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The process of mechanical excavation, especially that of hard rocks, is very dynamic.
This results in heavy loads and vibrations in the cutting system of a roadheader, the drive
units of the mechanism related to the excavation process, and the load-carrying struc-
ture of the roadheader. The ad verse dynamic state that stems from excessive dynamic
loads or even overloading will cause a high failure rate in the roadheader and low effi-
ciency of its operational process (high energy consumption, low productivity), thus lead-
ing to high costs of driving tunnels using the mining method involving roadheaders. This
article presents selected results of extensive computer studies on the impact of cutting
process conditions on the dynamic state of a boom-type roadheader equipped with
transverse cutting heads and on the energy consumed during the excavation process. On
one hand, cutting process conditions result from properties of an excavated rock mate-
rial and, on the other hand, from process parameter values set up during the excavation
of tunnels. Simulation studies conducted using experimentally verified mathematical
models made it possible to identify relationhips that link dynamic loads of the body of
a boom-type roadheader and energy needed for mining to the cutting process parameters
of rocks with different compressive strengths. The regulation properties obtained in this
way show the possibility of reducing dynamic loads of the roadheader through the
proper control of cutting process parameters, including the angular speed of the cutting
heads. By equipping the roadheader with a cutting head inverter drive system, it is pos-
sible to adjust the speed to the cutting process conditions by changing the supply voltage
frequency of an asynchronous motor installed in the roadheader's cutting system.
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Research and development work on the automa-
tion (robotization) of tunnel excavation in under-
ground mining and civil construction has been con-
ducted for many years [1–3, 8, 9, 16, 17]. The purpose
of mining work robotization is to limit or even elimi-
nate the presence of man at the mining site, which
should lead to an improvement in worker safety. Opti-
mization of the work process, which is possible due to
the automated control of machines, will ensure an in-

creased efficiency in the work and a better use of the
technical potential of the machinery and devices. This
in turn will allow for a higher productivity (driving
progress) and lower cost of this type of mining work to
be achieved. The use of autonomous mining robots
will cause people’s involvement to be limited to the
remote monitoring of the machinery and device oper-
ation and overseeing the correctness of the work
processes carried out by them, alternatively – remote
control of only a few technological operations as a te-
leoperator [10–13].
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Boom-type roadheaders are used for driving road-
ways in underground coal mines and the mining of
other rocks with properties similar to coal (mining
of salt, potassium, and metal ores such as copper [18]).
They are also used for boring communication tunnels
and other underground engineering objects such as
underground garages or tunnels in water power plants
(though to a limited extent) [14, 19, 20]. An important
issue related to the work automation of this type of
machine is the proper (optimal) control of the cutting
process in a working environment that changes over
time. This volatility is the result of the geological
structure of the rock mass at the mining site – the vari-
able workability of rocks at the cross-sections of tun-
nels due to the layered structure of the rock mass and
variable workability of the rocks over the length of
roadways or a tunnel.

The cutting system of a boom-type roadheader is
equipped with cutting heads at the end of a movable
boom that are relatively small compared to the dimen-
sions of the heading face. Excavation is usually carried
out in parallel to the surface of a floor [11]. When
deflecting the boom in this plane, the cutting heads
make cuts with a particular cross-section area size that
correlates to the size of web of cut z and cut height h
(Fig. 1). The cutting process is conducted with a cer-
tain speed correlated to the angular speed of the
cutting heads and their advancement speed vOW.

Fig. 1. Process parameters of cutting heading face with
boom-type roadheader: z – web of cut, h – cut height,

Gϕ�  – angular speed of cutting head, vOW  – advance-
ment speed of cutting heads

In those boom-type roadheaders that are already in
use, an operator manually inputs the web of the cut,
cut height, and cutting head advancement speed
parameters from his workstation located on a road-
header (and in some cases from a remote worksta-
tion). Therefore, it is not possible to adjust these val-
ues in an optimal manner. In the cutting system, the
cutting head angular speed (correlated to the motor
angular speed and gear ratio of a gear transmission) is
constant. In some boom-type roadheader designs, it
is possible to select one of two cutting head angular
speeds – due to switching a two-speed motor or a two-
-speed gearbox. However, it is impossible to adjust
(control) this value to the process conditions during
excavation. It would be possible to implement steps
of adjustment of the cutting heads’ angular speed by
using a frequency inverter in the drive of a roadhead-
er’s cutting system.

