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INTRODUCTION

Losses and energy efficiency of every drive motor must 
be presented as functions of physical quantities independent 
of losses in the motor. Such quantities are speed and load 
required by the machine or device driven by the motor, 
changing in the drive operating field. Speed and load of 
the motor decide of the instantaneous useful power of the 
motor and also in a differentiated way of kinds and values 
of losses occurring in the motor.

However, losses and energy efficiency of the drive motors 
and systems are evaluated by researchers and manufacturers as 
functions of parameters depending on the losses. An example 
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of the wrong interpretation may be presentation of energy 
efficiencies of the hydrostatic rotational displacement motors 
as dependent on the flow intensity of the motor feeding liquid 
and on the pressure decrease of the motor.

Energy efficiency of turbines is presented in a similar way.
A cause of such situation is the traditional, commonly 

accepted but erroneous, view of the power flow in the drive 
motors and systems represented by the Sankey diagram of 
power decrease in the direction of power flow.

It is necessary to replace the Sankey diagram by the 
proposed diagram of increase of power in the motor and in 
the drive system in the direction opposite to the direction of 
power flow [1 ÷ 23].
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The proposed view of losses and energy efficiency 
should be applied to all types of motor and drive systems, 
for instance:
– piston internal combustion motors,
– turbines,
– electric motors,
– hydrostatic displacement motors,
– ship screw propellers.

The aim of this paper is showing the resulting problems of 
the above postulates, exemplified by operation of a rotational 
displacement motor in a hydrostatic drive system.

In order to make possible objective evaluation of the 
energy behaviour of different motor and system solutions and 
sizes, the losses and energy efficiency should be described and 
compared as dependent on the motor speed coefficient  and 
load coefficient  changing in the drive system operating field 
(0 ≤  < , 0 ≤  < ).

The presented proposals open a new perspective of 
unavoidable research of drive motors and systems, making 
it possible to compare objectively the energy efficiency of 
different types of motors and drive systems. 

INDEPENDENT AND DEPENDENT 
PARAMETERS OF A DRIVE MOTOR AND 

SYSTEM OPERATION, EXAMPLIFIED 
BY OPERATION OF A DISPLACEMENT 

MOTOR IN A HYDROSTATIC DRIVE 
SYSTEM

The work of a rotational or linear hydraulic motor as an 
element of hydrostatic drive and control system, directly 
connected with the driven machine (device) must provide 
parameters required by the driven machine (angular speed ωM 
(rotational nM) of the shaft or linear speed vM of the piston rod 
and shaft load (torque) MM or piston rod load (force) FM) and 
also ensure the required machine movement direction.

The mechanical parameters of a motor (speed ωM (nM) or 
vM and also load MM or FM) change in the range from zero to 
maximum values ωMmax (nMmax) or vMmax and MMmax or FMmax.

The required current speed ωM (nM) or vM and required 
current load MM or FM of the driven machine are an effect 
of its work cycle and the work task. The current driven 
machine speed and load values are independent of the type 
and structure of that machine driving system control (e.g. 
an electrical or hydrostatic system). 

The current speed and current load of a hydrostatic 
system driven machine have a direct or indirect impact 
on the mechanical, volumetric and pressure losses in the 
hydraulic motor, pump and other system elements, a system 
with determined motor speed control structure. The losses 
are also an effect of the viscosity of the used working liquid 
(hydraulic oil). 

The current speed ωM (nM) or vM and current load MM 
or FM of the driven machine influence, in consequence, 
the current hydraulic motor absorption capacity QM and 
pressure decrease ∆pM and also (depending on the used 
motor speed control structure) the current pump capacity 
QP and discharge pressure pP2.

If in effect of the increasing, required by the driven machine 
(device) hydraulic motor speed ωM (nM) or vM, as well as in 
effect of the increasing, required by the driven machine motor 
load MM or FM, and also in effect of the mechanical, volumetric 
and pressure losses of the hydrostatic drive system elements, the 
maximum drive system capacity (determined by the maximum 
pump capacity QPmax or maximum pump discharge conduit 

pressure pP2max limited to the system nominal pressure pn) is 
fully used, then further increase of ωM (nM) or vM as well as 
MM or FM will not be possible.

Maximum pump capacity QPmax is smaller than its theoretical 
capacity QPt. The pump theoretical capacity QPt is a product of 
the theoretical capacity qPt per one pump shaft revolution and 
the no-load pump shaft speed nP0. The pump QPmax capacity, 
however, results from the loaded pump speed nP , lower than 
the speed nP0, and from volumetric losses in the pump.

