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CONTOURING ACCURACY OF AMACHINE TOOL: DESIGN
OF A PERFORMANCE TEST AND OPTIMIZATION OF THE JERK

With increasing demand of high feed rates the dyoantharacterization of a milling center is becogi
a strategic aspect. The contouring accuracy at feigtl rates and high acceleration is vital in otdepreserve
the tolerance integrity of parts produced with higleed machining. The dynamic accuracy is influgrimethe
velocity, acceleration and Jerk. While the cuttsgeed depends from technological considerationstiaad
maximum velocity and the acceleration depends filmenmechanical structure, what value assign talénk is
not well defined. The Jerk has an important impactthe execution time of a tool path in a mould/die
production, where there are frequent acceleratamts decelerations, and a high jerk leads to a ideded
surface accuracy and an unsmooth machining prolcetss paper, experimental test were conductedasious
milling centers in order to define the Jerk val&@stly, some tool path features are introducedrider to
consider the effect of the trajectory. Then a tpath, called STAR, is designed and it has beeredeby
changing the Jerk. A mathematical model able tonesé the execution time it was prepared. A perforoe test
is designed in order to estimate the contouringi@ay in relation with Jerk for all tool paths. Thest value
of Jerk is the compromise between high accuracyhégidproductivity. Then an objective function imgroduced
in order to optimize the Jerk.

1. INTRODUCTION

Improvement of machine tool accuracy is an esdep@at of quality control in
manufacturing processes. There is constant pressungdustrial manufacturers to produce
high-quality products while maintaining high protuity.

Errors in the final dimensions of the machined @ad determined by the accuracy
with which the commanded tool trajectory is follayeombined with any deflection of the
tool, part/fixture, or machine caused by the cgtfiorces.

Machine tool performance and consistency is thenntterminant of the quality
of parts machined by it. It is of importance to chehe performance of the machine tool
systematically for direct quality control purposes to compensate for this uncertainty.
Schlesinger 0 was the first to provide a systentasting method for machine tools. Some
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authors have used the grid encoder in order toparfree-form 2D contouring test. Jywe 0
has designed a cheaper instrument to performateEl0 evaluates the execution time and
the dynamic accuracy when a linear interpolationiaular has been performed.

The Jerk (rate of change of velocity) has an ingimdrtrole in the accuracy of the
machined part, especially for high-speed machirmhgomplex surface. Several authors
have studied the feedrate scheduling considerirglimeitation (Erkorkmazk 0, Altintas 0O,
Dong 0). It was not found articles about the deteation of the Jerk and how determine it.

It is known that machined part accuracy has foujpomeontributors: geometric errors
of the machine construction, thermally induced mrifoom heat sources associated with the
machine/cutting process, trajectory following esraraused by controller and machine
structural dynamics, and errors due to the cutfimges. The grid encoder highlights
geometric errors of the machine construction amgectory following errors caused by
controller and machine structural dynamics. This ba considered a good approximation
of the total error for finishing operation, whehe tcutting forces are low.

In Schmitz 0 a case study, performed on a new Bpgged machining center is
described, where the contribution of the geomethermal, controller, and cutting forces
errors to inaccuracies in geometry for the wellsknccircle-diamond-square test part have
been quantified. The trajectory is recorded byghe encoder.

Using current technology, it is possible to meadhee quasi-static geometric errors
of a machine tool and their thermally induced deeres. With these data, it can construct
a thermal/geometric error model of the machine pinadlicts the static tool point positioning
error anywhere in the workspace and at any thestaé (Donmez 0). This machine error
model can be used to predict tool position errbdistrete points along arbitrary CNC paths
and predict the dimensional errors of a machined et are caused by the imperfect
machine geometry. It is also possible to machimespasing the same CNC part paths and
then measure the actual dimensions of the resytants. Comparisons of the predicted and
actual part dimensions show that the thermal/geaecnetror model obtained from static
measurements is capable of predicting some, bualhodf the resulting part dimensional
errors (Donmez 0). To improve the accuracy of medekking to predict part dimensions, it
is necessary to extend these models to includectajy following errors related to the
controller.

Srinivasa 0 studied the spindle thermal drift, vahis believed to be the dominant
source of errors among thermally induced errorghin paper a laser ball bar (LBB) was
used.

Schmitz 0 demonstrates the use of an instrumenabdapof measuring arbitrary,
dynamic tool paths through three-dimensional (Zpgce with micrometer-level accuracy.

