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’ ( ) (20) on a numerically controlled machining device (9), 

. _ . . Whereby tWo or more machining steps (11, 12, 13) are pro 
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(21) Appl' NO" 11/916’140 adjustment device (26) of the numerically controlled machin 
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( ) 1 e ay ’ control and/or adjustment device (26). The machining data 
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ating the control and/or adjustment device (26) to generate 
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lation data (47) by means of a material removal simulation. 
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METHOD FOR MACHINING A WORKPIECE 

[0001] The present invention relates to a method for 
machining a workpiece on a numerically controlled machin 
ing device, tWo or more machining steps being provided for 
machining the Workpiece. Such a method also includes a 
simulation method for three-dimensional machining by a 
CNC-controlled machining device, in particular a milling 
machine, and a descriptive data record required for this pur 
pose. 
[0002] In the case of CNC-controlled machining devices, a 
Workpiece is either directly coded by a programmer or the 
Workpiece is modeled using a CAD system and is then con 
verted into an equivalent CNC part program. In this case, the 
CNC part program and the CAD model correspond to ideal 
iZed machining instructions for the machining device. The 
CNC program is loaded into a CNC controller and the 
machining device is controlled in accordance With the CNC 
program. If the Workpiece Which has been manufactured in 
this manner is Within the desired manufacturing tolerances of 
an ideal Workpiece, no problems arise With this procedure. 
HoWever, if the manufactured Workpiece does not meet the 
requirements imposed on it, the question arises as to Which 
variations can be used as a basis for manufacturing a satis 
factory Workpiece. 
[0003] Although it is possible to change individual machin 
ing instructions and/or individual operating parameters of the 
machining device in succession, to manufacture a neW Work 
piece and then to check this neWly manufactured Workpiece 
in order to correct faults, this procedure is very laborious and 
is also intensive in terms of costs, materials and time. This is 
also very particularly true because it is often not knoWn Where 
to look for the cause of the discrepancies betWeen the actually 
manufactured Workpiece and the desired Workpiece. 
[0004] When manufacturing, in particular, complex parts, 
in particular parts With a high volume of removed material, as 
occur, for example, in aircraft construction or else in turbine 
construction for poWer plants, a plurality of process steps 
With different tools are necessary. Since there is no CAD 
model for the individual subprocesses for producing a part, 
the part being a Workpiece, the quality of the subprocesses 
cannot be directly measured at present. Only the result of the 
overall process can be measured on a measuring machine or 
else on the manufacturing machine. This means that even 
faults Which occurred as early as in the ?rst process step can 
only ever be discovered after the entire part, for example a 
turbine blade, has been completed. This procedure may result 
in the folloWing problems, for example: 

[0005] parts/Workpieces are alWays ?nished even When 
irreparable damage to the part, Which Was not detected, 
occurred as early as shortly after the beginning of manu 
facture. Valuable machine time is thus Wasted; 

[0006] the previously customary practice of measuring 
the parts on a measuring machine is very cost-intensive 
since, on the one hand, the measuring machines for large 
parts are very expensive and, on the other hand, the 
chucking of the Workpieces, Which are sometimes very 
large, onto the measuring machine is extremely compli 
cated; 

[0007] production faults are often only detected Weeks 
after the parts have been manufactured, With the result 
that a Whole series of parts has been incorrectly manu 
factured in this time under certain circumstances; 
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[0008] faults Which have been detected in the previously 
knoWn manner can be uniquely associated With a sub 
process in the rarest cases, With the result that fault 
correction is again very complicated because all subpro 
cesses have to be examined. 

[0009] The object of the present invention is to provide a 
possible Way of detecting faults during stepWise machining of 
a Workpiece in a considerably faster, simpler and/or more 
cost-effective manner than in the prior art. 

[0010] The object is achieved by means of a method for 
machining a Workpiece that has the features as claimed in 
claim 1. Dependent claims 2 to 9 develop further inventive 
methods for machining Workpieces. Claim 10 relates to a 
system for carrying out one of the inventive methods. 