The system nominal pressure pn is a maximum permissible 
continuous operation pressure pP2max determined in the pump 
discharge.

The maximum speed values ωMmax (nMmax) or vMmax as well 
as the maximum load values MMmax or FMmax of the hydraulic 
motor used in a hydrostatic drive system are limited 
by the maximum pump capacity QPmax or by the system 
(pump) nominal pressure pn and also by the corresponding 
mechanical, volumetric and pressure losses in the remaining 
system elements, the losses being also an effect of viscosity of 
the working liquid used. Therefore, the ωMmax (nMmax) or vMmax, 
MMmax or FMmax values are dependent variables.

The current mechanical operating parameters of the 
hydraulic motor used in a hydrostatic drive system (current 
motor speed ωM (nM) or vM and current motor load MM or FM) are 
independent values in the motor, deciding of the motor losses 
and of the hydraulic parameters (the current motor absorbing 
capacity QM and current pressure decrease ∆pM also depending 
on the motor mechanical, volumetric and pressure losses). The 
current motor absorbing capacity QM and current pressure 
decrease ∆pM are dependent variables in the motor.

In the hydraulic motor (hydrostatic drive system) operating 
field (0 ≤ ωM (nM) < ωMmax (nMmax), 0 ≤ MM < MMmax) or (0 ≤ vM <
< vMmax, 0 ≤ FM < FMmax), the pressure and flow intensities in 
the system and also the energy losses in the motor, in the pump 
and in the whole system, power of energy losses and energy 
efficiencies of the system elements should be considered the 
functions of the current speed ωM (nM) or vM and the current load 
MM or FM required by the system driven machine (device). Also 
the torque MP that the pump loads the driving (electric or 
internal combustion) motor and the speed nP that the motor 
drives the pump with should be considered the functions 
of the current speed and the current load required by the 
system driven machine.

The decrease of speed nP that the electric or internal 
combustion motor drives the pump with is connected with the 
increase of torque MP that the pump loads the motor with. The 
decrease of speed depends on the operating characteristics of 
the motor, which is not a component of the hydrostatic drive 
system. Therefore, the pump driving speed nP should be 
treated as a parameter independent of the hydrostatic 
system (of the pump).

NON-DIMENTIONAL COEFFICIENTS 
OF THE DISPLACEMENT MOTOR 
PARAMETERS, COEFFICIENTS OF 

ENERGY LOSSES IN THE HYDROSTATIC 
DRIVE ELEMENTS

The energy efficiency of the hydrostatic drive system and its 
elements is described by mathematical models as functions of 
the hydraulic motor (hydrostatic drive system) speed coefficient 

 and load coefficient .
The current angular speed ωM (rotational speed nM) 

required of a rotational motor or the linear speed vM 
required of a linear motor, operating in a hydrostatic drive 
system, are replaced in the energy efficiency mathematical 
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models by the motor speed non-dimensional coefficient 
:

or

The rotational hydraulic motor speed coefficient  is 
a ratio of the current angular speed ωM (rotational speed nM), 
required of the motor by driven machine, to 

theoretical angular speed ,

(theoretical rotational speed ),

which would correspond with the theoretical capacity QPt of the 
motor driving pump and with the theoretical motor absorbing 
capacity qMt per one shaft revolution. The speed ωMt (nMt) would 
be achievable on the condition, that there are no volumetric 
losses in the hydrostatic drive system (including the pump and 
the hydraulic motor) and the pump is driven by an (electric or 
internal combustion) motor operating with constant rotational 
speed nP = nP0 independent of its load.

The theoretical angular speed ωMt (rotational speed nMt) 
of a rotational motor is treated as a constant reference value 
for the motor current angular speed ωM (rotational speed nM).

The linear hydraulic motor speed coefficient  is a ratio 
of the current linear speed vM, required of the motor by driven 
machine, to

theoretical linear speed ,

which would correspond with the theoretical capacity QPt of 
the motor driving pump and with effective area SM1 of the 
motor piston in the inlet chamber. The speed vMt would be 
achievable on the condition, that there are no volumetric losses 
in the hydrostatic drive system (including the pump and the 
hydraulic motor) and the pump is driven by an (electric or 
internal combustion) motor operating with constant rotational 
speed nP = nP0 independent of its load.

