

Paszota (Paszota, 2016b) reduced the energy tests
of the pump and hydraulic motor to independent
elements of each hydrostatic drive only, in order to
determine the coefficients k; of the pressure, volume
and mechanical losses occurring in these machines;
the coefficients were determined at the reference vis-
cosity v, = 35 mm’s .

The coefficients &; are used in the mathematical
descriptions of the dependence of individual losses
on the physical quantities that directly define them.
The characteristics of pressure, volume, mechani-
cal and overall pump energy efficiency, as well as
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the hydraulic motor, are calculated simultaneously
by determining the efficiency of the overall hydro-
static drive system in which the pump and hydraulic
motor are used. By knowing the coefficients £; of the
losses in the elements of the hydrostatic system it
is possible to obtain, by the numerical method, the
efficiency dependences #py, #pv, #pn and #7p of the
pump, the efficiencies #up, N, fum and nu of the
hydraulic motor, the efficiency 7¢ of the conduits,
the structural efficiency A of the throttling control
unit of the hydraulic motor’s speed (if one is used)
and the overall efficiency # of the hydrostatic drive
system as a function of the speed coefficient ®,,
and load coefficient M, of the motor in the range
(0< @, < By 0< My, < My, 00 of the sys-
tem’s operation field, for a selected ratio v/v,; viscos-
ity v of the hydraulic oil to the reference viscosity v,
(Paszota, 2016a).

In a hydraulic motor or drive system, the size of
the power flow increases as a result of the need to
balance the energy losses in the direction opposite
to the direction of the power flow. The energy losses
and energy efficiency of the motor or drive system
should be presented as functions of the physical
quantities, independent of losses; the motor speed
and load are such values. However, the image of the
power stream in the motor or in the drive system
is still presented in the literature in the form of the
traditional Sankey diagram of the power decrease
in the direction of the power flow (Paszota, 2016a;
2016b).

The Sankey diagram (Figure 3), with reference
to the energy balance of the drive system, shows
that the useful (output) power P, of the motor (drive
system) results from the difference in the consumed
(input) power P. and the power AP of the losses
(Paszota, 2016b):

P,=P.— AP (1)
Motor,
drive system
A
Direction P Direction
of power of power
flow flow

Figure 3. Sankey diagram of the decrease of the power in the
motor or drive system in the direction of power flow (Paszo-
ta, 2016b); P. is the consumed (input) power expressed in
watts [W], P, is the useful (output) power [W], AP is the pow-
er loss [W]
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Motor,
drive system
Direction P Direction
of power :> P ! of power
flow ¢ flow

AP

Figure 4. Paszota diagram of the increase of power in the
motor or in drive system opposite to the direction of pow-
er flow, replacing the Sankey diagram presented in Figure 3
(Paszota, 2016b)

According to the Paszota diagram (Figure 4), in
a motor or in a drive system, the power increases in
order to overcome the energy losses in the direction
opposite to the direction of power flow.

The useful (output) power P, of the motor or drive
system operating in the range (0 < @,, < @ >
0< M, < M, .. ) does not depend on the power
AP of the losses in the motor or in the drive sys-
tem and results from the instantaneous values of the
speed coefficient @,, and the load coefficient M,
required by the driven device (Paszota, 2016b):

Pu=f(@y,My) 2

The power losses AP in the motor or in the drive
system depend on the structure of the drive sys-
tem and on the quality of its components and, in
a different way, from the instantaneous values of the
motor’s speed coefficient @,, and the load coefficient
M, of the motor in the range (0 < @,, < @y pax »
0< M, < M, ,...) (Paszota, 2016b):

AP =f (@, M) 3)

The power consumed (input) P, by the motor
or drive system results from the sum of the useful
(output) power P, and the power AP of the losses
(Paszota, 2016b):

Pc:Pu+AP:f(§M>MM) (4)

The outcome of equations (3) and (4) is the
description of the energy efficiency # of the motor
or drive system as dependent on the @,, and M,
coefficients (Paszota, 2016b):

_k _ R
P P +AP

&

IAP zf(aM’MM) ®)
I+—
F,

The Paszota diagram (Figure 4) of the power
increase in the motor or in the drive system in the
opposite direction to the power flow allows the influ-
ence of the useful (output) power P, to be shown,
i.e. the influence of the speed and load of the shaft or
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piston rod on the power AP of the losses in the motor
or in the drive system and, as a result, the increase in
the power of the stream in the opposite direction to
the direction of the power flow and the power con-
sumed P.. The Paszota diagram is different to the
Sankey diagram (Figure 3) with the power decrease
in the motor or in the drive system in the direction of
the power flow.