[0011] In the inventive method for machining a Workpiece 
on a numerically controlled machining device, tWo or more 
machining steps are needed to machine the Workpiece and are 
accordingly also provided. A machining data record, Which 
can be executed in a control and/or regulating device of the 
numerically controlled machining device together With a pro 
gram for operating the control and/or regulating device, is 
provided for the purpose of controlling and/ or regulating the 
numerically controlled machining device. The machining 
data record is, for example, at least one part program. The 
machining device is, in particular, a machine tool or else a 
production machine or an automatic handling machine. A 
machine tool may be provided, for example, for the folloWing 
machining operations: drilling, milling, grinding, turning etc. 
The machining device has a control and/ or regulating device, 
for example an NC controller or else a CNC controller, such 
controllers either being integrated in the machining device or 
else being functionally assigned to it. An operating system 
Which is also referred to as an NC core (NCC) is needed to 
operate the control and/or regulating device. This NC core 
represents runtime softWare. Simulation data are generated 
according to the inventive method. These simulation data are 
generated in a simulation step from the machining data record 
together With the program (N CC) for operating the control 
and/or regulating device. The simulation can be carried out in 
one or else more steps. The simulation data are, in particular, 
the data Which are produced as a result of the part program 
being processed by the NCC. In order to calculate these 
simulation data, it is possible to use either the real NC core on 
the control and/or regulating device or else a simulated NC 
core. The simulated NC core may also be referred to as a 

virtual NC core (VNCC), the latter running, for example, on 
a computer Which is not provided for controlling and/ or regu 
lating the machining device. In a further developed embodi 
ment, the VNCC is integrated in the control and/ or regulating 
device. Furthermore, according to the inventive method, the 
simulation data are passed to a material removal simulation 
after they have been generated, simulated material removal 
data being generated from the simulation data. The geometry 
data of the Workpiece can then be calculated from the simu 
lated material removal data folloWing a particular and/or any 
desired machining step by means of a calculation involving 
the original geometry data of the Workpiece and just the 
material removal data. The geometry data folloWing an x-th 
machining step are then advantageously compared With actu 
ally measured geometry data folloWing the x-th machining 
step. If the measured geometry data correspond to the calcu 
latedisimulatedigeometry data, the next machining step 
can be carried out. If the measured geometry data do not 
correspond to the calculatedisimulatedigeometry data, 
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the discrepancy of the geometry data can be calculated. The 
discrepancy can be used as a basis for determining, in an 
automated manner, Whether the workpiece to be machined 
can be used further by means of remachining or Whether the 
Workpiece to be machined must be WithdraWn from further 
machining. In an advantageous manner, a machining record is 
either modi?ed for a subsequent machining step, or else the 
machining record is recalculated for a machining step that is 
to be neWly inserted, in an automated manner With the aid of 
the differing geometry data. 
[0012] A simulation of an operation of machining a Work 
piece is used in the inventive method. In this case, the data 
record Which describes the machining operation on the 
machining deviceithe machining data recordiis used. 
Consequently, a desired machining operation by means of 
idealiZed machining instructions for the machining device 
can be determined on the basis of a descriptive initial data 
record. The initial data record is the description data record in 
this case. 

[0013] The inventive method can be used to overcome fun 
damental disadvantages of the previously knoWn method for 
machining a Workpiece in a plurality of machining steps on a 
numerically controlled machining device. 
[0014] NC veri?cation software has previously been used 
for simulation but said softWare simulated the program for 
operating the machining device only to an insuf?cient extent. 
The softWare of the NC core itself is noW used according to 
the invention to generate the simulation data. In this case, 
hoWever, a virtual NC core (VN CC), that is to say an NC core 
Which does not run on the machining device itself, can also be 
used. Since the VNCC reproduces the control behavior 
exactly, even minor geometric discrepancies Which are gen 
erated by control functions, for example a compressor, round 
ing of corners or tool correction, can be detected as early as 
during simulation. As a result of the fact that such control 
functions Which are present in the NC core are concomitantly 
taken into account When generating the simulation data, the 
accuracy of the latter is considerably increased. These data 
and the subsequent material removal simulation can be used 
to calculate the geometry data of intermediate steps in the 
operation of machining a Workpiece in a very accurate man 
ner. Accurate control of the precision of machining progress 
is thus alWays ensured since measured data can be compared 
With simulation data. 