According to the experimental and computer stud-
ies results described [4, 7], the reduction of dynamic
loads and vibrations in the roadheader’s drive units
and its load-carrying structure as well as the minimiza-
tion of power and energy consumption require the
appropriate control of parameter values during the cut-
ting process. However, this is only possible after equip-
ping the roadheader with an automatic control sys-
tem. The starting point for developing an effective
operating algorithm of such a system is defining the
dynamic state of the roadheader during the cutting
process with different associations of parameter val-
ues for this process. Basically, these types of studies
are only possible with the use of adequate simulation
models. They are the basis for making conclusions in
regards to the reduction of dynamic loads, vibrations,
and energy consumption.

The article describes selected results of extensive
simulation studies conducted with the use of experi-
mentally verified original mathematical models that
reflect the boom-type roadheader’s body dynamics
and its operational process. The operation of a cutting
heads’ inverter drive was reflected in the mathemati-
cal model used for computer studies. This allowed us
to define the impact of the cutting heads’ angular
speed on the cutting process characteristics, road-
header’s dynamic load, power demand during excava-
tion, and energy consumption. The regulation charac-
teristics obtained during these computer simulations
show a correlation of the values describing the road-
header’s dynamic load condition and efficiency of the
cutting process to the parameters of this process.
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Simulation studies covered the cutting process car-
ried out with a roadheader equipped with a transverse
cutting head inverter drive system. The excavation of
rocks with different uniaxial compressive strengths
(UCS) within a range of 20 MPa to 70 MPa and brit-
tleness factor of κ = 15 was examined. The lower cut
was simulated, parallel to the floor and with different
parameters for this process (Fig. 1).

Due to examining the possibility of controlling the
angular speed of the cutting heads depending on
the cutting process conditions, the motor shaft dy-
namic load characteristics in the cutting system and
the angular speed obtained for different supply volt-
age frequencies (different angular speeds of cut-
ting heads) were analyzed. While doing so, the cutting
of rock with a uniaxial compressive strength of
Rc = 60 MPa during the making of a cut with a height
of h = 200 mm and web z = 100 mm was simulated.
The advancement speed vOW of the cutting heads was
about 150 mm/s. Figure 2 shows the time characteris-
tics mentioned above for two different angular speeds
of the cutting heads. As seen above, this speed has
a crucial impact on the magnitude and characteristics
of the dynamic load. In the case of the lower angular

speed ( Gϕ�  = 5.54 rad/s, which corresponds to a motor
supply voltage frequency of f = 30 Hz) in the present-
ed 3.5 second time interval, the cutting heads make
three revolutions (a cutting head revolution period of
TG = 1.13 s). The mean value of the dynamic load for
the motor shaft (M) was, in this case, 1344 Nm (Fig. 2a
– red line). It was, therefore, almost 60� higher
than the nominal torque value of the motor in the
cutting head drive of the roadheader being examin-
ed (Mn = 851 Nm). The peak value and the amplitude
of this load (understood as the range of dynamic
load variation) had the following respective values:
3035 Nm and 3305 Nm. The angular speed of the mo-
tor ( )ϕ�  oscillated within a range of 67 rad/s to 112 rad/s,
with an average value of approximately 90 rad/s (blue
line). The increase of the cutting head angular speed
to 9.24 rad/s (f = 50 Hz), with other cutting parameter
values retained at a constant level, resulted in a de-
crease of about 15� of the motor shaft torque average
value in the cutting system (Fig. 2b). Despite the lo-
wer value of the average load, the dynamic load varia-
tion range increased. The peak value and amplitude were
3282 Nm (+8�) and 4544 Nm (+38�), respectively.
The angular speed of the motor was at that time oscil-
lating within a range of 135 rad/s to 174 rad/s, with an
average value of approximately 154 rad/s. During
those 3.5 s simulations, the cutting heads made more
than five revolutions (in this case, the cutting heads’
revolution period was TG = 0.68 s).