The field of the hydrostatic drive system on
the example of two studied systems

Figure 5 presents the ranges of working fields
investigated in the literature (Skorek, 2010) for
hydrostatic systems with p = cte and p = var deter-
mined by the range of the change of the speed coef-
ficient @,, and the load coefficient M, of the linear
hydraulic motor — cylinder.

The research stand was very accurately designed,
made and automated. The applied measuring instru-
ments were characterized by high measurement
accuracy.

Maximum values of @,,,, and M, . (speed
and load coefficients of the cylinder), resulting from
the maximum capabilities of the drive system and
the losses occurring in it, determined the motor’s
working field and the limits of the effective output
power P,,.

The limits of the system’s working field, in which
there would be no volumetric, pressure and mechan-
ical losses, were marked with a horizontal line 1
and a vertical line 2. In fact, the working fields were
smaller and limited by curves 3, 4 (structure p = cte)
and 5 and 6 (structure p = var). Curves 3 and 5 (Fig-
ure 5) indicate the limits of the maximum load Fy,
(M ,,) of the cylinder (Figures 1 and 2), in which
mechanical losses occur (pressure losses in the cyl-
inder channels were treated as being negligible —
ks = 0, volumetric losses in the hydraulic cylinder
were treated as being negligible too — ko = 0), but
there were pressure losses in the system’s conduits.
These losses increase when there is an increase in
the speed of the cylinder. As a result, the system’s
working area, limited by lines 3, 4 and 5 and 6, was
smaller than the boundary marked with lines 1 and 2.
The structure of the system and the volumetric losses
in the pump dictate the limit marked with lines 4 and
6 — in the case of p = cte line 4 corresponds to a con-
stant closing pressure of the overflow valve (regard-
less of the value of the coefficient M ,,), while line 6
in the p = var system corresponds to the increasing
capacity of the pump, with the decreasing coefficient
M,,.

Scientific Journals of the Maritime University of Szczecin 58 (130)



The accuracy of defining the energy efficiency of drive systems exemplified by comparison with hydrostatic drives...

The value (lines 3 and 5 in Figure 5) depends on
the structure of the system, the current value of the
speed coefficient @,, and on the value of the coeffi-
cients k; of the mechanical and pressure losses in the
elements of the system.

Each operating point of a device powered by the
p = cte and p = var system, described by the speed
coefficient @,, and the load coefficient M,,, in
a common field limited by lines 4 and 5 (point 7 in
Figure 5), can be achieved and determines the condi-
tions under which the system works; this is indepen-
dent of the losses in the drive system and at the same
time dictates the losses.

The working field of the constant pressure sys-
tem (red in Figure 5), in the zone of the large values
of the cylinder load coefficient M,,, is greater than
the working range of the variable pressure system,
in practice the latter (blue in Figure 5) is enlarged

by the upper zone of the p = cte field, because it is
related to the transition of the p = var system into the
work area as a p = cte system (Skorek, 2010).

In a constant pressure system, throughout the
entire range of the load coefficient M, of the hydrau-
lic motor (cylinder), the pump operates at a constant
pressure close to the nominal pressure, and therefore
the working field is limited by the red vertical line 4
in Figure 5. The variable pressure system (in Figure
5 in blue) can enlarge its surface with an additional
field shifted to the right of the working area of the
constant pressure system (marked in red). The range
of the variable pressure system shifts to the right
when the pump begins to operate at a lower load
coefficient M,, and, therefore, at a lower pressure
because the cylinder load coefficient M, affects the
pump’s pressure level and the pump cooperates with
the controlled overflow valve. With lower loads on

1.0 ‘
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5 |=p=var
0.9 \ “ \ 2 | 4-0023
\ k, =0.057
\ \ \ \ \\ \ \ \\ k, =0.004
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08 \ N N h k, = 0.039
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07 \
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Figure 5. Fields of work and lines of constant overall efficiency # of the hydrostatic systems under investigation: a constant
pressure system p = cte and a variable pressure system p = var; viscosity v, = 35 mm?/s (Skorek, 2010)
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the hydraulic motor (cylinder), the maximum motor
speed can therefore increase as the pump runs at
higher efficiency.