[0015] It is consequently advantageous if data are taken 
from the machining data record and/or from the program for 
operating the control and/ or regulating device, the NC core, in 
the material removal simulation. For the rest, the use of the 
material removal simulation is also important because the NC 
core (NCC) or the VNCC has already concomitantly taken 
into account tool geometries, for example, in its initial data. 
Since different tools With different tool geometries can be 
used to manufacture the same Workpieces using only one 
machining data record, that is to say only one part program for 
example, the NCC or the VNCC calculates different initial 
data on the basis of the tool geometry knoWn to it. These 
possible variations can be corrected again using the material 
removal simulation. Simulated geometry data of a Workpiece 
Which can be used for intermediate measurements in order to 
verify that an operation of machining a Workpiece is taking 
place correctly can consequently be generated from material 
removal data. Tool-speci?c data, for example radii of milling 
tools, are advantageously automatically transferred from the 
NCC or the VNCC to the material removal simulation. 
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[0016] In one advantageous re?nement, the material 
removal simulation is used to generate a measurement pro 
gram for each substep. It Was previously the case that only the 
CAD model Was available as a reference for measurement. 

That is to say only the completely machined part could ever be 
measured correctly. NC veri?cation softWare With an attrib 
uted VNCC is noW able to exactly represent the material 
removal for each machining step. It is thus able to generate a 
desired geometry after each step, said desired geometry cor 
responding to a CAD model for each process step. It is thus 
possible to reference the result of each substep to a geometry 
model and to generate the prede?ned desired values for con 
trol measurements after each step. These prede?ned desired 
values are in the form of measurement programs, for 
example, Which are loaded onto the machine controller. The 
corresponding measurement program then exists for each 
machining program or program section. 

[0017] The inventive method noW makes it possible to 
directly check the result of each individual machining step on 
the machining device by introducing a measuring probe 
instead of the tool and executing a measurement program, for 
example. A machine operator can directly identify Whether 
the result of the machining operation is in the permitted 
tolerance range by comparing the desired and actual values 
Which can both be logged. In the event of a fault, the process 
is immediately interrupted and fault analysis can be started. 

[0018] This procedure is considerably simpler than the con 
ventional method since the fault can be associated With a 
single machining step. It also avoids valuable machine time 
being Wasted With a part Which has already been destroyed. If 
the result of each sub step is positive, the measurement records 
provide the proof that the overall process Was successful and 
the part produced corresponds to the speci?cations. There is 
thus no need for a separate measurement on a measuring 
machine. If the quality of the simulation and of the measure 
ment is intended to be checked in the machining device using 
a measuring probe, it is additionally possible to use a mea 
suring machine. 
[0019] In order to improve the stability of the process of 
checking machining steps using simulation data, the machin 
ing device is periodically calibrated. This is ensured, for 
example, by means of a method Which is used to monitor the 
state of the machining device and thus also its geometric 
quality at regular intervals of time. This is also knoWn under 
the phrase “Electronic ?ngerprints for machine tools and 
production machines”. 
[0020] In another advantageous re?nement, the NC core is 
integrated in a material removal simulation. This consider 
ably improves, for example, the NC programs as early as at 
the programming station. Integration also affords the advan 
tage that a reference geometry Which makes it possible to 
automatically measure the partial results on the machining 
device is generated for each subprocess. 
[0021] As a result of the inventive method, problems When 
machining a Workpiece canbe detected at the earliest possible 
time. It is possible to avoid the manufacturing process being 
continued and thus expensive machine time being Wasted if 
incorrect material removal has taken place. The method 
highly simpli?es fault analysis since faults can be directly 
associated With a subprocess. Causes of faults are detected 
more rapidly and can thus also be eliminated more rapidly. 
The expensive infrastructure for separately measuring the 
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?nished parts Which is required according to the prior art can 
be dispensed With as a result of the inventive method Without 
resulting in losses of quality. 
[0022] In the case of an inventive method, it is possible to 
machine a Workpiece in a ?rst machining step in accordance 
With a ?rst machining data record and to measure geometry 
data of the Workpiece, after Which the measured geometry 
data of the Workpiece are compared With the simulated geom 
etry data. If the geometry data do not correspond or if the 
prede?ned tolerances have been exceeded, a neW machining 
data record Which can be used to further machine the Work 
piece in corrected form in a subsequent machining step can be 
generated early on. 
[0023] Geometry data can be compared, for example, as 
folloWs. A Workpiece is machined in a ?rst machining step in 
accordance With a ?rst machining data record, after Which 
geometry data of the Workpiece are measured. Material 
removal data are then calculated from the measured geometry 
data of the Workpiece, after Which the calculated material 
removal data are compared With the simulated material 
removal data. In another advantageous re?nement, the simu 
lation is carried out in real time in parallel With the actual 
machining of the Workpiece or else after the Workpiece has 
been machined in a machining step since it is thus also pos 
sible to use data from the real NC core for the virtual NC core. 
Examples of such data are, in particular, ?uctuating variables 
such as room temperature, fault messages etc. 