The theoretical linear speed vMt of a linear motor is 
treated as a constant reference value for the current motor 
linear speed vM.

The current torque MM required of a rotational motor 
or current force FM required of a linear motor, operating in 
a hydrostatic drive system, are replaced by the motor load 
non-dimensional coefficient :

or

The rotational hydraulic motor load coefficient  is 
a ratio of the current torque MM, required of the motor by 
driven machine, to

theoretical torque ,

which would correspond with the theoretical absorbing 
capacity qMt per one motor shaft revolution and with the 
hydrostatic system nominal pressure pn. The torque MMt would 

be achievable on the condition that there are no mechanical or 
pressure losses in the hydraulic motor and in the remaining 
system elements (except the pump) and the pressure pP2max in 
the pump discharge conduit is equal to the system nominal 
pressure pn.

The rotational motor theoretical torque MMt is treated as 
a constant reference value for the current motor torque MM.

The linear hydraulic motor load coefficient  is 
a ratio of the current force FM, required of the motor by driven 
machine, to

theoretical force FMt = SM1 pn,

which would correspond with the effective area SM1 of the 
motor piston in its inlet chamber and with the system nominal 
pressure pn. The force FMt would be achievable on the condition 
that there are no mechanical or pressure losses in the hydraulic 
motor and in the remaining system elements (except the pump) 
and the pressure pP2max in the pump discharge conduit is equal 
to the system nominal pressure pn.

The linear motor theoretical force FMt is treated as 
a constant reference value for the current motor force FM.

The mechanical, volumetric and pressure losses in 
a hydraulic motor, pump and in the remaining hydrostatic 
drive system elements are described in the mathematical 
models of the losses, power of losses and energy efficiency 
by the coefficients ki – relations to the values connected 
with the values of the hydrostatic drive system characteristic 
parameters:
– theoretical capacity qPt per one pump shaft revolution,
– theoretical absorbing capacity qMt per one rotational 

hydraulic motor revolution or effective piston area SM1 in 
the linear motor inlet chamber,

– theoretical pump capacity QPt,
– system nominal pressure pn.

The basis of energy evaluation of the particular design 
solutions and size of the volumetric machines is a catalogue 
of the coefficients ki of energy losses in various types of 
pumps and hydraulic motors used in the hydrostatic drive 
systems, operating with different levels of pump theoretical 
capacity QPt and system nominal pressure pn, with the 
working liquid reference viscosity νn.

THE MOTOR OPERATING FIELD 
IN A DRIVE SYSTEM

Figure 1 presents the operating field of a rotational or 
linear displacement motor in a hydrostatic drive system. The 
operating field is determined in the plane of motor mechanical 
parameters, i.e. speed coefficient  and load coefficient , 
independent of the motor and of the system.

The limit values  = f( ) or  = f( ) of the 
hydraulic motor operating field are determined by the maximum 
motor feed capability in the hydrostatic drive system. The 
values max and max are dependent on the motor and 
on the system losses.

The maximum motor absorbing capacity QMmax, 
achieved in the system by the applied motor speed control 
structure, should be equal or close to the instantaneous 
maximum pump capacity QPmax (resulting from the theoretical 
capacity QPt, decrease of the pump shaft rotational speed nP and 
the intensity of pump volumetric losses QPv).

The maximum possible motor pressure decrease ∆pMmax 
should be equal or close to the system nominal pressure pn 
determined in the pump discharge conduit, reduced by the 
pressure losses ∆pC in the system conduit. (In the motor series 
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throttling speed control structure, the maximum slot area of the 
throttling valve, proportional directional valve or servo-valve 
should allow to minimize the pressure decrease ΔpDE|QMmax with 
the set QMmax ≈ QPmax).

Therefore the limit values  of the hydraulic motor 
speed coefficient are a function of the current motor load 
coefficient , coefficients ki of the volumetric losses in the 
hydrostatic system elements (including coefficient k2 of the 
pump shaft rotational speed decrease ∆nP) and a function of 
the ratio ν/νn of working liquid viscosity ν to the reference 
viscosity νn.

On the other hand, the limit values  of the hydraulic 
motor load coefficient are a function of the current motor 
speed coefficient , coefficients ki of the mechanical and 
pressure losses in hydrostatic system elements and a function 
of the ratio ν/νn of working liquid viscosity ν to the reference 
viscosity νn.

