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Abstract: The paper presents a set of modeling and simulation tools which were developed by the authors 
in order to allow the users of CNC laser cutting machines to study and improve the machine dynamics 
and accuracy. The approach is based upon a Matlab & Simulink model of the feed drives of the machine, 
but it also takes into consideration the kinematic inputs (position, velocity and acceleration) and, fur-
thermore, some experimental work was performed. The main target of this approach was to offer a set of 
straight-forward, yet reliable solutions which may be implemented at the workshop level. A mathematical 
model of the circular interpolation process was implemented in Matlab & Simulink software package and 
a diagram for generating the reference inputs was built and integrated in the general model of the feed 
drives of the machine. The numerical character of generating the kinematic inputs was also introduced in 
the model, by means of the sampling period. DC servomotors were considered as actuation devices for 
the feed drives. Experimental researches were also performed in order to validate the proposed set of 
tools. A number of parts were processed on an industrial laser cutting machine, using the proposed con-
trol strategies and their accuracy was assessed. 
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1.  INTRODUCTION 1 
 

Parts’ processing by means of laser cutting is char-
acterized by high toolpaths velocities, reduced quantity 
of waste, high accuracies and quality of the manufac-
tured parts [1−4]. In comparison with oxy-gas and 
plasma jet cutting technologies, the laser cutting proc-
ess leads to a narrower heat-affected zone and a smaller 
kerf width [5−8]. 

The most common way 2D laser cutting technology 
is implemented in industrial systems is the CNC (com-
puter numerically controlled) profiling machine. Al-
though the prices of such machine are still high, their 
use is wide-spread at the small workshops level. The 
control system of these machines is a typical 2-axis 
CNC system, with simultaneous coordinated move-
ments in XY plane. The Z axis is also numerically con-
trolled, but simultaneous movements on 3-axis are sel-
dom programmed. The laser cutting machines motion 
control architecture is quite similar to the control struc-
ture of the CNC milling machines and lathes. Typical 
CNC motion control equipment is based upon rotational 
servomotors, position and speed transducers (such as 
linear/rotational encoders and tachometers) and ball 
screw transmissions.  
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However, there are some important particularities 
between CNC laser cutting machines and CNC milling 
machines or lathes. For example, technological forces 
(cutting forces and friction forces) are significantly 
smaller and the feeds are significantly higher within the 
process of laser cutting. 

The motion control system uses advanced servo-
control algorithms and techniques (PID control, cross-
coupling control, real-time error compensation) in order 
to minimize the tracking and contouring errors [9−15].  
Most of the above-mentioned solutions either have to 
be applied in the designing phase of the machine tools 
or require cumbersome alterations inside the CNC con-
troller. 

Taking the above mentioned facts into considera-
tion, there is still great interest between the users for a 
better understanding of the machine behaviour and for 
finding efficient ways to improve both its dynamics and 
accuracy.  

However, at the workshop level there is neither time 
nor money for doing complex experimental research or 
for modifying the inner structure of the CNC controller.  

The work presented here intends to offer the user a 
set of simulation diagrams which may be used for 
studying the behaviour of the laser cutting machine in 
the circular interpolation regime, which is one of the 
most demanding by the point of view of motion control.  

The proposed tools are intended to be used at the 
workshop level, offering the user a straight-forward 
method for improving the machine-tools dynamic be-
haviour and manufacturing accuracy. 
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2.  CIRCULAR INTERPOLATION  
 

Reference word circular interpolation method in-
volves the issue of reference position inputs on both 
axes as binary words, at time intervals equal with the 
CNC equipment sampling time.  

For generating a circular trajectory in XOY plane, by 
means of a circular interpolation algorithm, the main 
requirement is to held the velocity on the path, F, con-
stant. Consequently, the velocities on OX and OY axes, 
Fx respectively Fy may be expressed as: 
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where: 
 

θ(t) – angle at moment t (Fig. 1). 
The relationship between the angle θ(t), the path ve-

locity, the angular speed and the circle radius may be 
expressed by the following equations: 
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where: 
R – radius of the circle [m]; 
T – time for generating a whole circle (period) [s]. 
ω – angular speed [rad/s]. 

The circular trajectory is usually approximated by 
small linear segments. The number of these segments 
has to be optimized in such way that the deviation 
from the circular trajectory is smaller than BLU (the 
basic length unit of the CNC equipment), which is 
usually 1 µm. 

Equation (3) leads to: 
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Fig. 1. Reference word circular interpolation. 

Figure 1 shows the relationship between two succes-
sive interpolated points for the reference word interpo-
lator for a circular arc. Based on Fig. 1, the following 
equations may be written: 

 

 




θ+θ=+θ
θ−θ=+θ

)(cos)(sin)1(sin

)(sin)(cos)1(cos

iBiAi

iBiAi
. (5) 

 
where 
 

 
α+θ=+θ

α=α=
)()1(

sin,cos

ii

BA
.  (6) 

 
and 
 α – angular displacement increment of the interpolation 
algorithm (angular step of the interpolation algorithm 
[degrees]. 