Figure 5 also shows the lines # = cte of the con-
stant overall efficiency of the hydrostatic systems:
the constant pressure system p = cte (red color) and
the variable pressure system p = var (blue). Compar-
ing the systems in terms of progress # = cte, their effi-
ciency shows the influence of the speed coefficient
@,, and the load coefficient M, of the cylinder on
the change in the overall efficiency # of the systems.
For example, in point 7 (Figure 5), with a speed coef-
ficient @,, equal to @,,= 0.270 and load coefficient
M,, equal to M ,,= 0.200, the overall efficiency 7
of the constant pressure system is 77 = 0.050, while
the variable pressure system achieves its overall effi-
ciency at the same point # = 0.150 and thus 3 times
higher.

Equations (2)—(5) not only allow the overall
efficiency of the power consumed by the hydrau-
lic motor or drive system to be determined, but

also describe the mathematical dependence of the
instantaneous useful power P,, the power AP of the
losses and, as a result, the consumed power P. and
the instantaneous energy efficiency values # of the
motor or drive system for the speed coefficient @,,
and the load coefficient M, of the motor shaft or the
cylinder piston (Paszota, 2016b).

Energy efficiency of hydrostatic systems
determined by simulation based on
laboratory investigations of the coefficients
k; of the losses

Assessing the energy behavior of various forms
and sizes of motors or drive systems requires a math-
ematical simulation description and comparison
of their energy efficiency as a dependence on the
speed @,, and load M, coefficients of the rotation-
al motor shaft or linear motor piston rod (hydraulic
cylinder), where the coefficients change in the range

(0< @, < By s 0S My < My, ). The coefficients

M max
1.0
Oy M, p=cte: p=var:
M pmvan™ - - — =p =cte
1=kyDpy kit (kg ootk [1=Uk k) ppol ) —-p = var a =0023 &, =0057
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Figure 6. The dependence of the overall efficiency # for the constant pressure system (p = cte) and the variable pressure system
(p = var) on the load coefficient 17, at different speed coefficients o,, of the cylinder; overall efficiency # of the systems defined
by simulation based on the laboratory investigations of the coefficients k; of the losses; viscosity v, = 35 mm*/s (Skorek, 2010)
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Figure 7. The dependence of the overall efficiency # of the constant pressure system (p = cte) and the variable pressure system
(p = var) on the load coefficient 17, at different speed coefficients »,, of the cylinder; the overall efficiency # of the systems

determined experimentally as ratios Py, = Fy vy to Pp. = Mp-wp; viscosity v, = 35 mm*/s (Skorek, 2010)

k; of the losses were calculated with the reference
viscosity, v, = 35 mm?/s, of the hydraulic oil.

Figures 6 and 7 show the diagrams of the effi-
ciency of the systems calculated by both simulation
and experimentally and that they were very similar.
Each curve represents the dependence of the overall
efficiency for the constant pressure system (red) and
the variable pressure system (blue) and is defined
as the ratio of useful power to the consumed pow-
er. Efficiency has been shown to depend on the load
coefficient M ,, for different speed coefficients @,,
of the cylinder’s piston rod.

Figure 6 shows the overall efficiency # of the
constant-pressure system p = cte (Figure 1) and
variable pressure system p = var (Figure 2) deter-
mined through simulation. Figure 6 also shows the
thin dashed lines of the overall efficiency # of the
systems for the maximum use of the pump’s efficien-
cy system, i.e. in a situation in which the intensity
QOu of the stream directed to the cylinder through
the proportional directional control valve approach-
es the pump’s capacity Qp. In this case, it is pos-
sible to achieve the maximum energy efficiency 7
of both systems equal to # = 0.746 at M,, = 0.855
(Fyv = 25,650 N) and @,, = 0.939 (var = 0.380 m/s).
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The use of the flow intensity Op of the pump would
be possible if the overflow valve SP (Figures 1 and
2) applied in the systems p = cte and p = var, was an
ideal valve.

