
INTRODUCTION

The growing demand for electricity in both 
the global and domestic economy forces con-
sumers to reduce the energy consumption. One 
of the major sources that are responsible for the 
energy consumption is the electromechanical 
industry, including the machining industry [6]. 
Within this industry, many factors that deter-
mine the value of electricity consumption can be 
identified. In machining, machine centres play 
an important role in this respect. Their energy 
demand depends on the design features, the ma-
chining process, energy consumption of auxil-
iary devices, etc. [9]. Within these categories, 
minor factors, including the degree of the cut-
ting tool wear, can also be distinguished.

The significance of the problem of energy 
demand can be demonstrated by numerous di-
rectives issued by the European Union bodies, 
as well as support from various global institu-
tions for the initiatives related to reducing the 
carbon dioxide emissions into the atmosphere. 

In Poland, in many fields of science, steps have 
been taken to examine the relationship between 
the energy consumption and the factors affect-
ing it. In recent years, the publications that deal 
with this subject have appeared in the machine 
tool industry. The issues raised related to the en-
ergy consumption of machining processes relate 
to both planning of machining processes [10], 
determination of appropriate machining strate-
gies [5], as well as analysis of new machining 
methods [2]. In this article, the impact of tool 
wear on the energy consumption of machining 
processes was analysed.

Tool wear is a natural process that occurs dur-
ing machining. Depending on the cutting param-
eters adopted, the type of bit or material being 
cut, the rate of wear varies. After some time, the 
tool becomes worn to such an extent that it is not 
suitable for further machining. Tool wear leads to 
an increase in the forces resulting from the cutting 
resistance [13]; additionally, it affects the dimen-
sional and shape accuracy of workpieces as well 
as surface roughness [14].
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The main causes of tool wear include [3]:
−	 Adhesive wear,
−	 Mechanical wear, 
−	 Abrasive wear,
−	 Wear due to heat,
−	 Wear due to oxidation,
−	 Diffusion wear,
−	 High temperature plastic deformation.
Each of these causes can occur with different 

intensity during the machining process; therefore, 
advanced mathematical tools are used to analyse 
and measure tool wear. One such method is the 
use of neural networks to determine the degree 
of tool wear [4]. The possibility of equipping 
machine tools with numerous sensors [8] means 
that during the attempts to monitor tool wear, 
other physical quantities that are associated with 
the gradual wear of the cutting tool can also be 
measured and analysed. There are, for example, 
specialist measuring sensors created for this pur-
pose [1]. Direct and indirect methods are used 
to test the tool wear. The direct methods include 
the optical, induction and pneumatic techniques, 
whereas the indirect methods include measuring 
cutting force, noise emissions, vibrations and cut-
ting temperature. There is also a solution that al-
lows diagnosing catastrophic wear of the cutting 
tools using the analysis of engine power signal 

[12]. The purpose of this paper was to analyse the 
impact of cutting tool wear on the machine’s en-
ergy consumption and to evaluate the usefulness 
of the machine power consumption monitoring 
for the possibility of planning bit replacement.

TEST METHODOLOGY

The analysis used a Sonel PQM-701 power 
quality analyser, which can record the network 
parameters in real time. Hence, the active and 
reactive power values can be recorded with the 
assumed frequency. The power quality analyser 
was connected to the VF-7/50 vertical machining 
centre with a maximum rotational speed of 7500 
rpm, according to the diagram [Fig. 1] included in 
the analyser’s manual.

In the analysed period of work, the vertical 
machining centre carried out the machining pro-
cesses of only one type of workpiece [Fig. 2]. The 
analyser was connected for a period of 12 days, 
which included 5 working days, 2 non-working 
days and another 5 working days. The manufac-
turing plant worked in one shift, so during the 
measurement, the signal of about 290 hours was 
recorded, and only part of the data concerned 
the machining tasks performed on the analysed 

 
Fig. 1. Diagram for connecting the Sonel PQM-701 power quality analyser to 

machine tool wires [7]
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workpiece. It is worth noting that during one 
shift, machine start-up, tool change or cleaning of 
the machine working space were also carried out. 
Therefore, the actual duration of the machining 
processes, along with the signal, which included 
the rapid and working movements of the tool, 
lasted about 20 hours, i.e. less than 10% of the 
length of the recorded signal.