The coordinates of the final point of the linear seg-
ment used for the approximation, x(i+1), y(i+1) may be 
expressed with the equation: 
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From (5) and (6), relationships which allow the calcu-

lation of the current point i + 1, based upon the coordi-
nates of the previous point i may be written: 
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The relationship between the linear displacement in-

crements on each axis, ∆x(i), ∆y(i) and the coordinates of 
the points with the linear segment may be expressed as: 
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The velocities on each axis Fx(i), Fy(i), may be ex-

pressed as: 
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where: 
 

 22 ))(())(()( iyixis ∆∆∆ += . (11) 
 

By combining (5) and (7), the following equation 
may be written: 
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Taking into consideration (2) and the numerical char-

acter of the interpolation algorithm, the following equa-
tion may be written for the time step Ti: 
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The following equation may be also written: 
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and 
 

 sTnT ⋅= . (15) 
 

where 
Ts – sampling period [s]; 
k – number of samples at the moment Tk; 
n – total number of samples. 

 
Consequently (12) may be rewritten as: 
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The total number of samples may be calculated by 

combining (3) and (15) as: 
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Consequently, (16) may be rewritten as: 
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The angular displacement increment θincr may be cal-

culated as: 
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and the linear displacement increment l incr as 
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Equation (20) shows the relationship between the lin-

ear displacement increment, velocity on the path and the 
sampling period. 

The minimum angular displacement of the X and Y 
feed drives β may be calculated as: 
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where 
Nimp – number of pulses emitted by the incremental en-
coder at a full rotation. 

The minimum linear displacement of the X and Y feed 
drives, BLU, may be calculated as: 
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where 
ps – step of the leadscrew. 

Considering the linear displacement increment lincr, 
calculated according to (20) being equal with BLU, the 
following equation may be written: 
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From (23) the sampling period Ts may be expressed as: 
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Equation (24) shows the fact that the sampling period 

Ts depends on the path velocity F. 
 

2.  SIMULATION  
 

In order to simulate the interpolation algorithm, a 
simulation diagram, under Matlab & Simulink was built 
(Fig. 2). The simulation diagram from Fig. 2 basically 
uses sample based sine wave blocks. 

The simulation diagram from Fig, 2 was imple-
mented in a more complex simulation diagram which 
models the behaviour of a two-axis (XY) motion control 
system within the structure of CNC laser cutting ma-
chine. The overall simulation diagram is presented in 
Fig. 3.  

This research is based upon a model of a feed drive, 
using a DC servomotor as actuation device [16−17]. This 
kind of motor is widely used in the design of CNC laser 
cutting machines by a large number of manufacturers. 
The simulation diagram for the motion control on X axis 
is presented in Fig. 4. 

 
 
 
 

Fig. 2. Simulation diagram for the interpolation algorithm. 
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The input data was gathered taking into consideration 
the experimental system, a feed drive of a CNC laser 
cutting machine. 

The position control systems, on all feed dives uses as 
actuation device α6/3000 GE Fanuc DC brushed servo-
motors [18]. 

The significance and the specific data for the simula-
tion diagram form Fig. 4 are:  
R − motor armature winding resistance (0.18 Ω); 
J − rotor and load inertia (0.26 · 10-2 kgm2); 
B −  viscous friction constant (0.75 · 10-4 Nms/rad); 
Kt − motor torque constant (0.6 Nm/A); 
Kv − velocity constant (0.2Vs/rad); 
Ka − amplifier gain (8.557); 
Kth − tachometer gain (0.007 Vs/rad); 
Kpx − X axis position controller proportional gain (2730.7 
bit/m); 
Kdx − X axis position controller derivative gain (0); 
Kffx − X axis position controller feed-forward gain (0); 
Kc − digital to analog converter gain (0.000144 V/bit); 
Ke  − encoder gain (2500/2π pulses/rad); 
Kg − gain of the mechanical actuator (0.01/2π m/rad). 

The values of the position controller proportional 
gains on X and Y axis may be expressed by: 

 

 
 
Fig. 3. Simulation diagram for the XY motion control system. 

 
 

Fig. 4. Simulation diagram for the feed drive (X axis). 
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where: 
vcmd – velocity command or [V]; 
efol – following or tracking error [m]. 
 

Velocity command (vcmd) represents the analog output 
corresponding to a feederate resulting in 1 mm of follow-
ing error. It may be expressed also as: 
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where: 
F – working feedrate [mm/min]; 
Fmax – maximum feedrate [mm/min]. 
Umax – maximum voltage output of the digital-to-analog 
converter [V] 
 

For this particular application (corresponding to the 
value indicated in the machine documentation), Umax was 
set to 10 V. Taking into consideration following error of 
1 mm, we reach to: 
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Figure 5 shows a detail from a simulated reference 

and actual trajectory for processing a full circle. For the 
initial set of data, a difference of 10 µm on X axis and 
27 µm on Y axis between the two trajectories may be 
observed. 