DIRECTION OF POWER INCREASE 
IN A DRIVE SYSTEM

The Sankey diagram is the fundamental cause of the 
incorrect evaluation of losses in a drive system.

The Sankey diagram connected with a drive system 
suggests an evaluation defining the output power of the system 
as a difference between the system input power and sum of the 
powers of losses occurring in the system. Therefore the energy 
losses in the system are evaluated as a function of parameters 
describing the input power.

In accordance with the proposed by the author diagram of 
power increase in a drive system opposite to the direction of 
power flow, the system input power is a sum of the system 
output power and powers of losses occurring in the system. 
The energy losses in the system are evaluated as a function 
of parameters describing the system output power.

Full picture of the energy losses in a drive system is 
a picture of power of energy losses in the system elements. 

Shaft power of the hydrostatic system feeding pump is equal 
to the sum of hydraulic motor shaft (or piston rod) power 
and powers of individual losses in the power flowing from the 
pump shaft to the hydraulic motor shaft (or piston rod). 

The quantity of power increases, in order to overcome 
the power of energy losses, in the opposite direction to 
the direction of power flow. Therefore, the image of power 
of energy losses in the system should be constructed in the 
direction from the hydraulic rotational motor shaft or from 
linear motor piston rod towards the system feeding pump 
shaft.

Power of the hydraulic motor, pump and of other system 
element losses (mechanical, volumetric, pressure losses) should 
be determined as functions of the parameters independent of 
those losses and influencing directly those losses.

Powers of energy losses in the system elements and also 
power of those elements must be precisely defined.

DIAGRAM OF POWER INCREASE 
IN A ROTATIONAL DISPLACEMENT 

HYDRAULIC MOTOR, REPLACING THE 
SANKEY DIAGRAM

Figure 2 illustrates the diagram, proposed by the Author, 
of power increase in a rotational hydraulic motor opposite to 
the direction of power flow, replacing the Sankey diagram of 
power decrease in the direction of power flow.

The power PMc consumed by the hydraulic motor is a sum 
of motor shaft useful power PMu and powers of three different 
energy losses in the motor. The losses occur in series increasing 
power in the opposite direction to the direction of power flow. 
In effect, the power in the motor increases from the shaft 
useful power PMu to the working liquid power PMc consumed 
by the motor: 

PMc = PMu + ∆PMm + ∆PMv + ∆PMp

Fig. 1. The range of motor speed coefficient ωM and load coefficient MM (0 ≤ ωM < ωM max , 0 ≤ MM < MM max) in a hydrostatic drive system
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Mechanical losses (and power ∆PMm of mechanical losses) 
occur in the „shaft - working chambers” assembly. 

Volumetric losses (and power ∆PMv of volumetric losses) 
occur in the working chambers. 

Pressure losses (and power ∆PMp of pressure losses) occur 
in the channels.

COMPLEX DEPENDENCE OF 
ENERGY LOSSES IN A ROTATIONAL 

DIPLACEMEMENT HYDRAULIC MOTOR 
ON THE SHAFT SPEED, ON THE SHAFT 
TORQUE, ON THE CAPACITY PER ONE 

SHAFT REVOLUTION AND ON THE 
WORKING LIQUID VISCOSITY

There exists a direct dependence of the torque MMm of 
mechanical losses in the „shaft - working chambers” assembly 
on the torque MM, on the motor shaft rotational speed nM, on 
the capacity qMt (or qMgv) per one shaft revolution as well as on 
the working liquid viscosity ν.

There is a complex dependence of the intensity QMv of 
volumetric losses in the working chambers on the shaft loading 
torque MM and on the torque MMm of mechanical losses in 
the „shaft - working chambers” assembly (decrease ∆pMi of 
pressure indicated in the working chambers depends on MM and 
MMm, on qMt (or qMgv) and has direct impact on QMv) and also on 
the shaft speed nM (influencing in a diversified way the torque 

MMm of mechanical losses and intensity QMv of volumetric 
losses). The intensity QMv of volumetric losses depends on 
a diversified impact of the working liquid viscosity ν: indirectly 
by impact of ν on the torque MMm of mechanical losses in the 
„shaft - working chambers” assembly and directly by impact of 
ν on the intensity QMv of losses in the working chambers. 