[0024] In one advantageous re?nement, as already com 
mented above, the difference betWeen the measured geom 
etry data and the simulated geometry data or betWeen the 
measured material removal data and the simulated material 
removal data is calculated, after Which a machining data 
record Which is provided for a subsequent machining step is 
modi?ed depending on Whether a difference threshold is 
exceeded. 
[0025] The simulation of the NC core that is carried out in 
the invention can be carried out, for example, on the control 
and/ or regulating device and/or on a simulation computer. 
[0026] In addition to the method, the invention also relates 
to a corresponding system for carrying out the method. The 
system is designed in such a manner that, in addition to a 
means for simulating the program for operating a control 
and/or regulating device, it also has a means for simulating 
material removal. Furthermore, it advantageously also has a 
means for measuring the Workpiece to be machined. 
[0027] Examples of further advantages and details emerge 
from the folloWing description of an exemplary embodiment. 
In this case: 

[0028] FIG. 1 shoWs a basic illustration of a method for 
machining a Workpiece in accordance With the previously 
knoWn prior art, 
[0029] FIG. 2 shoWs a basic illustration of an inventive 
method, and 
[0030] FIG. 3 shoWs a basic illustration of a machining 
device in diagrammatic form. 
[0031] The integrated system 1 Which is illustrated in FIG. 
1 and is intended to manufacture complex parts is knoWn 
according to the prior art. The complex parts, that is to say 
parts/Workpieces Which need to be machined in a plurality of 
steps 11, 12, 13, are modeled in a CAD (Computer Aided 
Design) system 3. A CAM (Computer Aided Manufacturing) 
system could also be used, for example, instead of or else in 
addition to the CAD system 3. The CAD system 3 generates, 
together With a post-processor, the part programs 5 needed to 
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machine a Workpiece. The part program 5 is an NC program. 
One single NC program and/or a plurality of NC programs 5 
With a plurality of tool changes may be generated for the 
overall process of machining a Workpiece, for example. HoW 
ever, it is also possible to generate a separate NC program for 
each tool. Machining With a tool corresponds to a subprocess. 
The NC programs 5 are then tested using a veri?cation system 
7. The veri?cation system 7 has NC veri?cations softWare, for 
example. Vericut® is one example of such veri?cation soft 
Ware. During veri?cation, collisions betWeen chucking of the 
Workpiece, for example in a machine tool, and the Workpiece 
are checked, in particular. At the same time, a material 
removal simulation is used to check Whether the NC pro 
grams result in the desired Workpiece geometry. That is to say 
the result of the material removal simulation is compared With 
the original CAD model. If correspondence is Within the ?xed 
fault tolerances, the programs are released for manufacture 
and are transmitted to the machine controller of a machine, in 
particular a machining device 9. The Workpiece is manufac 
tured using the NC programs 5, Which may last several hours 
to days, particularly in the case of parts (workpieces) having 
a high degree of material removal, for example approximately 
95%. High degrees of material removal exhibit material 
removal of more than 80%, in particular. The machining 
device 9 carries out various steps 11, 12 and 13 in the opera 
tion of machining the Workpiece or Workpieces. By Way of 
example, only three machining steps 11, 12 and 13 are shoWn 
in the illustration according to FIG. 1 but further steps are 
indicated in step 12. The ?nished Workpiece is then measured 
in a measuring step 15 on a measuring machine and is either 
certi?ed 35 or segregated 37. This operation may again last 
several days to Weeks. If the Workpiece is segregated 17, it 
may either be remachined 19 in a remachining device (if too 
little material has been removed) or must be de?nitively 
scrapped 21. In both cases of scrapping 21 and remachining 
19, hoWever, production must be stopped and the source of the 
fault must be determined With laborious manual Work. The 
practice of ?nding the source of the fault is used to reduce the 
segregation rate. 
[0032] Possible types of faults Which advantageously have 
to be or can be identi?ed are listed beloW: 