One of the approaches recommended in the litera-
ture, in order to compensate such type of errors is to 
increase the position controller proportional gain on the 
Y axis. 

Figure 6 shows a detail from a simulated reference 
and actual trajectory for a full circle, using a Kpy = 
1.5·Kpx. From Fig. 6 it may be noticed that both differ-
ences between the two trajectories, on X and Y axis, are 
around 7 µm. 
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Fig. 5. Simulated current and reference trajectory, Kpx = Kpy 

(detail). 
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Fig. 6. Simulated current and reference trajectory, Kpy = 1.5·Kpx 
(detail). 

 
 
4.  EXPERIMENTAL RESEARCH  

 

In order to validate the proposed tools, some ex-
perimental researches were performed on a CNC laser 
cutting machine. The part presented in Fig. 7 was proc-
essed and some of the dimensional characteristics were 
measured on a coordinate measuring machine (CMM). 
A working feedrate F = 2 000 mm/min was used, and 
the maximum feedrate taken into consideration was 
Fmax = 10 000 mm/min. The dimensions of the parts, 
marked with a small hexagon on Fig. 7 were measured 
and compared with their reference values. 

However, for the circular dimensions, a somehow 
different procedure was used. The ∅ 44 mm circle 
noted with “1” was scanned and an igs “points cloud” 
file was created (Fig. 8). The points cloud contains 
geometrical information regarding the coordinates of 
the points from the processed circle, but the date has to 
be extracted using specialized software.  

Consequently, the coordinates of the points were ex-
tracted and saved in a data file, which was after that 
sent to Matlab software package for further processing 
and display. The process was repeated three times, for 
different values of the position controller proportional 
gain: Kpy = Kpx (initial approach), Kpy = 1.2·Kpx, and   
Kpy = 1.5·Kpx.  

 
  

Fig. 7. Processed part. 
 

 
  

Fig. 8. Point cloud file. 
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Fig. 9. Processed circular trajectories (detail, first quad-
rant). 

 
The results are presented in Fig. 9 and Fig. 10, 

where the reference trajectory (∅ 44 mm circle) and the 
trajectories obtained by cutting the parts are compared.  

It may be observed that the most accurate trajectory 
is the one which used Kpy = 1.5·Kpx for the X and Y axis 
position controller proportional gains. These facts vali-
date both the proposed approach of increasing the pro-
portional gain on X axis and the modeling and simula-
tion tools. 
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Fig. 10. Processed circular trajectories (detail, second quadrant). 

 
5.  CONCLUSION 

 

The authors proposed a straight-forward approach for 
modeling and simulating two-axis motion control system 
of an industrial CNC laser cutting machine, which is 
nowadays one of the most common industrial equipment 
used for metal cutting. 

In order to allow the user of the CNC machine to per-
form a study about the influence of the working regime, 
the technological and the control parameters within the 
CNC equipment upon the behaviour of the machine and 
the accuracy of the parts, a set of simulation diagrams 
under Matlab & Simulink software package were devel-
oped. 

First, a diagram for simulating reference word circu-
lar interpolation algorithm was presented. The interpola-
tion process is used for generating kinematic inputs for 
simultaneous movements on two axes. The algorithm and 
consequently the simulation diagram were modified and 
developed in order to take into consideration specific 
parameters of the machine and the cutting process, such 
as the working feedrate and the sampling period of the 
CNC equipment. 

The interpolation algorithm was implemented into a 
more complex diagram for simulating the behaviour of 
an XY motion control system within a CNC laser cutting 
machine-tool. A model of a feed drive using a dc servo-
motor as actuation device was also integrated into this 
simulation tool. The simulation data were taken from the 
actual CNC laser cutting machine which was further used 
for experimental tests. 

The proposed simulation diagram allows the user to 
test the contouring accuracy of the machine and to take 
corrective actions to improve them by altering the control 
parameters of the position controller, by means of simu-
lation. Simulation results had shown significant differ-
ences between the reference and the actual circular tra-
jectory. The approach for reducing these differences, and 
consequently to improve the machining accuracy when 
processing complex trajectories, was to increase the pro-
portional gain of the position controller on one axis. 

Experimental researches were also performed, by cut-
ting a circular a contour on an industrial CNC laser cut-
ting machine and extracting geometrical information by 
means of a joint methodology of measuring and process-
ing “points cloud” files format.  

The experimental results have validated the simula-
tions, showing that the proposed simulation diagrams 
may be used as accurate tools in the initial stages of a 
hands-on approach process of improving the machine-
tool dynamic behaviour and accuracy at the workshop 
level.  
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