It can be said, that it is a complex dependence of pressure 
losses ∆pMp in the channels on the shaft rotational speed nM, 
on the capacity qMt (or qMgv) per one shaft revolution and on 
intensity QMv of volumetric losses in the working chambers. The 
intensity QMv of volumetric losses influences the motor capacity 
QM and at the same time QMv depends in a complex way on the 
shaft loading torque MM and on the torque MMm of mechanical 
losses in the „shaft - working chambers” assembly. Pressure 
losses ∆pMp in the motor channels are also dependent on the 
diversified impact of the working liquid viscosity ν: indirectly 
by impact of ν on the torque MMm of mechanical losses in the 
„shaft - working chambers” assembly and by impact of ν on 
the intensity QMv of volumetric losses in the working chambers 
and directly by impact of ν on the losses ∆pMp of pressure in 
the channels.

Contrary to the commonly used, both by manufacturers and 
researchers, methods of evaluation of the rotational hydraulic 
motor losses, it is unacceptable to create a „sum” of the torque 
MMm of mechanical losses in the „shaft - working chambers” 
assembly and the „torque” of pressure losses ∆pMp in the motor 
channels, and also such a „sum” must not be evaluated as 

Fig. 2. Diagram of power increase in a rotational displacement hydraulic motor, opposite to the direction of power flow, replacing the Sankey diagram of 
power decrease in the direction of power flow (example of motor with theoretical (constant) capacity qMt (VMt) per one shaft revolution)

Power increases from the motor useful power PMu required on the motor shaft by the driven machine (device) 
to power PMc consumed and required by the motor of the working liquid. 

The increase of power is an effect of the powers of losses in the motor: power ∆PMm of mechanical losses in the „shaft - working chambers” 
assembly, power ∆PMv of volumetric losses in the working chambers and power ∆PMp of pressure losses in the channels. 

Powers ∆PMm, ∆PMv and ∆PMp of the losses are functions of the output parameters of the motor assembly where the losses occur and diversified functions 
of the working liquid viscosity ν: power ∆PMm of mechanical losses is a function of torque MM and shaft speed nM (ωM) required of the motor by the driven 
machine (device) and a function of the working liquid viscosity ν, power ∆PMv of volumetric losses is a function of the pressure decrease ∆pMi indicated in 
working chambers (of torque MMi indicated in the chambers) and of the shaft rotational speed nM as well as a function of the working liquid viscosity ν, 

power ∆PMp of pressure losses is a function of motor capacity QM and of the working liquid viscosity ν.
 Power PMi indicated in the working chambers: PMi = PMu + ∆PMm , power PMci of the working liquid consumed in the working chambers: 

PMci = PMu + ∆PMm + ∆PMv, power PMc of the working liquid consumed by the motor:
PMc = PMu + ∆PMm + ∆PMv + ∆PMp.

The proposed diagram replaces the Sankey diagram of distribution of power in hydraulic motor causing 
incorrect loss evaluation during the hydraulic motor energy investigations.
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directly dependent on the same chosen parameters, because 
those losses are of different character and depend on different 
parameters:

MMm = f (MM, nM, qMt (qMqv),ν)

∆pMp = f (QM, ν)

The impact of hydraulic oil viscosity ν on the energy 
losses in a hydraulic motor, i.e. on:
–  torque MMm of mechanical losses in the „shaft - working 

chambers” assembly,
– intensity QMv of volumetric losses in the working 

chambers,
– pressure losses ∆pMp in the channels, 
is diversified.

Dependence of the motor losses on the hydraulic oil 
viscosity ν should be presented in expressions describing also 
the dependence of those losses on other parameters which 
influence them directly:

MMm = f (MM, nM, qMt (qMqv), ν)

QMv = f (∆pMi, nM, ν)

∆pMp = f (QM, ν)

The motor overall efficiency ηM, as a function of 
MM, nM, qMt (qMqv) and ν, is a product of ηMm, ηMv and ηMp 
efficiencies: 

ηM = f (MM, nM, qMt (qMqv),ν) =

= ηMm ηMv ηMp

where:
PMu is the motor useful power,
PMc is the motor consumed power.

