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IMPROVING CNC MACHINE TOOLSACCURACY BY MEANS
OF THE CIRCULAR TEST AND SIMULATION

Radu-Eugen BREAZ?, Octavian BOLOGA? Gabriel RACZ? Valentin OLEK SIK*

Abstract: This paper presents a method for improving the emmuof CNC machine tools by means of a
joint approach: experimental tests and simulatibmthe first stage, a circular test was performéd,
means of a special measuring device. The erroresshry the measurements were evaluated and possible
causes were assessed. After running a simulationgss, which took into consideration the phenomena
which may cause the errors, possible solutionsrémtucing the errors were proposed. Finally, new
measurements validated some of the solutions. dpoged approach is indented to be use at the shop
floor level, so it was kept as straightforward aadt as possible.
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1. INTRODUCTION

Computer numerically controlled (CNC) machine
tools have played an important role in precisiorchira
ing. In recent years, machine tool builders havenbe
under increasing pressure from the manufacturidgsn
try to provide a higher contouring accuracy for altim
axis CNC machine tool.

The increasing demand for higher dimensional accu
racies and the strong trend toward shop floor aatmm
induce the need to develop cost-effective methads t

improve the performance of CNC machine tools. The

dimensional accuracy of machined parts is one ef th
most important factors in determining this perfonta

In multi-axis machines such as machine tools, doatd
measuring machines and robots, it is often difficol
achieve the desired accuracy due to the complexity
the interactions of the various error sources.

2. CIRCULAR TEST

To achieve high-precision machining, CNC machin-
ing centres must have contouring accuracy. Thezefor

path, the bar measures the deviations relative staia-
dard circle. The deviations can then be used tocéahel
the motion errors of CNC machining centres.

For this research, a Renishaw QC10 ballbar system
was used (Fig. 1). The system and its softwareésl to
measure geometric errors present in a CNC machuoie t
and detect inaccuracies induced by its controlled a
servo drive systems.

Errors are measured by instructing the machine tool
to 'Perform a Ballbar Test' which will make it $uFia
circular arc or circle. Small deviations in the iced of

this movement are measured by a transducer and cap-
tured by the software. The resultant data is tHetteu

on the screen or to a printer or plotter, to reveal well

the machine performed the test.

If the machine had no errors, the plotted data doul
show a perfect circle. The presence of any errdtls w
distort this circle, for example, by adding peakmg its
circumference and possibly making it more elligtica

These deviations from a perfect circle reveal prob-
lems and inaccuracies in the numerical controlyedri
servos and the machine's axes.

measurement method to assess the contouring agcurac During the data capture session, the Ballbar maves

of CNC machine centres has to be established.cente
years, a circular test has been developed to measut
diagnose contouring errors of CNC machine tool$]1-
The circular test is a widely used method to measur
motion errors of CNC machining centres. During tiws,
a circular path is generated by a CNC controllest an
transducer bar is mounted between the machine lspind
and table. As the machine travels around the arcul
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a clockwise and counter-clockwise direction through
360° data capture arcs with 180° angular oversams.

Fig. 1. The ballbar system.
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Fig. 2. The initial measurement. Fig. 4. The third measurement after backlash compensation.

¥
- The algorithm allows the user to introduce the imax
IF > mum value of the backlash on each axis and the CNC
controller will compensate it.

After this compensation step, a ne w measurement
was performed (Fig. 4). The remaining significanoe
is the reversal spikes ofi axis. In order to find a com-
pensation method, the possible causes have to e an
lyzed. Reversal spikes appears when an axis isgbein
driven in one direction and then has to reverserande
in the opposite direction, instead of reversing sthly it
may pause momentarily at the turnaround point. r&he
are several possible causes of this problem:
« An inadequate amount of torque has been applied by

-
S

™~ - the axis drive motor at the axis reversal pointsaag
{#Fun1 € it to stick momentarily at the reversal point, &g t
0 Aun2 T 30.0 urnddiv frictional forces change direction.