During the machining of the analysed work-
piece, 11 different tools were used [Table 1], 
among which there were 5 milling bits with dif-
ferent diameters, 2 drills with different diameters, 
a countersink, 2 chamfer bits with different diam-
eters and a forming tap. The total volume of the 
chip when machining one workpiece was about 
100 cm3, and the duration of one machining se-
quence was about 15 minutes.

Due to the fact that the data acquisition 
concerned not only the implementation of ma-
chining sequences, but also downtime, it was 
necessary to properly prepare and process the 

measurement data so that the information on the 
relationship between the tool working time and 
the energy consumption of the cutting process 
could be obtained. The diagram of the procedure 
is presented in Fig. 3. 

First, the data from the power quality analy-
ser were copied to a MATLAB script. The script 
allows for automatically removing the data from 
the signal that do not apply to the cutting pro-
cess. This is followed by the process of intelligent 
separation from the entire record of 78 machine 
cycles, which are divided into individual machin-
ing operations. The data prepared in this way can 
be subjected to a statistical analysis, which allows 
calculating the value of instantaneous power and 

 
Fig. 2. Numerical model of the workpiece after 
all machining operations have been completed

Table 1. Cutting tools and parameters used in the process of machining the workpiece.

Tool number Tool name n [rpm] Vc [m/min] f [mm/rev] z Chip volume/
cycle [mm3]

1 Milling head Φ200 320 201 1.2 12 57963

2 Milling head Φ63 1153 228 1.07 9 5952

3 Milling head Φ40 1273 160 0.72 6 29444

4 Milling head Φ25 2037 160 0.3 2 2230

5 Milling head Φ63 1200 249 1.5 5 1473

6 VHM drill Φ7.5 2122 50 0.12 - 581

7 VHM drill Φ7.5 2122 60 0.12 - 1017

8 Countersink Φ20.5 388 25 0.3 3 808

9 Chamfer bit 90° Φ10 5000 - 0.24 6 20

10 Chamfer bit Φ22.5 4000 335 0.42 3 79

11 Forming tap M8 716 18 1.25 - -

 
Fig. 3. Diagram of the procedure used to obtain infor-
mation from measurement data on the relationship be-
tween the degree of tool wear and power consumption
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average power for each machining operation, in 
each of the machine work cycles. During the en-
ergy consumption measurements, the machine 
tool operator wrote down the date and time dur-
ing which he changed the cutting bits in each tool. 
Owing to the fact that the SONEL analyser as-
signs an accurate measurement time to each of 
the measured values, it was possible to compare 
the value of power consumption before and after 
the bit replacement and generate graphs of power 
consumption for individual tools.

ANALYSIS OF TEST RESULTS

First, the recorded instantaneous power con-
sumption graphs were compared with a frequen-
cy of 5 samples per second for individual ma-
chining operations. It was observed that slightly 
different instantaneous power values were ob-
tained for different machining cycle numbers, 
while the shape of the graph was the same each 
time. The graph shown below (Fig. 4) contains 
the graphs of all 78 machining cycles for the first 
machining operation performed with the φ200 bit 
R220.48-8200-09-12 from SecoTools. It can be 
seen that during the operation, the tool starts and 
ends the cutting process four times, as evidenced 
by the lowest power consumption on the graph. 
Between the 1st and 2nd pass, and the 3rd and 
4th pass, the tool moves quickly for a short time, 
while between the 2nd and 3rd pass, there is a 
break in the operation, resulting from the need 
to clean the working area. The duration of the 

first machining operation, including cleaning the 
working area, until the tool change, takes about 
280 seconds. It can also be observed – especially 
during the 2nd and 4th entry of the cutting tool 
into the material – that the energy needed to per-
form the machining increases to a certain point, 
then drops sharply, and subsequently increases 
again. The moment of this decrease occurred be-
tween the 25th and 26th machining cycle.

