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A B S T R A C T

The demand of energy efficient machine tools has increased recently due to the awareness for energy
efficient production in precision manufacturing. A portion of the energy supplied to machine tools is
transferred to thermal losses which influence also the thermal behavior of the precision related machine
tools components. Machine cooling and process cooling can prevent thermal machine tool errors.
However this further requires considerable amounts of energy. Hence there is a demand to monitor the
electric, thermal, fluidic and mechanical energy flows in the machine tool in order to optimize the
machining process and by this increasing its energy efficiency. This study intents to propose a method
which has the capability of real-time monitoring of the entire energetic flows in a CNC machine tool
including motors, pumps and cooling fluid. The structure of this approach is based on categorizing the
machine into subsystems and measurements of the consumers (pump, motors, . . . ) power, temperature
at the inlet and outlet of the pumps and current as well as the speed of the motors. The visualization is
carried out by a 2D Sankey diagram, which makes it easy to understand the energetic flows in the
machine tool. The methodology is verified by the rule of energy conversion which confirms the capability
of this method on real-time energy monitoring of a machine tool.
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Introduction

The industrial sector was in 2015 responsible for 42.5% of the
global energy consumption [1]. Based on the EU legislation [2,3],
energy saving in the industrial sector is mandatory for European
countries to reduce negative environmental impact. The potential
for energy saving in the industrial sector is estimated to be in the
range of 20%–30% [4]. Companies from the industrial sector
therefore must be aware of their energy consumption and
improvement capabilities. Züst et al. [5] identified the operation
phase of machine tools as the hot-spot of energy consumption in
the machine tool’s life cycle starting from raw material procure-
ment to disposal and recycling of the machine. As the energy
consumption in the machine tool is dominant, the potential energy
saving is expected to be significant. Energy related research on
machine tools has emerged recently as shown in Ref. [6] and [7]. It
can be inferred that production has been transferred from
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traditional machining, which focused on process cost and time,
to modern machining which focuses on being cost, time and
energy efficient. For example in Ref. [8] and [9] the cutting speed is
adjusted and depth and feed rate parameters are kept constant in a
turning process to obtain minimum energy consumption and
maximum tool life.

Inefficient energy transformation in machine tools is not only
an energy cost problem but also affects the thermal behavior of
machine tools and thus the dimensional accuracy of the produced
parts [10]. Thermal errors are the largest single source of
dimensional errors [11]. Reducing temperature gradients in the
machine tool can be realized passively, e.g. by insulation methods,
or actively by fluidic cooling. The provision and thermal
conditioning of the cooling fluids require a considerable amount
of electric energy to be supplied to the machine tool. This energy is
even higher for a more precise machine tool [12]. It is therefore
suggested in literature to optimize the energy consumption based
on the product to be manufactured [13]. This concept requires the
online monitoring and optimization of the energy flows in the
machine tool. There are two aspects to be considered regarding the
reduction of a machine tool’s energy consumption: Increasing
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machining capacity on one hand and saving energy on the other
hand [14]. It is also concluded in Ref. [12]: Being thermally stable is
not enough to be successful in future machine tools market, but
energy efficient machine tools will be an important criterion for
customers in this market.

Recently, much effort has been carried out to obtain a method
for monitoring or reducing the energy supplied to machine tools. It
is also recommended to monitor and visualize energy consump-
tion continuously to achieve energy-saving machine tools and
manufacturing systems [14]. The variable energy supplied to a
machine tool was monitored by measuring the input power of the
spindle [15]. The authors distinguish between two characteristics:
constant and variable electric power demands. The first is related
to the base load of the machine in non-machining states, while the
second relates to the process dependent power demand during
machining. Vijayaraghavan and Dornfeld [16] used an MTCon-
nectSM software and extrapolated data from power measurements
of the spindle for online monitoring of the energy consumption in
the machine tool. Avram and Xirouchakis [17] applied a
methodology to predict the power consumption of a milling
machine based on spindle power, cutting parameters and
machining strategy. All of the discussed energy monitoring
methods are focused on the characteristics of cutting parameters
and energy supplied to the spindle.

