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ABSTRACT

The problem of precise speed regulation and acking of spindle drive systems in interrupted cutting which generates spindle angle
dependent disturbance torque is addressed. Three models of the direct-drive motor/spindle unit have been used for motor/drive sizing,
controiler design and numerical simulation purposes, respectively. A variable sampling time digital repetitive controller, which 1s triggered at
fixed spindle rotation, has been designed 1n the spindle angle domain and implemenied to demonstrate its effectiveness in compensating

pertodically varying dynamic loads.

INTRODUCTION

Precise speed regulation and tracking is desirable in
interrupted cutting operations, which refer 1o intermittent tool and
workpiece engagement in a cutting process. For instance, in the cut-
to-length operation of web muterials, a rotating cutter carries multiple
blades to cut a moving web into specified length. To maintain tight
tolerance, it is essential to precisely synchronize the cuner speed 10
the web feed. H a cutter with evenly spaced blades is raquirad to cnt
the web to different lengths, the cunter speed must be precisely
varied over one spindle rotation. In milling and intermittent
tumingfboring, such as turning a shaft with a keyway, constant
cutting speed is desirable to maintain uniform surface finish and
optimal tool life. Moreover, there are two potential applications of
variable spindle speed tracking in milling. The first application is
concerned with chatter suppression and the second application is
concerned with cutler runout compensation., '

Self-excited vibration called chaner is undesirable in
machining operations. In milling, it has been recognized that chateer
can be suppressed by using a cutter with uneven spaced inserts
(Optiz et al. 1966, Doolan et al. 1975, Tlusty et al. 1983) or by
varying the spindle speed periodically (Weck et al. 1975, Lin et al.
1988). Furthermore, it has also been suggested that forced vibration
can be minimized by using an optimally spaced cutter (Doolan et al.
1976, Fu et al. 1984). Uneven insert spacing depends on the cutting
conditions and workpiece geomewry and lacks flexibility in adapting
to changing conditions. Variable spindle speed has the advanrage of
programmability, overcoming the drawback of uneven insert spacing
method. In order to achieve similar effect of uneven tooth spacing,
the spindle speed must be varied periodically in every cutter rosadon.

Runout that occurs in rotational machinery has undesirable
effects on machining systems (Ber and Feldman 1974, Kling and
DeVor 1983}, It causes each cutting tooth to carry uneven chip loads
resulting in non-uniform cutting force patterns. Excessively large
forces on a particular insert can damage or break the cutting tooth and
reduce the cutter life. Furthermore, a periodic peak force pattern
occurring at the spindle rotational frequency may introduce an
undesirable Jow frequency vibration to the machine 100l resulting in
poor workpiece surface finish. Recently an approach to on-line cutter
runout estimation has been developed{Gu et al. 1991}, Precise
tracking of a variable spindle speed or feedrate trajectory, which is
generated based on the estimated runout, can compensate for the
effect of runout. This is referred as indirect runout compensation.
Tsac and co-workers (Tsao et. al. 1989, Tsao and Pong 1991) have
propesed to vary the spindle speed 1o compensate for the effect of
runout by direct cutting force feedback without runout compensation
and demonstrated the feasibility by dynamic simulation. This is
referred as direct runcut compensanion. For either indirect or direct

approach, since the runout pattern repeats every spindle revolution,
the spindle speed or feed rate must also be varied at the same rate.

All of the aforementioned interrupted cuting examples share
two common characteristics. First, the spindle drive is subject to an

Transactions of NAMRI/SME

235

intermittent cuiting force {(torque) waveform, which repeats every
cntter revolution and has 10 be compensated by the motor torque in
order to maintain desired speed. Second, when tracking a pericdic
speed trajectory, the driver has 1o generate a periodically varying
spindle inertiai load, The capabilities and limitations of spindle
drives and controllers for such performance requirements have
received little investigation except that Olbrich et al. (1985} did
simulation studies of a linear quadratic optimal contrel system for
varying spindle speed in face milling and concluded that varying
spindle speed concept is feasible.