e The servo response time of the machine is inadequat
Fig. 3. The second measurement after a mechanical adjoistme on backlash compensation. This means that the ma-
of the encoder mountings. chine is unable to compensate for the backlasimie; t
causing the axis to stop while the slack causethéy
Figure 2 shows an initial measurement result on a backlash is being taken up.
Realmeca C2 vertical machining center. After rugnin . servo response at the crossover point is poorjrgus
the software analysis, three main groups of erveese a short delay between the axis stopping movement in
reported: one direction and starting movement in the other.
e Cyclic error, of about 4Qm on each axis;
i Bac\:(klas_h error of about 60m on X-axis and 4Qum 3. THE MODEL OF THE SYSTEM
on Y-axis:
« Reversal spikes oX axis of about 20Qm. In order to find a solution to compensate the reafe
The possible causes for the cyclic error couldtbe: ~ spikes, a study of the feed chain of exis, assimi-
axis ballscrew thread is defective causing the asis lated as a closed loop position by means of a sitioul
move in a sinusoidal manner rather than at a umifor Process was proposed.

rate, or the encoder mountings may be eccentrither ~ The first approach in studying the systems behaviou
ballscrew mountings may be eccentric or badly aejis S to build a reliable model of it, based upon sfan
resolvers or inductosyns. functions. One of the steps involves the descriptid

After a mechanical adjustment of the encoder mounteach axis of movement as a position control sep#s s
ing, a second measurement was performed. The sesultem. Generally, such kind of system, no matter Wwhic
are presented in Fig. 3. A significant improvemienthe actuation system is used, has a schematic struetsire
results is noticeable, further compensation stepsiac-  depicted in Fig. 5.
essary. The relation between the angular speed of the DC se

A backlash compensation algorithm is included in vomotor w and the input voltagel, with regards of the
CNC equipment software. complex variables, can be expressed as [7 and 8]:
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Fig. 5. Schematic structure of a position control sengtemy.
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where:
R — motor armature winding resistanc@]f
J, — rotor inertia [kgrfi;
B — viscous friction constant [Nms/rad];
K; — motor torque constant [Nm/A];
K, — velocity constant [Vs/rad];
Ka — the amplifier gain;
Kin — tachometer gain [Vs/rad];

m — mechanical time constant [s] which can be ex-

pressed as:
T )
RB+KK,
Te=0Tm- (3)
where:

7.— electrical time constant of the motor;

o — the attenuation factor.
Then the motor speed can be expressed in the folipw
form:

_ KlU(S) - KzMz(S)

w(s) Tt (4)
where:
GKaKt
= ———— [rad/Vs]. 5
K= Ry e RdVS] (5)
aR
=——— [rad/Nms]. 6
Ko™ Rar i | ] (6)
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ws) _ Ka
M.(s) 1+1s’

Hor (8) = (8)

Considering the voltage input and the static moment
as step inputs and applying the Laplace transfam t
these inputs:

U(s)== U. (9)

tn |

Ms(S)=— M_. (20)

n |

then the motor speed(t) is given by the following ex-
pression:

C( KaKt
B+ KKy

aK:R
RB+ KK,

w(t)=(R MJ)A-e7) . (11)

The unknown factors in equation (11) are the ampli-
fier gain K, and the tachometer feedbakk which is
included ina. Imposing that for the maximum voltage
U, and for the maximum static loallg, the motor
speed has to reach the maximum vadyg these two
factors can be determined. The condition statedrebo
characterizes the stationary regime of the systehnen
t- oo

lim et =0. (12)
In this condition, equation (11) becomes:
A KaK: ak:.R
= - 13
“TRBr KK, " RBFKK, 43

Now we have to determine the analogical to digital
converter gairK,, the encoder gaiK,, and gear reducer
gainKg.