[0033] a faulty geometry of the parts 
[0034] a machine fault 

[0035] incorrect dimensions of a blank 

[0036] dynamic problems during machining (for 
example: running-on faults) 

[0037] faulty chucking of the part/Workpiece 
[0038] tool problems 
[0039] temperature in?uences during machining 
[0040] deformation of the part/Workpiece during the 
machining process (bending, curvature) 

[0041] The previously knoWn method for machining a 
Workpiece in a plurality of steps may entail at least one of the 
disadvantages speci?ed beloW: 

[0042] a fault is detected only after complete machining; 
if a problem occurs as early as in the ?rst substep, Work 
is nevertheless continued until the fault is detected; 
machine time is lost in this case; 

[0043] production is continued until the fault has been 
detected; this may mean that a large number of addi 
tional faulty parts are produced, Which entails a corre 
sponding loss of time and material; 
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[0044] the operation of measuring the parts on the mea 
suring machine 15 requires a complicated and costly 
infrastructure; 

[0045] it is very dif?cult to associate a problem With a 
subprocess or a speci?c source of faults; 

[0046] NC veri?cation systems 7 according to the prior 
art have the disadvantage that the control behavior is 
emulated; this inevitably results in situations in Which 
the material removal simulation corresponds only 
approximately to reality and geometric faults in the part 
program therefore cannot alWays be detected. 

[0047] The illustration according to FIG. 2 shoWs, by Way 
of example, an inventive method for machining a Workpiece 
on a machining device. The machining device may be in the 
form, for example, of a milling machine or else another 
machine tool, for example a drilling machine or turning 
machine. The machining device could also be in the form of 
an industrial robot or a special machine. 

[0048] In contrast to FIG. 1, FIG. 2 illustrates NC veri?ca 
tion softWare comprising a virtual NC core VNCC. This 
results in a veri?cation system 8 Which has been extended by 
the VNCC. In this case, the emulation softWare for a CNC 
system has been replaced With the VNCC. This enables an 
integrated system 2 Which is improved in comparison With 
FIG. 1. Since the VNCC reproduces the control behavior 
exactly, even minor geometric discrepancies Which are gen 
erated by control functions, such as a compressor, rounding of 
corners or tool corrections, can be detected as early as during 
simulation. Furthermore, the extended veri?cation system 8 
has a material removal simulation. The material removal 
simulation is used to generate a measurement program for 
each substep 11, 12 or 13 of a machining operation. It Was 
previously the case that only the CAD model Was available as 
a reference for measurement. That is to say only the com 
pletely machined part could ever be measured correctly. The 
extended NC veri?cation softWare With the attributed VNCC 
is noW able to exactly represent the material removal for each 
machining step 11, 12 and 13. It is thus possible to generate a 
desired geometry after each step, said desired geometry cor 
responding to a CAD model for each process step. It is thus 
possible to reference the result of each substep to a geometry 
model and to generate the prede?ned desired values for con 
trol measurements after each step. These prede?ned desired 
values are in the form of measurement pro grams 45 Which can 
be loaded onto a machine controller. The corresponding mea 
surement program 45 then exists for each machining program 
or program section. This makes it possible to directly check 
the result of each individual machining step 11, 12 and 13 on 
the machine 9 by, for example, introducing a measuring probe 
and executing the measurement program 45. A machine 
operator can directly identify Whether the result of the 
machining operation is in the permitted tolerance range by 
comparing the desired and actual values Which are both 
logged. In the event of a fault, the process is immediately 
interrupted and segregation 17 is carried out. Segregation 17 
can be folloWed by scrapping 21 or remachining 19 depend 
ing on the severity of the fault. For remachining 19, Which is 
advantageously carried out on the machining device 9 again, 
a CAD/CAM system, for example, is used to generate at least 
one remachining NC program. If segregation 17 is required, 
fault analysis may be started. This fault analysis may result in 
one or more NC programs 5 being modi?ed. This procedure 
is considerably simpler than the conventional method since 
the fault can be associated With a single machining step. It 
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also avoids valuable machine time being Wasted With a part 
Which has already been destroyed. If the result of each sub 
step is positive, the measurement records provide the proof 
that the overall process Was successful and the part produced 
corresponds to the speci?cations. In order to improve the 
stability of the machining process, it is possible to periodi 
cally calibrate the machining device. This is ensured by 
means of a method Which is used to monitor the state of the 
machine and thus also its geometric quality at regular inter 
vals of time (Electronic ?ngerprints for machine tools and 
production machines). 
[0049] The integrated system 2 according to FIG. 2 thus 
shoWs both a veri?cation system 8 Which has been extended 
by a VNCC and additional measurement programs 45 for 
measuring steps 41, 42 and 43. These additional measuring 
steps 41, 42 and 43 make it possible to check each machining 
step 11, 12 and 13. HoWever, it is not compulsory for each 
machining step to also be folloWed by a measuring step. The 
number of measuring steps 41, 42 and 43 can be advanta 
geously freely selected. 
[0050] The illustration according to FIG. 3 shoWs a 
machining device 9 in diagrammatic form. The machining 
device 9 has a control and/or regulating device 26. This con 
trol and/or regulating device 26 is provided for processing 
machining data records 28. A program 30 is provided for the 
processing operation. This program is an NC core Which is 
used as a type of operating system for the control and/or 
regulating device 26. The machining data record 28 is pro 
vided for the purpose of describing the operation of machin 
ing a Workpiece 20 With a tool 22. The illustration according 
to FIG. 3 also shoWs a simulation computer 32 Which can be 
used, for example, to simulate the NC core. This then corre 
sponds to a virtual NC core (VNCC). 