The surface location errors, or workpiece geometraccuracies that result from
dynamic displacement of the tool and/or workpieceirnd) stable machining was studied
from several authors (0, 0 and 0).

In this paper, a performance test based on theagradbder of Heidenhain has been
designed. The experiments are carried out on twilnghicenter, a new one and the other
one in work. Next, the Jerk was optimized consitgthe productivity and the contouring
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accuracy. The productivity has been estimated gitr@asimple mathematical model and the
contouring accuracy derives from the performanstste

2. EXPERIMENTAL SETUP

The tests have been performed on two milling centre

1- Four axis milling centres (built by MANDELLI Compgnlocated in Piacenza), said
“SPARK”. Maximum acceleratioB, .= 4 m/§, maximum ranges of X-axis 1600m
Y-axis 1400mm Z-axis 1400mm The chief technical features include a turningeda
with a 70 kW torque motor and a speed of up torpoQ.

2- Five axis-milling centres, said JOTECH (built by Company, located in
Piacenza). The ranges are X-axis 16@f) Y-axis 800mm Z-axis 600mm equipped
with linear motors on the X and Y axis. Maximum @lecationa,.,= 3 m/<.

The movement of the milling head is recorded by tived encoder KGM 182

of HEIDENHAIN (shown in the Fig. 1).

Grid Encoder

i

A Gap 0.4 mm

Fig. 1. Components of the grid encoder HEIDENHAIIS K182

The design of the experiment is shown in the Table

Table 1. Design of experiment

SPARK 1600 JOTECH
Velocity (m/min) 1,5,10 10, 20
Jerk (m/s?) 25; 50 SRAMPTIME (0, 50, 100)
Numerical Control Sinumerik 840D FIDIA C2
Tool paths STAR, SQUARE CORNER

3. DESIGN OF THE TRAJECTORY “STAR”

The tool paths in milling machining may have, balyc two types of geometric
singularities (Fig. 2): the first type in the cornghen the milling head stops due to the
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inertial forces, mainly influenced from the disdonity of the velocity profile, and the
second type during the execution of a circle bezafi€entrifugal force.

_

First order singularity Second order singularity

Fig. 2. Types of tool paths singularities

A new tool path, said STAR, has been designedrderao perform a single test. The
dimensions and the direction of the movement aogvehn the Fig. 3.

4
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70

160
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- 160 - x

Fig. 3. Characteristics of the STAR trajectory (dimions in mm)

The square and the corner have the dimensions simotha Fig. 4.

145
2 1
145 Starting  Starting 70
Point Point
3 4
a) b) 70

Fig. 4. Characteristics of the SQUARE trajectoraa)l CORNER b) (dimensions in mm).
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4. MODELLING

In this chapter a model, able to predict the exenutime, will be presented. The
model involves the effect of the Jerk. The schefmmptmization is also presented.

4.1. TIME PREDICTION

The velocity profile is shown in the Fig. 5. It cists of the limited jerkl section
(O<t<tA, tB<t<tl, t1+t2<t<tC andtD<t<tend), constant acceleraticm section (tA<t<tB
andtC<t<tD) and the constant velocity section (1<t1+t2). At t.,q the milling head has
reached the final point of the tool path at theaiseS from the origin point.

vmax

acc N acC

0 tA tB tl t2 tC D tend t
b)

Fig. 5. Velocity profile

The stretch with constant velocity is sajd It can be shown that:

t,=SV-a/J-V/a
The total time to traverse the distargis:
to = S/V + a,/J +V/a

The Jerk influences the velocity profile, as showFig. 6.
It can be observed, that exists a Jerk limit véelw which the acceleration has to be
decreased in order to match the boundary cond{ffog. 6 d). The limit is J, =a?/V.

The acceleration is adjusted to the vadye =V I

Finally the total time is:
If J=>a%/\V thent,, =S/V +a/J +V/a.

lim

Else

a,q =vV I thent,, =SV +20BNV/VJ.

For the STAR trajectory the total time ig;.z= 40, + 4, . 1he circular section is run
with a constant velocity. For the squatg;,..= 40, , and for the cornett,, ., = 20, .
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The JOTECH is equipped with FIDIA control numeridie Jerk can be changed with

the parameter SRAMPTIME. The relation between SRANUE and the Jerk is:

J =a/(TRAMP?2).

J~m HighJ
vinax -
acc acc
a) o tend t D) 4 tend t
Low J
vmax
acc
0
) tend t
Very low J
h
vimax acc ;
acc I~
Y t
d

Fig. 6. Velocity profile with different values oétk (J).

