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Abstract

When the measurements of power consumed by cutting mechanism electromotor are made, the mechanical cutting
power cannot be obtained, because they are different physical processes. However, determination of electricity power
is relatively simpler. Therefore, both powers are determined in the study, in order to evaluate coherence between
them. Computer numerical control machine was used for climb-sawing of aspen (Populus tremula L.) wood with a
circular saw. Mechanical cutting power was calculated from measurements of cutting force, but the electric ones —
from measurements of current and voltage. As a result, changes of both powers and of specific cutting work, on what
the analytical calculation of cutting power is based, were obtained depending on length of the cutting trajectory. It
is found out, that mechanical cutting power is greater than electric power, and it is useful to use for the analytical
calculation, based on determination of the specific cutting work, wear coefficient of the cutter that depends not only

on the duration of work of cutter, but also on feed speed and the length of the cutting trajectory.
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Introduction

Several methods can be used for determination of
cutting power — the direct and analytical ones. Most
commonly used methods for direct determination of
cutting power are based on measurement of electricity
consumed by motor for drive of cutting tool. One
of such methods is the determination of changes in
the electrical current that has been consumed by
an electrical motor (Barcik et al., 2010). The other
method though compares the power of the electrical
motor before and during the cutting process, resulting
in a difference that indicates the power that has been
consumed (Abele and Miongéinskis, 2012; Cristovao
et al., 2013). However, only electrical power can
be determined by using these two above mentioned
methods. Thus, they do not provide direct and
accurate results, knowing that the cutting process is
characterized best by the mechanical power.

For the direct determination of mechanical cutting
power, the most accurate method is measurement of
torque of drive spindle (Kova¢ and Mikles, 2010;
Svatos et al., 2011), because thus it is possible to
determine the resistance created by wood when cutter
is deepening in the wood. Cutting power in this case is
calculated according to such equation (1) (Kovac¢ and
Mikles, 2010):
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where N_is cutting power, W. M is torque of spindle,
N m. v Is cutting velocity, m s'. D is diameter of
cutting circumference, mm.

However, the use of this method is related to
greater investments of financial resources, because
costs of torque transducer are greater than, for
example, of wattmeter, by what the electric power is

determined. Thus, the measurement of electric power
is economically more favourable, but, in order to apply
this to the mechanical cutting power, it is necessary to
determine correlation between them.

For the analytical calculation of cutting power,
equation (2) is developed, which is based on the
specific cutting work:
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where N,, is cutting power, W. K is specific cutting
work, J cm?3. b is kerf width, mm. H is kerf height,
mm. u is feed speed, m min-'.

For calculation of equation (2), the specific cutting
work is usually determined by the method of correction
coefficients (bepmanckuii, 1967). However, this
method is not perfect, because it does not include
all factors, but evaluation of the included factors is
often inadequate and unobjective. Other authors also
point out this (Porankiewicz et al., 2011). One of
factors, evaluation of what is restricted, is a wear of
cutter, because the determination of it provided only
depending on duration of work of cutting tool.

Basis on the above mentioned objective of
the study is to determine correlation between the
mechanical and electric cutting power, which can
be used for direct measurements of power and to
improve evaluation of wear coefficient of the cutter,
which is provided for analytical calculation of the
powver.

The tasks are the following:

1. to measure mechanical and electric power and
to determine interrelationships between those
in the longitudinal sawing;

2. to develop equation for the coefficient of
cutting tool wear that evaluates not only
duration of work of cutting tool.
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Materials and Methods

A multifunctional computer numerical control
(CNC) machine with a separate drive mechanism of
the circular saw ‘Biese Rover 325’ was used in this
study. Parameters of the CNC machine are given in
Table 1.

A unique circular saw has been designed for the
experimental work (according to Abele and Tuherm,
2013). The circular saw was produced by the cutting
tool producer from Latvia — ‘Nook Ltd.’. Cold-rolled
steel 75Crl (according to LVS EN 10027-1:2005)
was used for body manufacturing of the circular
saw. Chemical composition of the 75Cr1 steel is the
following: C 0.70 — 0.80%, Mn 0.60 — 0.80%, Cr 0.30
—0.40%, Si 0.25-0.50%. Tips of the circular saw were
made of tungsten cemented carbide K10 (according to
ISO) and its chemical composition is the following:
WC (tungsten carbide) 94.12%, Co 5.60%, other
chemical elements 0.28%. The parameters of the
circular saw are indicated in Table 2. This circular
saw consists only of two teeth that are located on the
opposite circumference points of the circular saw.
Therefore, it takes less time to reach the prescribed
load capacity for the saw teeth comparing to standard
circular saws. This is characterized by an efficient
cutting distance per tooth that is 10,000 m related to a
single tooth of the circular saw.