Two options exist to increase the energy efficiency of the
machine tool, while not affecting its thermal properties behavior in
a negative way: first the reduction of the amount of heat
generation by better design of machine tool’s components such
as motors and pumps, resulting in a better energy conversion
efficiency and less power demand for the cooling. Second the
improvement of the cooling system unit by active controlled
cooling system. If the cooling system in not controlled by feedback
from the machine tool, the circuit must be adjusted if the heat
sources are changed.

In this paper the approach presented in Ref. [18] is extended to
be used in online monitoring applications. The online monitoring
approach is capable to quantify and visualize the energetic flows
and the heat sources in the machine under investigation, in real-
time. In this study an energy flow model is developed on
component level, which makes it feasible to be applied for
different types of machine tools since the component such as
pumps, motors and cooling fluid are used in machine tools design.
The energy flow model is implemented in the measurement
routine. This measurement routine has online access to an electric
power measurement system, several temperature probes and the
machine’s numerical control (NC) using the FOCAS 2 interface of
Fanuc. The feasibility of the online quantification of machine tools
energy flow is demonstrated on the example of a five axis milling
machine.

Methodology

The heat sources in a machine tool increase the temperature of
a machine tool to higher than the temperature of the environment.
It is therefore assumed the thermal energy is transferred by
convection from the machine tool to the environment not vice
versa. In this methodology input and output energy at the energy
consumers are measured. The amount of thermal energy which is
transferred by convection and conduction are not measured since
it is assumed to be negligible compared to the input and output
energy of other energy consumers. The validation of method is
obtained by comparing the input energy to the consumers which
must be equal or greater than output energy due to ignoring the
energy which is transferred by convection and conduction.

A modular energy model for machine tools is used to apply on
different machine tool types and concepts. With this approach, the
datasheets information of the machine tool’s components, which
are generally available, enable the parametrization of the model for
each component. For interaction parametrization data acquisition
on component level is necessary to derive the relevant parameters
from measurements such as power input and temperatures and NC
readout such as speed and current of motors This procedure is in
line with ISO-14955-1 [19]. A physical model integrates the inputs
from datasheets, measurements and NC readout to compute the
energetic flows in the machine tool.

Component models

In the following sections, the energy flow models for the
relevant machine tool subsystems are introduced. The aim of these
models is the characterization of the relevant energy in-flow and
out-flow based on the measured variables.

Servo motors
The electrical power Pel, mechanical power Pmech and heat loss

of a servo motor (3 phase — Y configuration) are calculated by

Pel ¼ 3�I�v�ki þ 3�I2�Ra ð1Þ

Pmech ¼ 3�I�v�ka ð2Þ

Ploss ¼ Pel � Pmech ð3Þ

where I A½ � is the current and v rad
s

� �
is the rotational speed obtained

from the NC. The model further requires several parameters: ki V�s
rad

� �

is back electromotive force constant, Ra V
� �

is the armature
resistance and ka Nm

A

� �
is the torque constant.

Spindle
For an AC motor which is usually used in spindles, the electrical

power is obtained as

Pel;s ¼ 3�I2� L2h�Rr�v
R2
r þ L2r �v

ð4Þ

where Lh H½ � is mutual inductance, Lr H½ � rotor inductance and Rr V
� �

is rotor resistance. The armature current as well as the rotation
speed of the rotor is obtained from the NC.

Pump
The electrical energy supplied to the pump Pel can be measured.

