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ONE APPROACH TOWARDSANALYTICAL DETERMINATION OF THE CNC
MACHINE TOOL SERVO DRIVESPOSITION LOOP GAIN

One of the most important factors which influentles dynamical behaviour of the servo drives for CNC
machine tools is position loop gain or Kv-factdrdirectly influences the contouring accuracy of thachine
tool. Usually position loop gain is experimentailyed on the already assembled CNC machine todd. gaper
gives one approach towards its analytical caloutatiThe difference between analytical calculated an
experimentally obtained Kv-factor is smaller th&a,5which is completely acceptable.

1. INTRODUCTION

The most important variable, which describes thkabior of a position control loop
for CNC machine tools servo drives, is positionplagain or Kv-factor. This is the ratio
of the command velocity (feed rate) v to the positcontrol deviation (following error,
tracking error, lagi\x [2,7,8]
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From the magnitude of the Kv-factor depends tragkinfollowing error. In multi-axis
contouring the following errors along the differentes may cause form deviations of the
machined contours. Generally position loop gain $hould be high for faster system
response and higher accuracy, but the maximum galiosvable are limited due to
undesirable oscillatory responses at high gaind@amdiamping factor.
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Usually Kv factor is experimentally tuned on theealdly assembled machine tool [2,8].

This paper presents approach for analytically datmn of the position loop gain Kv.
A combined 6-th order digital-analog model of thasition loop is presented. In order to
ease the calculation, the 6-th order system islgiegbwith a second order model. With this
approach it is very easy to calculate the Kv fabbomecessary position loop damping. The
difference of the replacement of the 6-th ordetesyiswith second order system is presented
with the simulation program MATLAB. Analytically éaulated Kv factor is function of the
nominal angular frequenay and damping D of the servo drive electrical pamstor and
regulator), nominal angular frequer €, and dampin(D, of the mechanical transmission
elements, as well as sampling period T.

2. COMBINED DIGITAL-ANALOG MODEL OF THE SERVO DRIVEPOSITION
CONTROL LOOP AND ANALYTICAL CALCULATION OF THE Kv FACTOR

Fig. 1 presents digital-analog model of the CNC mrae tool servo drive position
control loop, where s represents Laplace operator.
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Fig. 1. Combined digital-analog model of the sedvive position control loop

Similar models are presented in [2,4,6], but thengfer function of mechanical
transmission elements is not taken in consideraB@tause of the existence of the digital
part in the presented model we must use z-transfitom for analysis. With some
approximations and substitutions it is possiblanalyze presented model in s-domain (with
Laplace transformation). Digital-analog converter substituted with zero order holder
(z.0.h.) and sampler [3]. The new model is preskmtd-ig.2.

According [3] we can approximate sampler and zedeioholder (z.0.h.) in Laplace
domain with the following transfer function:
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With the Padé approximation of the first orderttoe €' we get:
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where T is sampling time (period).
In that case G(s) becomes:
1
B 1 e—T[S ~
G(s) = e 1+;E$ (5)

With these simplifications servo drive position tohloop may be presented with
following model (Fig. 3).
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Fig. 2. Modified model of the servo drive positioontrol loop presented in Fig. 1
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Fig. 3. Analog model of the servo drive positiomtrol loop
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The model in Fig. 3 may be analyzed in s-domairhwiaplace transformation.
The transfer function of the servo drive positi@micol loop presented in Fig. 3 is:
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Having information’s about the magnitude of theiallesw, D, ®m:Pmand T in real
servo drive position control loops, we can concltide @6 -85 ,84 ,83 tends towards zero

(%6 95,84 .83 _, 0). So in that case we can simplify 6-th ordereystvith the second order

system [1,2]. We will present servo drive positammtrol loop with the simplified transfer
function:
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where @z :KZKD+ 2£mmj+£] & =1 ag=Kv gpg by =Kv,
In that case
X0 (S) _ Kv
Xi (s) (2[)+2Dm +Tj@2+s+|<v (10)
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To check if it is correct to substitute 6-th ordeith second order system, we will
simulate the system transfer function responsetep finction with simulation program
MATLAB. Numerical values of the parameters of tkamined system are:
w=100(s!, D=0.7, ®m=662s !, Dm=0.17, T=0.006 s and Kv=1s"".