Samples of aspen wood with a moisture content
of 8 to 10% were used during the experiment work of
the study. Climb-sawing was carried out by creating
longitudinal kerfs next to each other on both wider
sides of the wood sample, leaving 3 mm wide partition
between the kerfs (Figure 1). Therefore, an enclosed
cutting process was ensured for every kerf, what is
a normal characteristic of sawing. Overall, ten kerfs
were deposited in one wood sample (five on the one
side and five on the other side). Kerfs were performed
in depth of 24 mm what gives a 56.1 mm long length of
the cutting trajectory for every rotation of the spindle.
For the length of the cutting trajectory at one rotation
of the spindle calculating the following equation (3)
was used:
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where | is length of the cutting trajectory at one
rotation of the spindle, mm. u is feed speed, m min-..
n is rotation frequency of spindle, min-'. z is number
of teeth of the circular saw. z is the constant (z = 3.14)
D is diameter of cutting circumference, mm. H is kerf
height, mm.

The total length of the cutting trajectory related
to the one saw tooth was calculated by the following
equation (4):

Table 1
Technical parameters of the computer numerical control machine
Characteristics Value
Rotation frequency of spindle, min! 0...18000
Feed speed, m min! 0...60
Power of electromotor, KW 3.4
Electromotor power factor cos ¢ 0.85
Maximum processing length of the x-axis direction, mm 3000
Maximum processing length of the y-axis direction, mm 900
Table 2
Parameters of the cutting regime
Characteristics Value
Diameter of cutting circumference D, mm 120
Body thickness s, mm 2
Kerf width b, mm 3
Clearance angle «, degree 35
Sharpness angle S, degree 40
Rake angle y, degree 15
Cutting velocity v, m s™! 50
Feed speed u, m min! 8
Rotation frequency n, min‘! 7958
Feed per tooth u,, mm 0.503
Kerf height H, mm 24
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Figure 1. Cutting force measurement device.
1 — horizontally force sensor; 2, 3, 8, 9 — vertically force sensors; 4 — direct current ripple
reduction filter; 5 — wood sample; 6 — data logger; 7 — linear guide rails; 10 — adjustment
screws; 11 — horizontally movable platform; 12 — vertically movable platform.
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where L is total length of the cutting trajectory, m. |
is length of the cutting trajectory at one rotation of
the spindle, mm. n is rotation frequency of spindle,
min. |, is length of the wood sample (I, = 450),
mm. u is feed speed, m min-'. z is number of teeth of
the circular saw. mje is number of kerfs in one wood
sample. mp is number of wood samples.

During the sawing samples of wood were fastened
in a device of special construction (Figure 1) provided
for determination of the cutting force. The device
consists of two platforms; it is possible to move one
of them in a horizontal direction, but the other one —
in a vertical direction by the use of linear guide rails.
Besides, the platform that can be moved horizontally
was connected to the platform that can be moved
vertically. Therefore, the sample of wood directly
fixed on the platform that can be moved horizontally,
can move both horizontally and vertically. For the
measurement of force, there are mounted sensors of
force ‘“Measurement Specialities™” FC22 (measuring
range: 0 to 100 Ibf) in the device; working of them
is based on changes of voltage of supplied power
depending on the force with what pressure is applied
on the sensible surface. One of the sensors is located at
the end of the platform that can be moved horizontally,
but four force sensors are placed under the platform
that can be moved vertically. There are adjustment
screws located opposite to each sensor, with what
platforms are pressed to the sensors. Thus, it is ensured
that during cutting platforms are in continuous contact
with the sensors and cannot move freely away from
them, but at the same time a possibility of moving is
given to them in the direction to the sensors, so that
they could apply pressure to the sensible surfaces of
sensors. Each sensor was connected to data logger
PicoLog ADC-20 through terminal board by the use
of single ended channels. Considering that only four
sensors can be connected to the data logger, but it is
necessary to carry out measurements with five sensors,
vertically located sensors were connected in pairs (2
with 3 and 8 with 9; Figure 1), i.e., (+) terminal of
one of sensors connected in a pair and (-) terminal
of the other sensor connected in the same pair was
connected to the data logger, but (-) terminal of the
first sensor was connected to (+) terminal of the other
sensor. Thus, one result of measurement is obtained
from sensors connected in a pair. Three 5 V stabilized
power supply modules are used for supply of sensors
with input voltage — for one of sensors connected in
each pair a separate power supply module is used, but
for other sensors one common power supply module
is used. Besides, the direct current ripple reduction

filter is included in the electric circuit of each power
supply of sensor. It consists of the resistor (270 Q)
connected in series circuit and capacitor (1000 puF)
connected in parallel.