The AC motor of the pump converts this electrical power to
mechanical power Pmotor

mech and losses in the motor Pmotor
loss :

Pmotor
mech ¼ hmPel ð5Þ

Pmotor
loss ¼ 1 � hmð ÞPel ð6Þ

where hm, is the efficiency of the motor.
The pump utilizes Pmotor

mech and transfer it to the hydraulic power
Pfl of the fluid while generating a certain amount of heat losses
Ppump
loss in the pump by:

Ppump
loss ¼ Pmotor

mech � Pf l ð7Þ
The total loss in the motor and the pump is

Ploss ¼ Pmotor
loss þ Ppump

loss ð8Þ



Table 1
Symbols used in the Sankey diagram.

Component Symbol

Motor

Pump

Electric input

Tank

Nozzle

Heat exchanger

Amplifier
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The fluidic power generated by the pump is

Pf l ¼ Dp _V ¼ rgh _V ð9Þ

where Dp [Pa] is the pressure raise provided by the pump, r [kg/
m3] is the density of the fluid, g [m/s2] is the gravitational
acceleration, h [m] is the head of the pump and _V[m3/s] is the
pump’s flow rate. There is no need to measure the flow of the pump
if the pump characteristic is provided by the manufacturer which is
in line with ISO 14955-2 [20]. Otherwise, if the efficiency hp of the
pump, is available, it becomes also possible to compute the fluidic
power by

Pf l ¼ hpP
motor
mech ð10Þ

Process and machine cooling
Different kinds of cooling fluids are used in machine tools for

different tasks: Clearing the machining chamber from chips,
cooling and lubricating the process by supplying cutting fluid to
the tool and the workpiece, as well as thermal control of machine
components such as axes and the spindle. The thermal energy flow
Pcooling to the fluid from the component can be quantified as
enthalpy raise:

Pcooling ¼ _Vrcp Tout � Tinð Þ ð11Þ
where Tout and Tin are measured temperature at outlet and inlet of
the component, cp [J/kg K] is the heat capacity of the fluid.

Test machine

For this study, the introduced energy flow models are applied
on a five axis milling machine which is shown schematically in
Fig. 1. Different components are implemented in this machine as
subsystems. These subsystems are categorized according to their
type by reviewing the technical documentation of the machine.
There are seven different types subsystems considered for this
machine tool, as shown in Table 1, which are: (1) Drive Train (2)
Fig. 1. Schematic of the axes configuration of MoriSeiki NMV 5000 DCG [21].
Machine cooling (3) Process cooling (4) Hydraulic system (5)
Compressed Air (6) Chip Conveyor, and (7) Lubrication.

Drive train subsystem
The drive train includes the NC, current amplifiers and the

electric motors of the axes and the spindle. The current amplifiers
are responsible for rectifying the input AC signal and supply pulse-
width-modulated (PWM) signal for the motors. The schematics of
the energy flow for linear axes and rotational axes are shown in
Figs. 2 and 3, respectively.

All the moving axes are numerically controlled and it is possible
to record the armature current I which is provided for the motors,
as well as the rotational speed v of the drives by an NC readout. The
AC power sources feed to the amplifiers of the rotational axes PRot.
and linear axes PLin. are measured by power measurement probes.
Fig. 2. Energy flow diagram in spindle and linear axis motors.



Fig. 3. Energy flow diagram in rotational axis motors.

Fig. 5. Energy flow diagram in the process cooling subsystem.
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The power consumption at all amplifiers Pamp,i is computed by:

Pamp;i ¼ Pel;i þ
PLin: �

X
Pel;i

4
where i 2 X; Y; Z; Sf g ð12Þ

Pamp;i ¼ Pel;i þ
PRot: �

X
Pel;i

2
where i 2 B; Cf g ð13Þ

Machine cooling subsystem
The temperature of moving and rotating components, such as

axes and the main spindle, increases when the machine starts
machining process. In a compact and precise machine tool a
cooling subsystem is crucial for the thermal behavior. This
subsystem supplies coolant fluid to transport the heat from heat
sources inside the machine tool structure to the surrounding of the
machine, usually the ambient air. The machine tool under
investigation has two separate machine cooling subsystems:
One for the spindle and linear axes, and one for the rotational
axes. The energy flow diagrams of both subsystems are shown in
Fig. 4.