4.2. OPTIMIZATION STRATEGY

The optimization strategy can be summarized inetlstsps:

1-

2-

Definition of a cost function. The cost function increases with the tool patloreand
the execution time. Considering the ranges of tinerend the execution time, the
relation between the cost function and the conbtguaccuracy and productivity is
assumed linear:
Cost=k, [(Error +k, [Time, with k, and k, > 0. k,and k, are obtained from decision
of the production manager. The question is: howhrthe production manager wants
to decrease the error and increase the execubn@? ti
Roughly the situations can be:

1- The time is important, thek,>>k, .

2- The error is also important, thég>k; .

3- If the actual situation is perceived as the best €kisting machines), the ratlg/k;

can be estimated and then analyze the effect detdrate and acceleration.
The function of the error and productivity respect to the Jerk. The function of the
error respect to the Jerk is experimentally deteechi The productivity is estimated by
the model.
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Demaurex 0 has demonstrated that for one DOF maxiaystem, without damping
and not controlled, the relation between Jerk (bseathe Jerk profile has
discontinuities) and the overshoot is linear. Itpsinted out that the deviation
measured by the grid encoder is the result of dyna@amors and the controller, so the
linear relation of Demaurex 0 should be deepenatjths not the goal of this work.
In this paper, it is assumed tlEat =D[J+E, where D and E are determined
experimentally.

The total time is:

t,=SNV+a/J+V/a, if J=a’/N
t, =SV +20NV/VI, it J<aiN

Finally,Cost(J) = k, (D [J +k, [E +k, [,,. If the Jerk increases then the error increases,

and the time decreases.
3- Optimization of the function. In general it can be written:

dCosfdJ (J) =k, [dErr(J)/dJ +k, (dT(J)/dI =0, with dT(J)/dI<0; the second
derivative is:

d?CostdJ? (J) =k, [@2Err(J)/dI? + k, [@?T(J)/dI? =k, @>T(J)/dI*. The minimum
exists if and only ifd*T (J)/dJ? >0. Substituting the error and the productivity:

dCosfdl(J) =k D -k, ®/J?, if J=a?/N
dCosfdd(J) =k, D -k, BNV /I¥?, if J<al

The optimum value is :

opt \/(kz/kljﬁ ) if J= aZ/V
Jopt = (kZ/kl |:Q\/i/D))Z/s if J<allv

5. RESULTS

In this chapter, the results of the contouring aacy for all the trajectories will be
summarized. Next, the results of the optimizatimm@esented and discussed.

5.1. CONTOURING ACCURACY

In this section results, referred to the contouanguracy, are presented.

In Fig. 7 the real tool path is presented togetbhé¢he maximum overshoot. The aim is
to determine the value of the sensitivildyin /Jm/(m/s3), and analyze the influence of the
feedrate and the tool paths.

For SPARK, the results are shown in the Fig. 8, Signd Fig. 10.



36 Gaetano Massimo PITTALA, Michele MONNO

T
I
+
I
T
I
I
1
I
I
I
I
T
I
4
I
I
I
1

s

a)
Fig. 7. Recording of the STAR by the grid encode? ia) and in A b) for the velocity 5 m/min
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Fig. 8. Maximum overshoot during the STAR a) 10 m/rb) 5 m/min and ¢) 1m/min (SPARK)
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Fig. 9. Maximum circular error during the STAR & h/min, b) 5 m/min (SPARK)
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Fig. 10. Maximum overshoot during the SQUARE a)/fim, b) 10 m/min (SPARK)
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It can be noted that the velocity and the positidluences the absolute value of the
overshoot. Regard to tHe, the effect of the velocity is different. The Tal# shows the
results of theD, in terms of mean values between the positions ctenraed from the same
axis movement.

Table 2. Results db in ,um/(rTVse‘)

POS.1(A) & 3(C) POS.2(B) & 4 (D)
5 10 5 10

m/min m/min m/min m/min

STAR 4.7 1.05 1.2 1.55
SQUARE 1.2 1.2 5 1.5
CIRCLE inthe STAR 2 2.7 1.32 5.6

D is high for the position 1 and 3, regard to theABTand 2 and 4 for the SQUARE,
with feed-rate of 3n/min This demonstrates that the movement along Xiaxastical.
The error for the JOTECH, when the corner is exagus shown in Fig. 11.