Direction of the cutting force vector for circular
saws depends on its turning angle and therefore is not
constant. Therefore, with the device of measurement of
force, it is possible to state only vertical and horizontal
components of the cutting force. The horizontally
placed sensor registers the horizontal component of
cutting force, but four vertically placed sensors — the
vertical component of cutting force. The total value
of the vertical component is obtained by summing of
two results of measurements obtained from both pairs
of vertical sensors. When sawing of wood sample
is started, the cutter of circular saw applies greater
pressure on the pair of vertical sensors placed closer to
them. When the circular saw gradually moves further,
it is applying more and more pressure on the other pair
of vertical sensors, but pressure applied to the first
pair diminishes, and at the end of cutting, the greatest
force of pressure is already applied on the other pair
of sensors. This means that the total component of
vertical force is divided on both pairs of sensors.

Data logger transmitted the data registered
by force sensors to computer, in what by use of
software PicoLog Recorder results of performed
measurements were stored in both characteristic
curves and numeric data (spreadsheet). From obtained
data the value of the resulting vector of the cutting
force (5) and value of the mechanical cutting power
(6) were calculated by the use of such equations:

2
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where Py, is cutting force, N. k is conversion factor
from Ibf to N (k =4.448222). P, is horizontally
component of cutting force, Ibf. P, and P, are
vertically components of cutting force, Ibf. N;’; is
mechanical cutting power, W. v is cutting velocity,
ms.

For the determination of consumed electric power
of electromotor of cutting mechanism, measurements
of voltage and current were used. Measurements of
phase voltage were performed with analogue voltmeter
ABB VLMI (measuring range: 0 to 500 V, point value
20 V) only between one of phases and neutral, because
star connection of the electromotor has a symmetric
load. This means that voltage is equal between each
of phase wires and neutral wire. For the measurement
of current, sensors of electromagnetic loops were put
around each of three line wires. Current was measured
in line wires, because in star connection a line current
is equal to the phase current. All three current sensors
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were connected with the data logger PicoLog CM3
that transmitted the registered data to computer,
where they were processed by software Picolog
Recorder. Only differences of current between the
consumed current during the cutting process and the
consumed current during the idle running were used
in calculations. The active electric cutting power was
calculated by such equation (7):

Nzrlr:UF'(1L1+IL2+[L3)'COS¢% (7

gﬁ is electric power, W. U is phase voltage,
V. I 1, 1, and I 5 are line amperages, A. ¢ is phase
difference angle between voltage and current degree.
Specific cutting work was calculated by the
following equation (8) (Marthy and Cismaru, 2009):

where N
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where K is specific cutting work, J cm3. N é',", is

mechanical cutting power, W. b is kerf width, mm. H
is kerf height, mm. u is feed speed, m min-'.
Regression was used for interaction’s analysis
between cutting power and length of the cutting
trajectory because it is the most suitable for cutting
process models (Naylor et al., 2012). According
to F-test with a p-value (with software IBM SPSS
Statistics 19) hypotheses about the significance of
the rezgression equations were tested (HO:pZ:O,
H,:p” >0); but with p-value of t-test hypotheses
about the significance of the regression coefficients

Power N, W
—
[\®]
()
[«

N=0.111 - L +905.7
R*>=0.729 ..l [ g L 350

Hy:p = ﬁlo were tested. P-value was compared
with significance level a = 0.01.

Results and Discussion

The diagram of changes of cutting power
(Figure 2) indicates that cutting power evenly
increases in the entire length of the cutting trajectory.
This can be observed both for the mechanical
and electric cutting power. In addition, both trend
lines have very similar intensity of increase and
essential dependence on length of the cutting
trajectory (p < 0.01) what means that with one of
them the other one can be explained. The most
important difference that emerges between the
mechanical and electric cutting power is their
actual value. At the beginning of experiment, the
mechanical cutting power is 1.11 times greater than
the electric cutting power, but at the end of the
experiment, this proportion is 1.34. These differences
confirm the fact that by the measurement of the
electric power, the true cutting power cannot be
obtained.. It is possible to get the true cutting
power only from measurements of the mechanical
power, because they result directly from the cutting
force. The power of electric energy consumed
by the motor is only an indirect describer, but
it can be simply determined. Therefore, in
processes of longitudinal climb-sawing of aspen
wood, in order to determine mechanical cutting
power, if the electric power is known and if cutting
regime corresponds to the regime used in the study,
such equation (9) can be used:
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Length of the cutting trajectory of one tooth L, m

Figure 2. Cutting power and specific cutting work relative to length of the cutting trajectory.
@ — mechanical cutting power; @l — electric power; A— specific cutting work.
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where Ny, is mechanical cutting power, W. N;ﬁ
is electric power, W. L is length of the cutting
trajectory, m.