Fig. 2. Dynamic load characteristics of cutting head drive obtained in course of computer simulation
of rock excavation with uniaxial compressive strength of Rc = 60 MPa at angular speed of cutting heads of:

a) Gϕ�  = 5.54 rad/s (f = 30 Hz); b) Gϕ�  = 9.24 rad/s (f = 50 Hz)

a)

b)
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As shown by the exemplary characteristics, the an-
gular speed of the cutting heads not only influences
the magnitude but also the character of the dynamic
load. The motor shaft torque characteristics during
the cutting process are the result of summing the load
characteristics caused by the interaction of picks with
undisturbed soil. The load depends on the cutting
geometry (size, shape, and sequence of cuts), which
results from the speed of picks, among other things. In
the case of the higher of the two angular speeds of the
cutting heads ( Gϕ�  = 9.24 rad/s), a beat effect is clearly
visible. This phenomenon occurs due to the overlap-
ping of vibrations with very similar frequencies [15].
The conducted spectral analysis of the motor shaft
dynamic load characteristics in the cutting system for
both examined angular speeds of the cutting heads
showed the occurrence of two main components of
vibrations (Fig. 3). For the cutting heads’ angular
speed of 5.54 rad/s, these components have a frequency
of 66.6 rad/s and 132.6 rad/s (Fig. 3a). The frequen-
cy of the first one is 12 times higher than the rotational
frequency of the cutting heads (their angular speed).
This results from the layout of the picks on the cutting
head (the picks are placed along 12 helices with
a small helix angle). It is, therefore, a helix frequency.
The frequency of the second determined motor shaft
vibration component is similar to one of the natural
vibrations frequencies of the analyzed system. The in-
crease of the cutting head angular speed (due to
changing the motor voltage frequency of the cutting

heads’ drive) caused an increase in the helix frequency
(Fig. 3b). In the case where Gϕ�  = 9.24 rad/s, the value
of this frequency is 110.6 rad/s. The frequency of the
second component of vibrations (138.2 rad/s) corre-
sponds to, as previously, the natural vibration fre-
quency of the examined roadheader’s system. As seen
above, the difference between the frequencies of the
two vibration components is, in this case, just 27.6 rad/s
(~4 Hz). The result of similar frequencies of the dom-
inant vibration components is the effect of the beat
shown in Fig. 2b.

The dynamic character of the rock-cutting process
causes the body of the roadheader (boom, turntable,
main frame) and the boom deflection mechanisms
to be exposed to strong forced vibrations transmitted
via the constraints of particular components of the
roadheader (Fig. 4). A particularly high variation is
attributed to the dynamic load of the boom lifting ac-
tuators PSP, which are responsible for keeping the cut-
ting heads at the set height while they move in parallel
to the floor. While excavating with a cutting head
angular speed of Gϕ�  = 5.54 rad/s (red line in Fig. 4a),
the load had a range of –580 to –123 kN (minus means
that these actuators are being extended while making
a lower cut). The average value of this load is –276 kN.
An increase in the cutting head angular speed to
9.24 rad/s caused the dynamic load of the boom lifting
actuators to drop by approximately 20� (Fig. 4b). In
this case, the load changed within a range of –510 kN
to  –61 kN (with an average value of –225 kN).

Fig. 3. Amplitude and frequency characteristics of motor shaft dynamic load in cutting heads’ drive obtained
in course of computer simulation of rock excavation at angular speeds of cutting heads of:

a) Gϕ�  = 5.54 rad/s (f = 30 Hz; b) Gϕ�  = 9.24 rad/s (f = 50 Hz) (fP – signal sampling frequency)

a) b)



Significance of cutting process parameters as related to improving dynamic state of roadheader... 63

In a similar way to the boom lifting actuators,
the cutting head angular speed has a significant effect
on the boom deflection mechanism actuators in
a plane parallel to the floor PSO (blue lines in Fig. 4).
For the smaller of the examined angular speeds of the
cutting heads, the average value of this load was
296 kN (Fig. 4a). An increase in the cutting head an-
gular speed to 9.24 rad/s caused the average value of
this load to drop by approximately 20� (Fig. 4b). De-
spite this, the dynamic load peak value of the boom
swinging actuator did not change significantly, as it
was 468 kN for Gϕ�  = 5.54 rad/s and 454 kN (–3�) for