Each of the three efficiencies, as a factor in the product 
describing the overall efficiency, is evaluated as a function 
of parameters directly influencing the respective losses and 
a function of parameter to which the losses are „added”: 
– motor mechanical efficiency ηMm:

where:
PMi is the power indicated in the motor working chambers:

– motor volumetric efficiency ηMv:

where PMci is the power consumed in the motor working 
chambers:

PMci = ∆pMi(qMt(qMgv)nM + QMv) = ∆pMiQM

– motor pressure efficiency ηMp:

In order to present the motor volumetric efficiency ηMv as 
a factor in the ηMm ηMv ηMp product describing ηM, i.e. to present 
ηMv as a complex dependence on the (MM, nM, qMt(qMgv), ν) 
parameters describing ηM and dependent on the mechanical 
losses, the intensity QMv = f (∆pMi, nM, qMt(qMgv),ν) of volumetric 
losses in the working chambers should be determined with

and with torque MMm of mechanical losses in the „shaft 
- working chambers” assembly as an MMm = f (MM, nM, 
qMt(qMgv),ν) function.

In order to present the motor pressure efficiency ηMp as 
a factor in the ηMm ηMv ηMp product describing ηM, i.e. to present 
ηMp as a complex dependence on the (MM, nM, qMt(qMgv),ν) 
parameters describing ηM and dependent on the mechanical 
and volumetric losses in the motor, the pressure losses ∆pMp =
= f (QM, ν) in the channels must be determined with 

QM = qMt(qMgv)nM + QMv

then intensity QMv = f (∆pMi, nM, ν) of volumetric losses in the 
working chambers must be determined with

and the torque MMm of mechanical losses in the „shaft - working 
chambers” assembly must be determined as an MMm = f (MM, 
nM, qMt(qMgv), ν) function. 

The characteristic of the hydraulic motor overall 
efficiency ηM = f (MM, nM, qMt(qMgv), ν) presents a complex 
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picture as a product ηMm ηMv ηMp of three efficiencies 
correctly described by:
- mechanical efficiency ηMm = f (MM, nM, qMt(qMgv), ν), 
- volumetric efficiency ηMv = f (∆pMi, qMt(qMgv), nM, ν) 
- and pressure efficiency ηMp = f (∆pMi, QM, ν).

The picture of the hydraulic motor overall efficiency ηM =
= f (MM, nM, qMt (qMgv), ν) must be supplemented by assessment of 
the hydraulic motor operating field (0 ≤  〈 max , 0 ≤  〈
〈 max) in the hydrostatic drive system, i.e. assessment of 
the range of nM and MM (  and ) parameters. 

In the motor (and the hydrostatic drive system) (0 ≤  〈  ,
0 ≤  〈 ) operating field, its current speed nM ( ) 
and load MM ( ) are an effect of the demand of the motor 
(system) driven machine (device) and are independent of 
the losses in the hydraulic motor and in the motor driving 
hydrostatic system.

However, the hydraulic motor (system) operating field 
limit values nMmax ( max) and MMmax ( max) depend on 
the maximum capacity of the hydraulic motor driving system. 
The values nMmax ( ) and MMmax ( ) determine 
simultaneously the corresponding motor energy efficiency ηM 
and the overall system efficiency η. 

 The limit parameters of the hydrostatic drive system 
operation result from the pump theoretical capacity QPt 
and the system nominal working pressure pn as well as 
from the actual energy losses in the hydraulic motor, 
conduits and pump and also losses in the motor speed 
throttling control assembly (if it is installed). Therefore, 
the limit values nMmax ( max) and MMmax ( max) are also 
dependent on the working liquid viscosity ν changing in the 
νmin ≤ ν ≤ νmax range. The hydrostatically driven hydraulic 
motor operating field is also influenced by the nP = f(MP) 
characteristic of the (electric or internal combustion) motor 
in the pump driving system.

NECESSITY OF USE OF THE ENERGY 
LOSS MATHEMATICAL MODELS 

WITH THE LOSS COEFFICIENTS IN 
DISPLACEMENT MOTOR AND IN A 

HYDROSTATIC DRIVE SYSTEM

Evaluation of the hydraulic motor overall efficiency ηM =
= f (MM, nM, qMt (qMgv), ν) as a product ηMm ηMv ηMp of three 
motor efficiencies can be performed only by means of the 
mathematical models of losses and efficiencies, where the 
defined coefficients ki of energy losses in the motor and in 
the motor drive system are used. 

Evaluation of the hydraulic motor energy efficiency 
is performed together with evaluation of the efficiency of 
a hydrostatic drive system where the hydraulic motor is 
used (including also the energy efficiency of pump, conduits 
and the hydraulic motor speed throttling control assembly 
(if it is used)).