After comparing the power consumption 
graphs from the 25th and 26th machining cycles 
with each other, it turned out that there were sig-
nificant differences in the power consumption of 
the machine tool during cutting with a worn tool 
and a new tool (Fig. 5).

The graph below shows that depending on 
when the measurement was recorded, the instan-
taneous power consumed by the machine tool 
was greater by 5% to 60%, depending on whether 
the machining operation was carried out with 
a new or worn tool. It is worth mentioning that 
these differences result directly from the machin-
ing process, since the sampling frequency of 5 
samples per second applies only to the frequency 
of saving the measurement by the analyser. The 
analyser itself measures with a sampling fre-
quency of about 12.8kHz, and gives the measured 
power 5 times per second – every 200 ms. This 
indicates that the tool condition resulting from its 
wear can have a different effect on the increase 
of the power consumption value, which means 
that the use of instantaneous power to monitor the 
tool condition can be problematic. Average power 
could definitely be a more useful parameter for 

 
Fig. 4. Comparison of power consumption graphs for full machining cycles of 78 work-

pieces for the Φ 200 bit R220.48-8200-09-12 from Seco Tools
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this purpose. This is confirmed by the analysis of 
the average power consumed by the machine tool 
during various machining cycles implemented by 
the tool discussed in the examples above (Fig. 6).

Despite the fact that the total power consump-
tion in subsequent operations does not always in-
crease with the degree of tool wear, the upward 
trend is very clear (Fig. 6). Between the 25th and 
26th cycle, the difference in average power was 
close to 400W, or approximately 15%. The present-
ed relationships were also observed in the opera-
tions carried out by other machining tools (Fig. 7).

CONCLUSIONS

The presented results show that the measure-
ment of the average power during machining can 
be a criterion determining whether the tool is still 
useful for machining. The upward trend in the pow-
er consumption by the machine tool along with the 
progressive wear of the tool, observed for all cut-
ting tools that were analysed in this study, allows 
the use of a mechanism consisting in informing the 
machine user about exceeding the average power 
level. In the case of mass production, setting the 

 
Fig. 5. Graph of momentary power as a function of time for two consecutive cycles be-

fore and after a tool change, for the Φ 200 bit R220.48-8200-09-12 from Seco Tools

 
Fig. 6. Graph of average power consumption depending on the next machin-

ing cycle for the Φ 200 bit R220.48-8200-09-12 from Seco Tools
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average power threshold above which the machine 
tool informs the user about the need to change the 
tool is not complicated, and the knowledge about 
it can be used in the design of automatic machine 
energy monitoring systems [11].

The graphs presented indicate that the ma-
chine power consumption graphs during indi-
vidual machining operations can also be useful 
in obtaining the information on the machining 
process. By analysing such a graph, the mo-
ments at which machining was carried out and 
when the machine was not performing such ma-
chining, can be identified. Instantaneous power 
consumption jumps by the machine tool may 
also indicate tool damage, which may cause the 
appearance of excessive errors in the dimensions 
and shape of the workpiece.

The on-going monitoring of the machine 
power consumption can also result in more eco-
nomical tool management. The tool manufactur-
ers’ materials specify the time after which the 
cutting bits should be replaced and many com-
panies follow these recommendations, although 
often such bits could still be in use in the ma-
chining process. A signal of exceeding the en-
ergy level would allow the tools to be used until 
the actual risk of catastrophic wear of the blade. 
The decision to replace the tool is usually based 
on several different signals, among which a sig-
nal of exceeding the energy level can play a key 
and decisive role.

The results obtained during the tests can 
be useful to create the algorithms aimed at 

forecasting the consumption of electricity during 
the machining operations of specific workpieces. 
At the moment, most of the algorithms offered 
by tool companies do not take into account tool 
wear, and those that do consider it, only deter-
mine the increase in the energy consumption with 
total tool wear. Determining how quickly the tool 
working time translates into an increase in elec-
tricity consumed by the machine tool will allow 
the improvement of the existing algorithms that 
predict the machine energy consumption.
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