Process cooling subsystem
In the machine tool under investigation there are five pumps for

process cooling and lubrication used, which are

1) Through-spindle pump,
2) Spindle pump,
3) Shower pump,
4) Chip flush pump and
5) Drum filter pump.

The diagram of the energy flow of the process coolant
subsystem is shown in Fig. 5. All pumps, except the drum filter
pump and through-spindle, transfer the coolant fluid from the tank
Fig. 4. Energy flow diagram in the machine’s cooling subsystems.
to the coolant nozzles in the machining chamber. In the through-
spindle pump the fluid is directed to the tool surface. The fluid
accumulates in the machining chamber and driven by gravitation it
flows into the drum filter. The drum filter pump clears the filter
from chips. It supplies a mass flow to the filter. Then all the coolant
fluid returns to the tank. The temperature of the coolant changes
during machining due to of the heat transfer from the process, the
chips, the machining chamber and related loose machine tool
elements like spindle bearings, as well as the heat sources in the
pumps which are directly installed on the top of the tank.

Hydraulic subsystem
The tool is clamped in the spindle by a hydraulic subsystem. The

frequency of clamping during the whole machining process is very
limited in time; consequently the work done by tool clamping is
neglected here. It is therefore assumed, that all the input energy to
the hydraulic pump is converted to heat and propagates into the
surrounding as the loss of the pump. The energy flow diagram of
the hydraulic subsystem is seen in Fig. 6.

Other subsystems
There are other subsystems in this machine such as the chip

conveyer and the compressed air used as sealing air as well as the
lubrication subsystem used to reduce the friction between moving
components. Since the energy consumers of these subsystems are
either outside of the machine housing (chip conveyer and
compressed air) or their energy consumption is relatively small
(lubricant pump: 34W), the power consumptions of these
subsystems are neglected.

Visualization

Pelliccia et al. [22] investigated three different methods of
visualization of energetic flows of machine tools and its
Fig. 6. Energy flow diagram of the hydraulic subsystem.



Table 2
Linear axes motors specifications.

Parameters Unit X Y Z

Ra V 0.14 0.14 0.17
ka Nm/A 1.17 1.17 0.77
ki V s/rad 0.39 0.39 0.26
Stall current A 15.5 15.5 18.5
Stall torque Nm 22 22 12
Winding Y Y Y

Table 3
Characteristics of the chillers in the machine cooling subsystems.

Parameters Unit Value

DP kPa 500
cp J/kg K 1600
r kg/m3 850
g m/s2 9.81
_V (Linear axes) l/min 10
_V(Rotational axes) l/min 24
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components. A survey from 57 engineering students was
conducted and it was found that a method which can clearly
identify the direction of energy flow, power source and consumers
is more capable of catching the user’s attention. Although 3D
Sankey diagrams show the energy flows in schematics of machine
tools, the comparison between energy flows, power source and
consumers are difficult to identify. It is necessary for a visualization
method to provide understanding for the technical system. The 2D
Sankey diagram is thus choose for to visualizing the measured and
computed energy flows for the machine tool under investigation.
Table 4
Power measurement points.

No. Measurement point direct/indirect

1 Main power indirect
2 Drive train linear axes indirect
3 Drive train rotational axes indirect
4 Chiller rotational axes direct
5 Chiller spindle & linear axes direct
6 Through-spindle pump indirect
7 Spindle pump direct
8 Shower pump direct
9 Chip flush pump direct
10 Drum filter pump direct
11 Hydraulic pump direct

Table 5
Locations of temperature measurements.