1.-10. (canceled) 
11. A method for machining a Workpiece on a numerically 

controlled processing machine in tWo or more machining 
steps, the method comprising the steps of: 

executing in a control device of the processing machine a 
machining data record for machining the Workpiece 
together With a program for controlling the numerically 
controlled processing machine, 

generating, in a simulation step, simulation data from the 
machining data record in conjunction With the program 
that controls the numerically controlled processing 
machine, and 

generating, in a material removal simulation step, from the 
simulation data simulated material removal data. 

12. The method of claim 1 1, Wherein data from the machin 
ing data record or from the program that operates the control 
device, or both, are used in the material removal simulation. 

13. The method of claim 11, further comprising the step of 
generating simulated geometry data of the Workpiece from 
the material removal data. 

14. The method of claim 13, further comprising the steps of 
machining a Workpiece in a ?rst machining step in accor 
dance With a ?rst machining data record, and comparing the 
measured geometry data of the Workpiece With the simulation 
data. 

15. The method of claim 11, further comprising the steps of 
machining a Workpiece in a ?rst machining step in accor 
dance With a ?rst machining data record, measuring geometry 
data of the Workpiece, calculating from the measured geom 
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etry data of the workpiece material removal data, and com 
paring the calculated material removal data With the simu 
lated material removal data. 

16. The method of claim 14, further comprising the steps of 
calculating for a current machining step a difference betWeen 
the measured geometry data and the simulated geometry data 
or betWeen the measured material removal data and the simu 
lated material removal data, and modifying a machining data 
record of a sub sequent machining step depending on Whether 
the difference exceeds a threshold value. 

17. The method of claim 15, further comprising the steps of 
calculating for a current machining step a difference betWeen 
the measured geometry data and the simulated geometry data 
or betWeen the measured material removal data and the simu 
lated material removal data, and modifying a machining data 
record of a sub sequent machining step depending on Whether 
the difference exceeds a threshold value. 

18. The method of claim 11, Wherein the machining data 
record is created using a CAD/CAM system. 
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19. The method of claim 11, Wherein simulated data or 
measured data or calculated data, or a combination thereof, 
are transferred to a CAD/CAM system. 

20. The method of claim 11, Wherein the simulation step or 
the material removal simulation step, or both, are carried out 
on the control device or on a simulation computer. 

21. A system for machining a Workpiece on a numerically 
controlled processing machine, comprising 

a control device con?gured to execute a machining data 
record for machining the Workpiece together With a pro 
gram for controlling the numerically controlled process 
ing machine, to generate simulation data from the 
machining data record in conjunction With the program 
that controls the numerically controlled processing 
machine, and to generate from the simulation data simu 
lating material removal data; and 

a measuring probe for measuring the machined Workpiece. 

* * * * * 