Gϕ�  = 9.24 rad/sec (–3�). The vibration amplitude
of the dynamic load of the actuator in the boom swing-
ing mechanism was 307 kN for Gϕ�  = 5.54 rad/s and
350 kN for Gϕ�  = 9.24 rad/s respectively. As seen
above, an increase in the cutting head angular speed
resulted in an increase in the dynamic load variation
range for this mechanism. As with the dynamic load of
the cutting head drive, one can also observe the influ-
ence of cutting head angular speed on the dynamic
load characteristics of the boom deflection mecha-
nisms here.
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This chapter covers the issue of the proper adjust-
ment of the cutting head movement speed during the
cutting of rocks with particular UCS and with a set web
and cut height. The angular speed of cutting heads Gϕ�
and their advancement speed vOW have a significant
influence on the dynamic load of the roadheader’s
cutting system and the energy consumed during the
mining process (Figs. 5 and 6). In order to show the in-
fluence of rock workability on this type of load, rock
cutting with a rather strongly differentiated uniaxial
compressive strength (Rc = 20 MPa and 70 MPa) was
examined. Computer simulations covered making the
lower cut with a height of h = 200 mm and web of
z = 100 mm with six different angular speeds of cut-
ting heads Gϕ�  and their advancement speed within
a wide range of 40 mm/s to 390 mm/s (correlated to
the technical capabilities of the examined roadheader).

Fig. 4. Dynamic load characteristics of boom lifting and swing actuators obtained in course of computer simulation
of rock excavation with uniaxial compressive strength of Rc = 60 MPa

at angular speed of cutting heads of: a) Gϕ�  = 5.54 rad/s (f = 30 Hz); b) Gϕ�  = 9.24 rad/s (f = 50 Hz)

a)

b)
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Due to the fact that the simulation studies covered an
inverter drive system (equipped with a frequency in-
verter), the angular speed of the cutting heads corre-
lates to the selected motor supply voltage frequency in
their drive f. The applied frequency range f of 25 Hz to
50 Hz corresponds to the angular speeds of the cutting
heads within a range of 4.62 rad/s to 9.24 rad/s (Tab. 1).
Due to the cutting head angular speed adjustment
method, its particular values correspond to different
values of drive motor output power. In the examined
case, the output power of the motor in cutting system NS

was within a range of 66 kW to 132 kW, and the nomi-
nal torque of the motor was identical in all cases and
had a value of Mn = 851 Nm.

Table 1

List of frequency set point values of motor supply
voltage in cutting system and their corresponding
angular speed of cutting heads and motor power

of cutting head inverter drive system

Fig. 5. Relationship of average value (a) and peak value (b) of dynamic load of motor in cutting system to angular
speed of cutting heads (characterized by motor supply voltage frequency) and their advancement speed

Motor supply  
voltage  

frequency, f 

Cutting head  
angular speed,. Gϕ�  

Motor power  
in the cutting 

system, NS 
[Hz] [rad/s] [kW] 
25 4.62 66 
30 5.54 79 
35 6.47 92 
40 7.39 106 
45 8.32 119 
50 9.24 132 

a)

b)
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The relationship between the parameters that char-
acterize the dynamic load in the cutting system (the
average Mm and peak Mmax values) and the speed of
the cutting heads (angular speed and their advance-
ment speed) are complicated (Fig. 5). The character-
istics of the examined functions show signs of the oc-
currence of extremes in the form of maximums and
minimums. There are areas here where the cutting
head drive is excessively dynamically loaded or even
heavily overloaded. The dynamic load in certain speed
ranges vOW can also reach a relatively low level. The
extent of such ranges depends on the cutting heads’
angular speed value Gϕ�  (motor supply voltage fre-
quency in the drive of the cutting heads’ f). The value

of this load depends heavily on mechanical properties of
the excavated rock.