No. Component Subsystems

1 Inlet Machine cooling (linear)
2 Outlet Machine cooling (linear)
3 X-axis Machine cooling (linear)
4 Y-axis Machine cooling (linear)
5 Z-axis Machine cooling (linear)
6 Spindle Machine cooling (linear)
7 Inlet Machine cooling (rotational)
8 Outlet Machine cooling (rotational)
9 Through-spindle Process cooling
10 Spindle Process cooling
11 Shower Process cooling
12 Chip flush Process cooling
13 Drum filter Process cooling
14 Tank Process cooling
The characteristic of this visualization is the width of the line that
corresponds to the magnitude of the flow, i.e. the thicker the line
the higher the energy flow rate. Each node in the diagram
represents a component of the machine tool. The component has
several inputs and outputs which do not necessarily have to be the
same type of power flows. For example, a pump has an electrical
power as an input and fluidic power and thermal power as outputs,
which are not the same type of power flows.

Measurement procedure

It is required to run the machine and measure the relevant
parameters to quantify the energy flow in this machine tool. The
steady state assumption in the proposed method requires to run
the machine for a specific time in order to be sure that the machine
reached steady state. An air cutting process as in Ref. [23] is
performed on the machine twice, once with process cooling and
once without process cooling. Each machining process lasts 5000 s.
In the machining process spindle rotates in three different speed,
linear axis has movement and C axis rotates the table. The B axis is
on control without rotation. The discussed models, as well as the
machine tool specific data from fact sheets together with the
measurements by sensors and NC readout are analyzed in
LabVIEW1 for online monitoring of the energy flows in this
machine tool.
Fig. 7. Temperature variation for the entire experiment in the machine cooling
subsystem for linear axes.

Fig. 8. Temperature variation for the entire experiment in the machine cooling
subsystem for rotational axes.



Fig. 9. Temperature variation for the entire experiment in process cooling
subsystem.
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Datasheets

The documents of the machine tool’s components provide
information for motor and pump characteristics which are
required to compute the power consumption of the components.
As an example the characteristics for the linear axis servo motors
are listed in Table 2.

There are two separate cooling subsystems of the same type
for the main spindle and linear axes and for the rotational axes.
The data which is obtained from their datasheets is listed in
Table 3.

The coolant subsystem has five pumps, where the pumps for
the spindle, the shower, the chip flushing and the drum filter are of
the same type. There is a different pump for the through-spindle
coolant. All the pumps characteristics are available as graphs
which make it possible to identify the pump efficiency and fluidic
power based on the input power (Pel). The density of the coolant in
the subsystem is 850 kg/m3.

NC readout

The Fanuc FOCAS 2 library is used for the NC readout. Assuming
a 12 bit encoder for the current and speed measurements by the
Fig. 10. Power variance in each compon
NC, relative uncertainties of 1% are estimated for the reading of the
armature current and rotational speed of the motors.

Measurement sensors

Power
In total 11 Christ CLT310 power metres with a power demand

of 15 W each and an uncertainty of 0.015 kW are installed. These
sensors are capable of measuring electrical power up to 4 kW.
Components with a power consumption expected to exceed this
limit are equipped with a current transformer of a ratio 1:20,
leading to an indirect measurement range for the electric power.
The list of power measurement points is shown in Table 4.

Temperature
The temperature of the fluid at the inlet and outlet of the

pumps are measured in order to compute the change in enthalpy.
The sensors used are PTFE welded tip thermocouples with an
uncertainty of 0.01 K. Two DAQ NI 9214 are used to acquire the
data. The temperature measurement locations are listed in
Table 5.

The temperature for the linear axes machine cooling subsystem
is shown in Fig. 7. The temperature at the Y-axis is dominated by
noise in the first machining process which is due to a problem with
insulation of the sensor. The signals labeled as “inlet” and “outlet”
are the measured temperatures at the inlet and outlet of cooling
subsystem for the main spindle and linear axes. The outlet
temperature decreases when the chiller in the cooling subsystem
starts working and cools down the temperature of the fluid. As the
temperature reaches the equilibrium, the cooling subsystem
adjusts the temperature periodically as seen during the final part
(7000 s–10,000 s) of the temperature profile.