30
o

=25 y

20 20
=3
= «
S 10 o

0

0O 25 50 75 100125150
Jerk (m/s3)

Fig. 11. Maximum overshoot error during the CORNE&Yying the feedrate (JOTECH)

The D = 0.17um/m/s’. Some tests, performed rotating the corner, sHuat the
position is not significant.

5.2. OPTIMIZATION RESULTS

The SPARK was a new machine tool when the test \weréormed. Since the ratio
k,/k, is not given, the aim of the optimization analyisigo estimate the influence of the

k,/k, on the optimal value of the Jerk, in order to mipport for the user of the machine.
The optimal value is plotted as a function of thgark, /k, in Fig. 12. In order to determine

the optimal values of Jerk, two values Dfhave been selected, the minimum and the
maximum values derived from the previous analylie feedrate is 16/min
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Fig. 12. Plot of the optimal Jerk vs. the radtjtk;, with D = 1.05 a) withD = 5 b) (SPARK)

The production manager can determine the optimialevaf Jerk referred to a value
of ratio ky/k;.

The JOTECH is an existing milling center and thedoction is perceived as
satisfactory. Based on this information the ratjgk, can be estimated. In this case, the aim

of the analysis is to estimate the optimal Jerkingrthe feedrate.
The actual situation iSFAMPTIME=100 ms, that corresponds to the Jerk = 60s’.
The normal feedrate is I/min Then the ratid, /k, can be estimated:
with D = 0.17um/n/s?, k,/k, = J2D/(a) = 200my's (because = a?/v ).
If SRAMPTIMEis the same but the velocity changes, if ¥hea?/J < 015m/s=9m/min
then the relation between the optimal Jerk andebd-rate is shown in the Fig. 13.

70
__ 60
7 50 ./.,./""
€ 40 /
T30
5 20
= 10
0

0 4 8 12 16 20
Feedrate (m/min)

Fig. 13. Plot of the optimal value of the Jerk wagythe feedrate (JOTECH).

5.3. REMARKS

The optimal value of Jerk for two milling centreavie been determined. This is the
best compromise between the contouring accuracypaoductivity. This section would
answer the question: how much is the cost saving?
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For SPARK: Thek =1 u.c/um andk,=100u.c/s (the U.C. indicates the unit of cost).
With the feedrate of 1@n/min andD = 1.05um/m/s’, the optimal Jerk is 11.%/s
(Fig. 12). It is assumed thit= 46.8 ym andS= 171.4mm If the Jerk remains 2by/s®:

copt(11.5 m/s3) = ky [D [ + kg LE + ko [ﬁs/v + ZQ/V/\/E)z 18581 C.
cl(z5m/s3)= k,[D D, +k; [(E +k, EﬁS/v + 2[{/\7/\/\]_1): 19218J C.

And the cost saving i, - C,,)/C, 100= 331%

If D=5um/m/s® andE = 73 xm then the optimal Jerk is 4n{s* (Fig. 12):
copt(4.1 m/s3) =k [D Chgp; + kg [E + kg [ﬁs/v +20N /3oy ) =23668U.C.
C,(25ny's*) =k, (D [, + ky [E + k, SV + 20/ /3, ) = 31718C.
And the cost saving i, - C,)/C, 100= 25.3%

For the JOTECH: The feedrate isn#min and then the optimal value is 36/s°®
(from Fig. 13). k=1 uc/um and k,= 200u.c/s. Ex0 andS=70 mm. If the Jerk remains
60nmy/s°:

C,(60ny's*)= k, D, + k, AV + 26 /|3, ) = 43060 C.
cl_opt(sem/ s3) = ky [D [0y op; + K EﬁS/v +20V /3o ) =4383U C.
And the cost saving would He, -C,,)/C, 100= 03%.

If the machine tool is deterioratin® would become Lum/n/s*, and the optimal
value of Jerk is 1fy/s®. Then:

C,(60ny's*)= k, D 1, +k, SNV + 2068 /43, ) = 48940 C.
Cl_opt(llm/ 53) = ky [D [0y oy + ko [ﬁS/v +2nv/ ,/Jl_opt) =453) C.

And the cost saving i, - C, oy )/C, 100= 743% .

6. CONCLUSIONS AND FUTURE DEVELOPMENTS

In this paper a performance test able to defineJérk value, as the best compromise
between the contouring accuracy and the produgtids been designed.