The encoder is characterized by the encoder ggin
defined as the number of pulses emitted for onatiost
of the lead screw:

K.=Nm mises/ral]. (14)
21

where:
Nimp — NnUmMber of the pulses emitted by the encoder at
a full rotation.
The gear reducer galfy, can then be expressed as:

Ko=2 m].

21 (19)

Equation (4) shows the components of the transfer

function of the closed velocity loop: one trandfanction

between the input voltage and the motor speed aed o

where:
Upac — the digital to analogical converter input volt-

between the static torque (disturbance) and theomot age [V];

speed, leading to the following:

o9 _ K

U(s) 1+ts’ %

Ho(s) =

and

n — number of bits of the converter.

The block diagram of the position control system is
presented in Fig. 6.

Starting from the control voltage of the velocibop
U(s), obtained at the output of the analogical totdigi
converter:
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Fig. 6. The block diagram of the position control system.

Kex(S) _ Kem(S))_
S

g

U.(8)= KKl (16)

where:

K, — position controller proportional gain;

X — position reference (BLU).

It is now possible to determine the Laplace tramafo
of the angular speed of the motor with regardsefo-
sition reference(s) and the static loall4(s).

Replacing relation (16) in (4), we obtain:

_ S(Kox (8) = K:M(8))
1g+s+K '

wX(s)

(17)
where:

_ KiKpK K

Ky

KO and K = KlK chKe' (18)

The relation (17) indicates the fact that the alioge-
sition loop can be considered as a second ordéemys
with the characteristic equation:

F+280S+ ' =0. (29)

where the damping ratio and natural frequency are:

&= 1. :\/K
ok TN

(20)

The relation between natural frequency and the

damping ratio is:

w= 28K (21)

Taking into consideration equation 20, the position

controller gairKp may be expressed as:

1

K=~ 22
P ABTK KK, (22)

4. COMPUTER SIMULATION
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Fig. 7. The simulation diagram.
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Fig. 8. The velocity loop subsystem.

In order to take that into consideration, two zero-
order hold blocks were introduced in the model. ©he
these blocks was included in the digital to analabi
converter (DAC) blocks and the other one on thetioos
feedback loop, after the encoder, within the sanapid
hold blocks.

The zero-order hold has the following transfer func
tion:

Based upon the model of the system, a simulation

diagram was built for the position control systaming

Matlab & Simulink software, as shown in Fig. 7. The

velocity loop subsystem is presented in Fig. 8.
The CNC feed drive acts as a position control syste
but with a numerical character.

(22)

where
T is the sampling period of the numerical system.
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4.1. Input data
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Figure 9 presents the simulated position outpuat-co

The input data the simulation was gathered takingpared with the reference position input for the ame

into consideration the experimental system, a firdges
of a CNC milling machine. The position control gyst,

pensated system for a specific movement cycle.syke
tem accelerates, then the machine slide travels eah-

on all feed dives as actuation device on feed drive stant velocity, then it decelerates and the vejocit

Sanyo T730-012 dc servomotors. The experimental pachanges

rameters are synthesized in Table 1.

According to paragraph 3, the following parameters

may be calculateds = 0.3441K,= 7.8368K; = 9.8181
rad/Vs. With aUpac = 8 V andn = 14, we obtain for the
digital to analogical converter gain the valkg =
9.7656- 10 V/bit.

Finally, imposing a damping rati& = 0.707 and ac-
cording to (15), a valu&, = 10.0821 is obtained for the
position controller gain.

Table 1
Experimental parameters
Parameter Unit Value
Motor rated poweP [W] 300
Motor rated armature voltage [V] 75
Ub

Motor rated torqué/ [Nm] 1.18

Motor rated rotating speed | [min-1] 2 500
Motor instantaneous maxi{  [A] 40

mum armature curremt

Motor armature winding [Q] 1.1

resistancd®?