For the rotational axes it is not possible to measure the
temperature close to the inlets and outlets of the B and C axes due
to the geometry of the subsystem. The temperature is therefore
measured at the inlet and outlet of the cooling subsystem. The B
axis is not moving but the motor is supplied with electrical energy
to control the table position. The inlet for B and C axes are not
accessible to measure the temperature, it is therefore assumed
coolant flow is divided equally between the two axes. The
temperature for the rotational cooling subsystem can be seen in
Fig. 8. The periodic behavior of the temperature is considered as
ent during machining experiment.



Fig. 11. Sankey diagram for the power flow during the entire machining process.

144 A. Mohammadi et al. / NULL 19 (2017) 138–146
quasi steady state. The selected time for analysis is considered
large enough to include several periods.

The temperature variation measured in the process cooling
subsystem is shown in Fig. 9. The temperature of the fluid is
increased at all pump outlets and also in the tank until 3200 s.
After that, the process cooling is not used and the pumps are shut
down, so the temperature of the coolant fluid is reduced by
convection.
Results and discussion

Power variance

The power variance for all measurement points is plotted in
Fig. 10. The drum filter pump shows a higher average power than
the other subsystems (around 1000 W), which is expected since
the drum filter pump is always running during machining program



Table 6
Magnitudes of input electrical powers.

No. Measurement point Magnitude (W)

1 Main power 5416
2 Drive train linear axes 990
3 Drive train rotational axes 741
4 Chiller rotational axes 326
5 Chiller spindle & linear axes 516
6 Through-spindle pump 0
7 Spindle pump 336
8 Shower pump 0
9 Chip flush pump 0
10 Drum filter pump 1110
11 Hydraulic pump 461

Table 7
Approaches in computing the value for the Sankey diagram.

Name Approach

Input power for all subsystems Power measurement
Amplifier power Power measurement and NC readout
Electrical input for motors NC readout
Cooling power Temperature measurement
Fluidic power Datasheet
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with process cooling. While the NC is on, the linear axes show an
average power consumption in the order of 1000 W since the
spindle which is part of linear axis is almost always running and
the linear axes are all supplied with electrical power during this
experiment. The power consumption for the other components
(yellow area in Fig. 10) is around 800 W.

Sankey diagram

A 2D Sankey diagram is used for visualization. The LabVIEW1

program computes the value for each line and updates the Sankey
diagram by an excel file. The 2D Sankey diagram for the power
flows of this machine tool during machining is shown in Fig.11. The
magnitudes of input electrical powers are listed in Table 6.

As seen by the labels at the top of Fig. 11 and summarized in
Table 7, the flow rates in the Sankey diagram are obtained by
different modeling or measurement approaches, which are used
for the verification of the proposed method based on the rule of
conservation of energy. To do so, the components at the
intersection of two different approaches are numbered in Fig. 11
to compare input and output energy for each component. The
results are listed in Table 8.

The electrical input to the motors is converted to mechanical
power and heat losses. The heat losses either propagate to the
ambient or increase the temperature of the machine tool’s
components which is cooled down by process cooling subsystem.
Table 8
Comparison of the power computed at intersections of different approaches. The num

Row Input Input power (W) 

1 Pel;X 50 � 

2 Pel;Y 115 � 

3 Pel;Z 178 � 

4 Pel;S 211 � 

5 Pel;B 648 � 

6 Pel;C 9 � 

7 PRot: 325 � 

8 PLin: 516 � 

9 Pdrum 67 � 
Hence, the electrical power input of the motors has to be equal or
larger than the cooling power what is fulfilled as seen in Table 8
row 1–6.

The machine tool cooling subsystems for the main spindle and
linear axes and for the rotational axes consume electric power in
order to transfer heat from the drive train subsystem to the chillers
tanks. The input powers of the machine tool cooling subsystems
have to be equal or larger than thermal power which is returned to
the tank what is also fulfilled as seen in Table 8 row 7 and 8.