Due to the variable pressure system p = var, ener-
gy savings are possible, especially at a lower load
coefficient M ,, and higher cylinder speed coefficient
@,,. In Figure 6, an excellent increase of the over-
all energy efficiency of the variable pressure system
in relation to the constant pressure system can be
noticed, especially in the range of the average values
of the load coefficient M,, and the upper values of
the cylinder speed coefficient @,,. When the cylin-
der’s speed coefficient @,, was increased, the flow
Oy was increased to the cylinder at the same time,
and the smaller flow Qo flows through the SP (SPS)
overflow valve into the tank. Therefore, the overall
efficiency 7 of the system was growing. This is due
to the fact that the structural volumetric efficien-
cy s (of the throttle control unit) was increasing.
For example, the overall efficiency # of the p = cte
system, with the same coefficient M, = 0.500
(Fu = 15,000 N) of the cylinder load and its speed
coefficient equal to @,, = 0.875 (vi = 0.350 m/s),
assumes the value = 0.397. However, the overall
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efficiency # of the p = var system, with the same
load coefficients and cylinder speed coefficient, was
n=0.611.

For the cylinder load M, the coefficient was
equal to M,, = 0.863 (Fi = 25,890 N), the efficien-
cy n of both systems, for the speed coefficient @,,
was equal to @,, = 0.063 (vy = 0.025 m/s) which
was only about # = 0.047. In turn, the efficiency #
of both systems, with the same load coefficient M,
equal to M,, = 0.863 (Fi = 25,890 N) and at a com-
mon speed @,, coefficient equal to @,, = 0.875
(vir = 0.350 m/s), reached the approximate value of
n = 0.692 (Skorek, 2010).

From the point of view of the overall efficiency
n of the system, the greatest gain was the value of
the cylinder load coefficient M,, of approximate-
ly M,, = 0.200 (Fys = 6000 N), with speed coeffi-
cient @,, equal to @,, = 0.875 (viy= 0.350 m/s). The
overall efficiency # of the p = cte system was then
n = 0.158, and the overall efficiency of the system
p =var—n=0.413, which is around 2.6 times higher
than the efficiency of the constant pressure system.
In this zone, the medium load zone begins.

Accuracy of the simulation method for
determining the efficiency of the systems

In order to verify the mathematical models pro-
posed in the simulation method for determining the
energy efficiency of the motor’s proportional control
system and to evaluate the accuracy of this meth-
od, it was necessary to compare the energy efficien-
cy results # of the constant pressure system p = cte
and the variable pressure system p = var, deter-
mined simultaneously with the results of the direct
and accurate laboratory tests (Figure 7). Therefore,
these results were compared at selected values of the
speed coefficient @,, and the load coefficient M, of
the cylinder.

The obtained results allow the conclusion to be
drawn that the simulation method for determining the
overall energy efficiency of a hydrostatic drive sys-
tem, with proportional control of a hydraulic motor
supplied by a constant capacity pump in a constant
pressure system p = cte and variable pressure system
p = var, has very high accuracy compared to the lab-
oratory investigations.

The absolute error of the simulation model of the
mathematical overall energy efficiency of the hydro-
static drive with proportional control of the hydrau-
lic motor (hydraulic cylinder) supplied by a con-
stant-capacity pump in the constant pressure system
p = cte (as the difference between experimental and
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simulation results) was in the order of —0.0036 to
+0.0009, which is equivalent to 0.4%. The absolute
error of determining the overall efficiency of the sys-
tem working in the variable pressure system p = var,
as the difference between the experimental and sim-
ulation results, ranged from —0.0014 to +0.0108,
which is in the order of 1%.

The results of laboratory verification tests con-
firmed with high accuracy the theoretical and mathe-
matical descriptions of the simulations of the energy
losses in elements of the hydraulic servo systems or
the systems with a proportional directional control
valve operating in the supply system, p = cte and
p = var.