In the proposed method, based on the mathematical 
models of losses, each kind of energy losses is a function of 
parameters directly influencing the losses and independent 
of those losses.

Evaluated are the values of the ki coefficients of energy 
losses, relating the mechanical, volumetric and pressure losses 
in the hydraulic motor, pump and other system elements to the 
reference values of driving system: nominal pressure pn of the 
system, theoretical capacity QPt of the system driving pump, 
theoretical torque MPt of the pump shaft as well as theoretical 
torque MMt of the hydraulic motor shaft. The ki coefficients are 
determined at the hydraulic oil reference viscosity νn. At the 

same time the impact is determined of the viscosity ratio ν/νn in 
the νmin ≤ ν ≤ νmax range on each kind of energy losses.

The method allows to evaluate the values and proportions 
of mechanical, volumetric and pressure losses in the hydraulic 
motor, pump, conduits and in the throttling assembly (if 
installed), as well as the dependence on the hydraulic oil 
viscosity ν. 

The energy investigations of a pump and hydraulic 
motor as independent displacement machines are limited 
to determination of the ki coefficients of losses in them. 
The energy efficiency characteristics of those machines 
are determined in parallel with efficiency evaluation of the 
hydrostatic drive system where they are used.

The knowledge of ki coefficients of the mechanical, 
volumetric and pressure losses in the drive system elements 
allows to obtain, with the numerical method, the 
characteristics of the hydrostatic drive system overall 
efficiency, pump efficiency, hydraulic motor efficiency, 
conduit efficiency and the motor speed throttling control 
assembly (if it is used) structural efficiency in the motor 
(system) (0 ≤  〈 max , 0 ≤  〈 max) operating field 
at a selected ratio ν/νn of the hydraulic oil viscosity ν to the 
reference viscosity νn.

Characteristics of the overall efficiency of elements used 
in a hydrostatic drive system: pump ηP, hydraulic motor 
ηM, conduits ηC and throttling control assembly (if it is 
used) structural efficiency ηst are defined as functions of 
the hydraulic motor (system) speed coefficient  and load 
coefficient  and the hydraulic oil viscosity ratio ν/νn.

 At the same time the hydraulic motor (0 ≤  〈 max , 
0 ≤  〈 max) operating field in the hydrostatic drive 
system is determined at the selected ratio ν/νn of the 
hydraulic oil viscosity to the reference viscosity. 

Characteristics of energy efficiency of the pump and 
hydraulic motor with the determined constant coefficients ki 
of losses and also of efficiency of the conduits are different 
in hydrostatic systems with different motor speed control 
structures.

 The method is precise by definition and simple in use. 
It simplifies the laboratory investigation of pumps, hydraulic 
motors and hydrostatic drive systems. It allows to seek for 
energy saving solutions of pumps and hydraulic motors. It 
allows also to evaluate the overall energy efficiency of the drive 
and to find energy saving hydrostatic drive system structures.

CONCLUSIONS
1. Losses and energy efficiency of every drive motor 

and system must be presented as functions of physical 
quantities independent of losses in the motor and 
system. Such quantities are speed and load required 
by the machine or device driven by the motor, 
changing in the (0 ≤  <  , 0 ≤  < )
drive operating field. Speed and load of the motor decide 
of the instantaneous useful power of the motor and also in 
a differentiated way of kinds and values of losses occurring 
in the motor.

2. In energy considerations of a motor and a drive system, it 
is necessary to replace the Sankey diagram by the proposed 
diagram of power increase in the direction opposite to power 
flow.

3. It is necessary to determine the motor operating field in its 
drive system, i.e. to determine the motor speed coefficient 

 and load coefficient  dependent on and independent 
of losses in the motor and in the system.

4. The example of operation of a rotational displacement motor 
in a hydrostatic drive system shows a complex relation of 
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energy losses in the motor and in the system to the motor 
shaft speed and load, to the capacity per one shaft revolution 
and to the working liquid viscosity. Evaluation of the motor 
overall efficiency ηM as a product of mechanical efficiency 
ηMm , volumetric efficiency ηMv and pressure efficiency ηMp 
can be performed only by means of mathematical models of 
losses and efficiencies with the use of defined coefficients 
of losses in the motor and in the motor driving system.

5. The presented proposals open a new perspective of 
unavoidable research of drive motors and systems, 
making it possible to compare objectively the energy 
efficiency of different types of motors and drive 
systems.
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