Motor torque constarit [Nm/A] 0.273
Motor velocity constanKv | [Vs/rad] 0.273
Motor instantaneous maxi{ [rad/s2] 38 400
mum angular acceleratian

Motor rotor inertialm [ kgm2] 0.270 - 18
Mechanical time constamin [ms] 0.004
Electrical time constarte [ms] 0.0015
Load inertiall [kgm2] | 2.583 . 10
Motor viscous braking con} [Nms/rad]| 3.7242 - 10
stantBm
Tachometer gaiKth [Vs/rad] 0.00668
Lead screw step [mm] 5
Gear ratiag - 1
Incremental encoder galfe | [imp/rad] 2 500/
Mass of the slide [ka] 30
Cutting force [N] 1 000
Sampling period [s] 0.01

0.09

0.08}- -

output B
reference

Displacement X [m]

0.06

L L L
0.08 0.1 0.12
Time [s]
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Fig. 9. Position output — uncompensated system.

its sign, following another acceleration-
deceleration cycle but with reversed direction.

From Fig. 9 one may notice that a short delay be-
tween the axis stopping movement in one directioth a
starting movement in the other occurs, which catises
reversal spikes of thé-axis.

A fist approach in compensating this delay woutd b
the increasing of the position controller gadp. How-
ever, a greater value &, will introduce a significant
amount of oscillations in the system, so it haddoac-
companied by another compensation method.

In order to reduce the oscillations, a derivatboen-
ponentD was introduced in the position controller, a
component which is also allowed by the CNC congroll
Initially, the derivative gairKy of the position controller
was kept to zero.

According to the documentation of the CNC control-
ler, the derivative componebt of the numerical position
controller is defined by the following equation:

- Ki(z-D)
D= T (23)

where z = ¢"™is the discrete variable

Finding a proper value for the derivative g&nus-
ing an analytical process may be possible, bt iiather
complicated.

A trial an error iterative simulation was used nder
to find a set of appropriate values for both theréased
proportional gainK, and the derivative gaiy of the
numeric position controller.

After running the above mentioned process, an ac-
ceptable set of values were findkgs= 25 andKy= 0.1.

The simulated position output compared with the
reference position input for the compensated sysgem
presented in Fig. 10.

It is here noticeable the fact that the delay betwe
the axis stopping movement in one direction andista
movement in the other is significantly reduced carep
with the situation of the uncompensated system.
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Displacement [m]

.0.01 I I I I I I
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Fig. 10. Position output — uncompensated system.
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However, a large amount of reversal spikes appeared
on theX axis could not be compensated by these means.
In order to compensate the remaining errors, a#dgi
approach would be to alter the control parametdrs o

within the CNC controller.

It is well known that industrial CNC controllersferf
a wide range of options regarding the control syspa-
rameters, which may be altered in order to obtdietter
dynamic behaviour, and contouring accuracy of tlee m
chine.

However, the significance of these parameters and
also the determination of some analytical relatioms
calculate an optimal value of them are hard todomd.

Moreover, complex mathematical models of the posi-
tion control system on each axis are hard to bdeimp
mented, due to the difficulty to measure and/ocuate
the parameters of such models.

The authors proposed a straight-forward mathemati-
cal model of a feed axis, based upon continuoursfea
functions and presented a method for calculatiothef
model parameters. Also, the numerical charactethef
control system was taken into consideration byouhiic-
ing specific transfer functions.

Based upon the proposed model, a trial and error
simulation process was performed and a set of g@pipro

te parameters were found. A new circular testasdid
the results of the simulation, showing that the aigrimg
errors were reduced significantly.

{FRuni
£ Run?

30.0 wrndiv

Fig. 11. The measurement after compensating the reversal
spikes onX-axis.

After completing the simulation process, the compen
sation parameters were introduced in the experiahent
system and the circular test was run again.

The measurement result is presented in Fig. 11. On
may notice the fact that the reversal spikesXoaxis
were reduced significantly, a fact which confirmim
proposed approach.

Thus, by a combined simulation and experimentalREFERENCES
process, the overall accuracy of the CNC machine wa
significantly improved. The process was performed e
tirely at the shop floor level, with low-costs irlved and
in a very short period of time.
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