Conclusions

1. The losses and energy efficiency of the motor or
drive system should be presented as functions of
physical quantities that are independent of loss-
es. Such quantities are motor speed and its load
ranging in the field of work (0 < @,, < @y ux>
0< M, < M, ,...) (Paszota, 2016a; 2016b).

2. Assessing the energy behavior of various forms
and sizes of motors or drive systems requires
a mathematical description and a comparison
of their energy efficiency as a dependence on
the speed @,, and load M, coefficients for
the rotational motor shaft or linear motor pis-
ton rod (hydraulic cylinder), where the coef-
ficients ranged in the field (0 < @), < @ >
0< M, < M, ..)- The maximum values of
the speed coefficient ®,, ., and the load coef-

ficient M, .. of the hydraulic motor, result-
ing from the maximum capabilities of the drive
system and the losses occurring in it, determine
the range of the hydraulic motor’s working field
(Paszota, 2016a; 2016b).

3. The analysis of the p = cte and p = var hydrostat-
ic drive systems with proportional control fed
by a constant capacity pump, demonstrated that
these systems, in a certain range of operating
parameters, could achieve high energy efficiency
values. However, the character of the changes in
the constant lines of efficiency of both systems
as a function of the cylinder’s speed coefficient
@,, and load coefficient M, was different. With
lower values of the load and speed of the cylin-
der, a drastic reduction in its energy efficiency
occurred in the p = cte system. However, in the
case of the p = var system, with the same param-
eters @,, and M, the efficiency reduction was
not so rapid. The biggest benefits and energy
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The accuracy of defining the energy efficiency of drive systems exemplified by comparison with hydrostatic drives...

gains from using the p = var system in compari-
son to the p = cte system were in the range of the
average values of cylinder loads. For example,
with a speed coefficient @,, equal to @,, =0.270
and a load coefficient M, equalto M ,, =0.200,
the overall efficiency # of the constant pressure
system was 7 = 0.050, while the variable pres-
sure system achieved an efficiency at the same
point of work of # = 0.150 and thus was 3 times
higher.

The tested structures (p = cte and p = var) of
the hydrostatic drives with throttling control of
linear speed, fed by a constant capacity pump,
could achieve, with a maximum load of Fmax
(M )/ max = 0.863) and a simultaneous maximum
speed Vimax (@ . = 0.875) of the hydraulic
motor, the same maximum overall efficiency #max
equal 7max = 0.692 of the system. The variable
pressure system (p = var) then became a constant
pressure system (p = cte), so the operating con-
ditions of both systems became the same and at
the same time the structural losses in the throt-
tle control unit could be practically eliminated
(Skorek, 2010).

The energy efficiency tests with speed series
throttling control of the hydraulic motor (sys-
tems with a throttling control valve) confirmed
that their energy efficiency can be much higher
than the values that have been given again and
again in the literature on the subject.

The results of the laboratory verification tests
(direct laboratory tests of energy efficiency of
the systems) confirmed the high accuracy of the
mathematical descriptions of the simulations of
the energy losses in elements of systems with
a proportional control valve working in the sup-
ply system p = cte and p = var.

An advantage of the simulation method for eval-
uating the energy efficiency of drive systems is
also a description of the simulation of the sys-
tem work field determined by the course of the
maximum speed coefficient @,, ., and the max-
imum load coefficient M, .. of the hydraulic
motor and simultaneous filling of the working
field with the net of the efficiency curves # = cte,
which provides the opportunity to evaluate the
efficiency # at each point of this field.

In the simulation method for determining the
energy efficiency of hydrostatic drive sys-
tems, the characteristics of the pumps and
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hydraulic motors were limited to only deter-
mining the coefficients k; of the energy losses in
these elements.

The presented test results are the first example of
the practical application of simulating the work-
ing field and the energy efficiency of the system
that is dependent on the speed coefficient @,,
and load coefficient M.

The article is also the first example of research
into the energy efficiency of drive systems with-
in the drive test method according to the Paszo-
ta diagram for the increase of the power in the
motor or drive system opposite to the direction
of power flow, replacing the Sankey diagram.
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