Unfortunately, changes of the cutting power do not
allow distinguishing separate wear periods, because
they have a linear character. Also in researches made
by other authors, it is found out that the increase of
the cutting force (influencing directly the cutting
power) is linear (Axelsson et al., 1993). However,
Bier and Hanicke, 1963 point out that changes of the
cutting force are just the same as changes of rounding
of cutting edge, and also those can be divided in
three periods. The linear character of changes in this
research could be explained by uneven density of
wood samples to be processed that changed within
the range from 400 up to 550 kg m=. However, also
changes of index obtained by dividing values of
cutting power with density of the corresponding wood
sample indicate the same linear relationship.

When values of cutting power obtained as a
result of measurement (Figure 2) are compared
with the calculated ones (using equation 2), it is
possible to ascertain that the measured power is
greater than the calculated values. Similar tendencies
are also observed in researches made by other
authors (Aguilera and Martin, 2001). This indicates
imperfections in calculation formulas, because
equation for determination of the specific cutting work
not only disregards mechanical properties and density
of wood (as mentioned Porankiewicz et al., 2011),
but also wear of cutter and cutting direction relative
to feed direction, because studies have shown that
climb-sawing require greater cutting power compared
to counter-sawing (Cristévao et al., 2013). The wear
of cutter is characterized there with coefficient a,
depending on duration of work of cutter. However,
duration of work of the cutter is a very relative
index, because it depends on feed speed. Although
the impact of feed speed on cutting power is less
significant (Barcik et al., 2008) compared to cutting
speed (although Naylor et al., 2013 points out that also
cutting speed does not have an essential impact on
cutting force, several other studies point out that it is
a significant factor); nevertheless, it essentially affects
the determination of the coefficient a, by which the
wear of cutter is evaluated. It can be explained by
the fact that within the same time with a different
feed speed, different length of the cutting trajectory

can be achieved; therefore, a different wear of cutter
will be caused, too. The value of the specific cutting
work under particular circumstances of cutting regime
is constant (BuCar and Bucar, 2002). Therefore,
the increase of it depending on the length of the
cutting trajectory (Figure 2) is caused by the impact
of the wear of cutter. This means that in regression
equation, 0.011 - L is equivalent to the increase of
coefficient a,. Thus, for the improvement of accuracy
of calculation of the specific cutting work, within the
framework of the given cutting regime parameters,
following equation (10) can be used, where the
length of the cutting trajectory is replaced by an
equal relationship formed by simpler determinable
parameters of cutting regime — rotation frequency
of cutting tool, length of the cutting trajectory at one
rotation of the spindle and duration of work of cutter:

0011 n-1-T
a,=1+———

’ 65.6-10° -z (10)

where a, is a coefficient that evaluates the cutting tool
wear. n is rotation frequency of spindle, min-'. | is the
length of the cutting trajectory at one rotation of the
spindle, mm. T is duration of cutting tool work after
sharpening, min. z is number of teeth of the circular
saw.

The cutting power and coefficient, by which the
wear of cutter is evaluated, are determined, while
cutting regime parameters are constant. Therefore,
in further researches, it is necessary to find out the
impact of the other cutting regime parameters on
them and also other coefficients for calculation of the
specific cutting work that have been given in literature
(bepmaackuii, 1967).

Conclusions

1. Mechanical cutting power obtained from
measurements of cutting force is not equal to
electric power obtained from measurements of
current and voltage. Mechanical cutting power,
when aspen wood is sawed, is 1.11 to 1.34 times
greater than electric cutting power.

2. Specific cutting work changes that cause the wear
of cutter, have essential dependence on length
of the cutting trajectory (p < 0.01, R? = 0.729).
Therefore, the coefficient for calculation of the
specific cutting work, by which the wear of cutter
is evaluated, can be determined by the developed
formula (10) that includes not only duration of
work of cutter after sharpening, but also other
cutting regime parameters.
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