From the roadheader power optimization perspec-
tive, the choice of process parameter values is only
beneficial when the average values of the dynamic
load of the cutting head drive Mm (determined in con-
secutive time intervals; e.g., every revolution of the
cutting heads) have a similar value to the nominal
value Mn of the motor installed in the cutting system.
Because cutting is not a stationary process, the aver-
age torque values of the motor shaft should be within
a certain range of the nominal value; e.g., within a range
of 0.8 Mn to 1.2 Mn. When Mm > 1.2 Mn, the drive of
the cutting heads should be considered overloaded,

Fig. 6. Relationship of average value of power required for excavation (a) and average value of power
used for deflecting boom (b) to angular speed of cutting heads (characterized by motor supply voltage frequency)

and their advancement speed

a)

b)
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and if Mm < 0.8 Mn, the drive is underloaded [6]. Due
to the dynamic character of the cutting process flow,
operating with only an average value of load is insuffi-
cient. It is necessary to determine the allowable dy-
namic overload value of the drive. This is character-
ized by a dynamic overload factor kd that determines
the allowable level of the dynamic overload peak val-
ue as related to the nominal value of the drive unit
motor torque [5]. Considering the mechanical charac-
teristics of the motor in the cutting head drive of the
examined roadheader, the kd = 2 value was assumed.

In the case of processing rock with a UCS of
Rc = 20 MPa, the average value of the dynamic load
of the cutting head drive is, in fact, lower than 0.8 Mn in
the whole variation range of the cutting head advance-
ment speed and all their considered angular speeds
(Fig. 5a – dashed lines). For the assumed web of the
cut and cut height, the cutting system is highly under-
loaded. The peak values of this dynamic load do not
exceed the allowable level defined by the dynamic
overload factor kd (Fig. 5b – dashed lines). The only
exception is the case that corresponds to the lowest of
the examined angular speeds (dark blue line) and the
speed vOW greater than 300 mm/s when the peak value
of the dynamic load reaches (or even exceeds) the
allowable value. In this case, the average power used
for cutting by the cutting head drive does not exceed
80 kW at their highest angular speed (orange dashed
line in Fig. 6a). The nominal motor output power for
this angular speed is NS = 132 kW. It should be noted
that, with an increase in the advancement speed of the
cutting heads vOW, the average power needed for cut-
ting initially rises, and after reaching the maximum
value – decreases. The maximum value of the average
power used during cutting corresponds to different
values of speed vOW, depending on the angular
speed of the cutting heads. The advancement speed
of the cutting heads to which this maximum value
corresponds are within a range of 120 mm/s for

Gϕ�  = 4.62 rad/s ( f = 25 Hz) to approximately
240 mm/s for Gϕ�  = 9.24 rad/s ( f = 50 Hz). The aver-
age power needed for boom deflection in the plane
parallel to the floor, at speeds vOW lower than
270 mm/s, increases more or less linearly with an in-
crease in this speed (Fig. 6b – dashed lines). The
impact of the angular speed of the cutting heads is,
in this case, negligibly small. It becomes only notice-
able at vOW > 270 mm/s. At speeds vOW < 270 mm/s,
the power required for boom deflection does not ex-
ceed 3 kW. At higher cutting head advancement

speeds, it reaches 8.5 kW (for the lowest examined
angular speed of the cutting heads).

During the excavation of rock with a uniaxial com-
pressive strength of 70 MPa, the dynamic load of the
cutting system is much higher (solid lines in Fig. 5). As
seen above, this load significantly exceeds the as-
sumed allowable levels for certain relationships of an-
gular speeds of the cutting heads and their advance-
ment speed. This particularly applies to the peak value
of the motor shaft torque in the cutting system Mmax.
Particular angular speeds of the cutting heads corre-
spond to the speed vOW variation intervals in which
the average value of this load is within the assumed
limits (from 0.8 Mn to 1.2 Mn) (Fig. 5a). For example,
for Gϕ�  = 4.62 rad/s (f = 25 Hz), the average value of
the motor shaft torque meets the above condition
when the cutting head advancement speed does not
exceed 60 mm/s and is within a range of 165 mm/s do
290 mm/s (solid dark blue line). On the other hand,
the cutting head advancement speeds (for which the
average load is in the allowable range) are higher for
the highest considered angular speed of the cutting
heads (solid orange line). In this case, they are within
a range of 65 mm/s to 125 mm/s and from 310 mm/s
to the maximum speed at which excavation is possi-
ble. The situation that applies to the peak value
is completely different (Fig. 5b – solid lines). In fact,
this does not exceed the assumed allowable level
(kd = 2) for only a cutting head advancement speed of
vOW < 80 mm/s and their relatively high angular
speeds (for f = 35 Hz). For higher values of the speed
vOW than the ones mentioned above, the drive of the
cutting heads is significantly dynamically overloaded.
In practice, this could mean that the cutting of the
heading face surface in such conditions will not be
possible. This is also indicated by the characteristics of
the average power used for excavation by the cutting
head drive (Fig. 6a – solid lines). For example, in the
case of the highest-examined angular speed of the cut-
ting heads (orange line) at their advancement speed
of 110 mm/s to 350 mm/s, the average power for cut-
ting exceeds the output power of the motor by almost
double (for a speed of vOW = ~250 mm/s). The in-
crease of the average power necessary for deflecting
the boom parallel to the floor is, in this case, not that
significant (Fig. 6b – solid lines). In the examined
case, the average power used by the boom deflection
mechanism for speeds vOW that do not exceed
270 mm/s reaches 6kW (this is twice as high as com-
pared to the power used during the excavation of rock
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with a UCS of Rc = 20 MPa). Within the range of
higher speed vOW values and low angular speeds of the
cutting heads, the average power used by this drive
unit reaches 13 kW (at a nominal power of 11 kW of
the pump-driving motor in the hydraulic system of the
examined roadheader). For the excavation to be pos-
sible, it is therefore necessary to decrease the surface
area of the cross-section of the cut (by reducing its
height; alternatively – web depth).