The procedure is based on the determination op#inameter® andE of the relation
Err =D[J +E, using the grid encoder in order to record thatjposof the head during the
execution of certain trajectories, and a simple ehdd predict the productivity in function
of the Jerk.

This approach can be extended to any trajectolyrasas the relationship between the
error and the Jerk remains linear.

The experimental tests have been performed on tiagrcentres, one new (SPARK)
and the other one in work (JOTECH). Several todhgdiave been tested in order to
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determine the parametef3 and E. These parameters are influenced from the axis in
movement and from the velocity. The optimal valfiderk depends from the ratig’k,, or

the relative importance between the cost of timaydand cost of error. For the JOTECH, it
has been determined experimentally.

Some numerical examples show that the cost reductiaches 25%. The cost saving
is greater when the segment is short and the setysif the error than the JerkDjf is
significant.

The relation between the contouring accuracy aedlérk can be determined through
more complex models (more DOF) of the milling centfhe model should include the
mechanical structure, and all the components habe tharacterized through a calibration.

Another topic that will be covered is the deternimraof D through the encoder of the
single axis of the machine.

In the future, other situations will be taken irstocount, i.e. if the feedrate changes
during the tool path, due to small segments, faedsaheduling or look ahead and for the
tool paths made by several small linear segmentsraveach segment can have a different
value of feedrate or a different imposed accelenati

The objective function can be more complex, i.elude the quality of the surface or
the wear of the tool (even if these can be comdlatith the overshoot).

This article has established a procedure for asgiga value to the Jerk, a parameter
that will become increasingly important for highespg machining of complex surfaces,
especially for mechanical structures that are Wighght and not very stiff.

REFERENCES

[1] ALTINTAS Y., ERKORKMAZ K., 2003,Feedrate optimization for spline interpolation iigh speed machine
tools Annals of CIRP, 52/297-302.

[2] DEMAUREX M. 0., 1979 Approche Theorique de la conception de la structnezanique d'un robot industrie,
Ph.D. Dissertation, EPFL, Lausanne, Switzerland.

[3] DONG J., FERREIRA P.M., STORI J.A., 200+eed-rate optimization with jerk constraints fomgeating
minimum trajectories47/1941-1955.

[4] DONMEZ M.A., 1985,A general methodology for machine tool accuracya@malement: Theory application, and
implementationPh.D. Dissertation, Purdue University, West LaftdN.

[5] ERKORKMAZ K., ALTINTAS Y., 2001,High speed CNC system design. Part I: jerk limitegectory
generation and quintic spline interpolatidmternational Journal of Machine Tools and Manufaag, 41/1323-
1345.

[6] FLORES V., ORTEGA C., ALBERTI M., RODRIGUEZ C.ADE CIURAMA J., ELIAS A., 2007Evaluation
and modeling of productivity and dynamic capability high-speed machining centeint. J. Adv. Manuf.
Technol., 33/403-411.

[71 JYWE W., 2003,The Devolopment and Application of a Planar Encolltrasuring System for Performance
Tests of CNC Machine Toolst. J. Adv. Manuf. Techn, 21/20-28.

[8] MANN B. P., EDES B. T., EASLEY S. J., YOUNG K.AMA K., 2008,Chatter vibration and surface location
error prediction for helical end milldnt. J. of Mach. Tools & Manuf., 48/350-361.

[9] SCHIMITZT. L., ZIEGERT J., 200ynamic evaluation of spatial CNC contouring acayaPrecision
Engineering, 24/99-118.

[10] SCHMITZ T., MANN B. P., 2006Closed-form solutions for surface location errorrilling, Int. J. of Mach.
Tools& Manuf., 46/1369-1377.



Contouring Accuracy of a Machine Tool: Design dferformance Test and Optimization of the Jerk 41

[11] SCHMITZ T. L., COUEY J., MARSH E., MAUNTLER N.HUGHES D. 2007, Runout effects in milling:
Surface finish, surface location error, and stajlint. J. of Mach. Tools & Manuf., 47/841-851.

[12] SCHMITZ T. L., ZIEGERT J. C., CANNING J. S.,APATA R., 2008,Case study: A comparison of error
sources in high speed-millingrecision Engineering, 32/126-133.

[13] SHLESINGER G.]1932,Inspection Test on Machine ToMachinery Publishing Co. Ltd London.

[14] SRINIVASA N., ZIEGERT J. C., MIEZE C. D., 199&pindle thermal drift measurement using the las@l b
bar, Precision Engineering, 18/118-128.