Following transfer function will be compared:

-6-th order system transfer function

Xo(s) _ 100
Xie) 68200°E%+13300ME° +157010°8 & + 972M10° 3° + 491103 3% +s+100

-second order system transfer function

Xo(s) _ 100
Xi@) 491103 +s+100

Fig. 4 gives responses of the position control ltapsfer function of 6-th and 2-nd

order on step function.
From Fig. 4 it is obvious that the differences emlby substitution are minimal. It

makes substitution completely acceptable. For do®rsd order system it is possible very
easy and fast to calculate Kv-factor for necespasjtion control loop damping.
We can write the second order system transfer immat the following form:

Xo(s) _ 1
Xi (5) 12@2 + X (11)
(*)n (*)n

where( is position control loop damping (@#<<1), and®nis nominal angular frequency of
the position control loop. We will transform equetti(10) in the form of equation (11).
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Fig. 4. (-----—--- ) Time response of the 6-th ordgstem
(----- ) Time response of thad order system

Comparing (11) and (12) we can obtain:
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In order to have required position control loop @garg {, Kv-factor should be
calculated with the following equation:

1
48(2D+2Dm +Tj (14)
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Kv =

Equation (14) gives direct analytical relationsbhigtween Kv-factor ando, D, ®m,

Dm, T andg, which are already known variables, or can beutaled very easy.

With the equation (14) it is possible to estimat¢@machine tool servo drive position
loop gain Kv without performing experiments.

We will check correctness of the equation (14) eal rservo drive position control
loop of CNC milling machine FGS 32-CNC. Positioroppodamping(=0.7 is preferable
according [2,6,8]. That is the value, which givesnimal contouring errors. Other

numerical values of the examined system arel00(s ', D=0.7, ®n=663s"*, Pm=0.17
and T=0.006 s. W.ith the substitution in the equat{14) the position loop gain value

Kv=103.85 s is calculated. Experimentally tuned value of Ketta on examined
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machine tool axis was Kv=10s™. The difference between analytically calculated an
experimentally obtained value of Kv-factor is ard#t%, which is completely acceptable.

4. CONCLUSION

The equation (14) enables very fast, simple anccigge analytical calculation
of position loop gain Kv as a function of alreadyokvn position control loop parameteos (
nominal angular frequency of the servo drive eleatmparts, D-damping of the servo drive

electrical parts ®m-nominal angular frequency of the mechanical trassion elements,

Dm-damping of the mechanical transmission elements Tasampling time). In that way
we can avoid long-time experimental tuning of the-fctor on machine tool. And
of course analytical calculation of the Kv factaveg possibility to estimate the accuracy
of the system in the design phase.

REFERENCES

[1] GAO H., 1999,Erhoehung der Dynamischen Bahngenauigkeit durch ganzhietliche Optimierung am Beispiel
einer Linearfraesmaschinen, Dissertation, TU Darmstadt, Deutschland.

[2] GROSS H., HAMANN J., WIEGAERTNER G., 2001Electrical Feed Drives in Automation: Basic,
Computation, Dimensioning, MCD Corporate Publishing, Erlanged &unich.

[3] HARDER L., ISAKSSSON A. J., 1995Robust PI-control of cutting forces in turning, Proceedings of 31
MATADOR Conference,Manchester, U.K., 261-266.

[4] SMITH A. D., 1999 ,Wide bandwidth control of high-speed milling machine feed drives, Dissertation, University
of Florida, USA.

[5] SOUCEK P., 2004Servomechanismy ve vyrobnich strojich, CVUT, Praha.

[6] YOUNKIN W. G., 1996, Industrial Servo Control Systems: Fundamentals and Applications, Marcel Dekker Inc.

[71 WANG J., 2004,Robust Tracking Controller Design with Application to an X-Y Feed Table for High-Speed
Machining, PhD dissertation, Katholieke Universiteit Leuver|dum.

[8] WECK M., 2007, Werkzeugmaschinen und Fertigungssysteme, Band 3, Mechatronisch Systeme:
Vorschubantriebe and Processdiagnose, Springer., Prentice-Hall.