The process cooling subsystem is responsible for removing the
chips and heat from the machining working area by several
measures (spindle cooling, fluid shower, chip flush and through
spindle cooling). In this study the air cut machining does not
provide any process heat in the machining chamber and therefore
there is no additional thermal power supplied to the fluid. All
fluidic power has to be converted to thermal power, but some of
this thermal power is transferred to the environment instead of to
the tank. Therefore, the fluidic power has to be equal to or higher
than the thermal power, what is fulfilled as seen in Table 8 row 9.

The rule of energy conversion for electrical, mechanical,
thermal and fluidic power is fulfilled even though they are
obtained by different measurement methods as well as simplified
computation by considering a quasi-steady state solution. A
limitation of this validation is ignoring the heat transfer by
convection and conduction which may be a possible reason that
rule of conversion is always fulfilled.

Capability of online monitoring

It is important that the proposed method has the capability of
an online monitoring of the energy flows. The physical model is
sufficiently simple to prevent huge numerical computations for the
thermal power. The integrated program is therefore able to handle
the computation in real-time. The fluidic power is obtained by the
pump maps provided by the manufacturers. Thereby, the
mechanical shaft power of the pumps and resulting fluidic powers
are computed for each time step, what is more accurate than
computing it as one constant value representing the whole
machining process. The data of the temperature probes is acquired
directly by LabVIEW1. The data from the power measurement and
NC readout are provided as text files for an analysis program which
have to be updated in the desired time step during machining. All
data are analyzed in LabVIEW1 and it automatically updates the
Sankey diagram by an excel file. The software e!Sankey1 is used to
plot the energy flow in this machine tool.

Conclusion

The awareness of operators for energy consumption is the key
to reduce the energy consumption for what can be influenced by
the machine user. Therefore a monitoring of energetic flows and
bers of the inputs and outputs relate to the signals in Fig. 11.

Thermal power (W) Output

10 Pcooling;X

45 Pcooling;Y

104 Pcooling;Z

38 Pcooling;S

4 Pcooling;B

4 Pcooling;C

182 Ploss;Rot: þ Pf l;Rot þ
X

Pcooling;i i ¼ B; C

491 Ploss;Lin: þ Pf l;Lin þ
X

Pcooling;i i ¼ X; Y; Z; S

17 Ppump
loss;drum þ Pcooling;drum
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their suitable visualization in a Sankey diagram shall be provided
online in real time on the control panel of the machine tool.
However the machine tool is a complex subsystem with different
types of energy flows (electric, thermal, fluidic and mechanical).
During a machining process, the conversion of energy to other
types of energy increases the challenge in tracking of energy flow.
In this study, a methodology for online monitoring of the energy
flows in a 5-axes machine tool is investigated. This methodology is
concentrated on input and output energy from different compo-
nents (motors, pump, amplifier and etc.). It is assumed the
convection heat transfer to the environment comparing to other
energy conversion is negligible and hence it is not measured. The
electric, thermal, fluidic and mechanical energy flows are obtained
based on the data from datasheets of the components, provided by
the manufacturers, power and temperature measurements and an
NC read out using the FOCAS 2 interface of Fanuc. The rule of
energy conversion is used for comparisons of different data-sets
which are obtained independently by measurements, NC readout
or from datasheets. The results revealed that this methodology is
able to monitor the energy flow in a machine tools real time.
According to that, the conclusions are listed as follows:

� The proper use of datasheets reduces the measurement
equipment needed and also contributes to the computational
speed of the final program. The detailed datasheets of consumers
such as motors and pumps can provide accurate estimation of
the parameters such as cooling power, electrical power, fluidic
power and loss in motors and pumps.

� The visualization of the integrated programming which includes
power, temperature measurement and calculating the power
flow facilitates the visualization with a 2D Sankey diagram which
clearly identifies the power flows in the machine.
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