The rock uniaxial compressive strength impact on
the average value and peak value of the dynamic load
of the cutting head drive is shown in Figure 7. The val-
ues of the parameters that characterize the dynamic
load magnitude are correlated here to the nominal
value of the torque of the drive unit motor (Mm/Mn

and Mmax/Mn). As seen above, when the UCS of the
excavated rock mass increases, the average value of
the dynamic load increases linearly (solid lines). The
slope of straight lines (which reflect the characteristics
of the functions examined herein) depends in this case
on the cutting head advancement speed vOW at which
the cutting process takes place (characterized by fac-
tor kDO, which defines the opening magnitude of a di-
rectional control valve that supplies the fluid to the
boom swing actuator). The influence of rock work-
ability on the peak value of the dynamic load of the

cutting head drive is, in this case, non-linear (dashed
lines). For example, for Gϕ�  = 9.24 rad/s (f = 50 Hz)
and depending on the cutting head advancement speed
vOW (the value of factor kDO), the relationship of
Mm/Mn is within a range of (0.15÷0.5) for Rc = 20 MPa
to (0.5÷1.9) for Rc = 70 MPa. In turn, the peak value
of this load changes within a range of (0.4÷1.3) Mn for
Rc = 20 MPa to (1.3÷4.9) Mn for Rc = 70 MPa. There-
fore, the increase of the rock uniaxial compressive
strength in the examined range is accompanied by
even a four-fold increase in the dynamic load of the
cutting head drive.

1� �!$$(�*

The selected results of the extensive computer
studies presented in this article indicate an extremely
complex impact of the cutting process parameters on
the dynamic load of a roadheader when using the
transverse cutting heads of the roadheader. The con-
ducted simulation studies enabled us to correlate the
cutting process parameters with the magnitude of
the dynamic load in the cutting system and associat-
ed components of the roadheader, power used for
excavation, and energy consumption of this process.

Fig. 7. Influence of processed rock’s UCS on average value and peak value of dynamic load of motor in cutting head
drive for different advancement speeds of cutting heads (determined by factor kDO) at their angular speed

of Gϕ�  = 9.24 rad/s (f = 50 Hz)
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An important effect of the conducted studies is deter-
mining the influence of the angular speed of the cut-
ting heads and their advancement speed over the
heading face surface area on the dynamic load of
the roadheader and the power demand for excavation.
The resulting regulation characteristics of the road-
header indicate the possibility of reducing the dynam-
ic loads exerted on the roadheader, power demand,
and energy consumption of cutting rocks with specific
mechanical properties by controlling the cutting pro-
cess parameters, including the selection of the proper
angular speed of the cutting heads and their advance-
ment speed. By the correct adjustment of these values,
it will be possible to effectively limit the occurrence of
the dynamic loads exerted on the structural nodes
of the roadheader’s body and ensure a high efficiency of
mining, which is a prerequisite for minimizing energy
consumption during this process. This will lead to an
increase in working efficiency of this type of machine
and the improvement of its durability and reliability.
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