From the standpoint of controller design for the problem
characteristics mentioned above, most existing control algorithms
cannot render satisfactory performance. Traditional PID controlier
cannot do the job as integral action can only eliminate constant offset.
Feedforward tracking control algorithm (Tomizuka 1987) cannot
reject the unmeasurable periodic disturbances. Optimal control
approaches, such as Linear Quadratic regulator, generally equalizes
signals in all frequencies and does not take advantage of the penodic
nature of the present problem, resulling in unsatisfactory

ormance. Special tracking algorithms like cross-coupled control
{Koren 1980,1991, Kuikami and Srinivasan 1990) are for multi-axes
contour tracking, not applicable to the present single axis problem.

Repetitive control (Hara 1988, Tomizuka et al. 1990), which
is capable of tracking or rejecting periodic disturbances perfectly
based on internal mode! principle (Francis and Wonham 19735),
seems particularly suited o address the current problem. However,
it should be noted that the periodic behavior in the present problem is
in terms of cutter spindle angle but not time. This aspect has been
addressed by Tsao et al. (1989, 1991) by using spindle angle,
instead of time, as the independent variable for repetitive controller
design.

In this paper, we will address the motor/drive sizing from
dynamic loading in variable speed interrupted cunting, present the
angle domain digital repetitive control approach for precise spindle
speed tracking and demaonsirate the expenmental results.

DYN E. M 'SPINDLE DRIVES

rimen m Description Figure 1 shows the schematic
diagram of the face milling experimental system consisting of &
brushless DC motor and a spindle connected by a disc-lign flexible
disc coupling, a pulse width modulated (PWM) power amplifier, an
analog velocity servo controller, a digital conmoller and a tachometer
and an encoder connected to the rear motor shaft.. The digital control
is implemented by an Inte! 8096 based computer, which provides 10-
bit resolution analog to digital conversion, 12-bit resolution digital-
to-analog conversion and 8-bit up-down quadrature counters for
motor encoder. This face milling system is a typical setup of direct
spindle drive sysiems. Three motot/spindle drive dynamic medels
with increasing compiexity are used for different purposes discussed
next
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Figure I  Experimental setup

Made! for Component Sizing In interrupted cutting, The motor and
its drive should be chosen such that required dynamic load can be
praduced. Te this end, a simplified model can be used, which
neglects the coupling spring compliance, the serve controller current
loop dynamics and the tachometer dynamics:

da

J 5 =Te-Td-Bo, (7}

For sizing motors and drives, the application's speed-torque
{w-Te) curve, calculated from Eq. (13, must lie within the specified
speed-torque region of the chosen motor. The application's peak and
continuous torgue should also be smaller than the specified values of
the chosen motors and drives. For instance, speed regulation under
dynamic load from interrupted cutting would require motor/drives to
be able to generate the same cutting load. In speed tracking the
rotational inertial load must also be included in the calculation of
motor/drive size. It is easy to see that the rotational inertial load
increase proportionally with the total inertia and the frequency and
amplitude of speed vanation.

Model for Controller Design For control system design of high

bandwidth closed loop performance, the fast current loop and the
tachometer dynamics should also be considered. Figure 2 shows the
block diagram of this second model, in which Frifs) represents the
transfer function of the current feedback conwoller. Fgis) is a first
order transfer functon representing the tachometer dynamics, (b(5)

= 73+ ° includes the inertial and damping loads, and Frw(s}

represents the servo amplifier's velocity PI controller. The ransfer
function from the command velocity input {/w*, (o the actual spindle
speed output Wa, can be calculated from the motor data in Table 1.
This model is of fifth order and is used for controller design.

Components Paramelers Constants Transfer
Functons
Equivalent B (.02158 kg-m2fs A
DC Brushless J 0.04041 kg-mz J+8
Motor/Spindle Ly 0.0063 H !
Drive Ra 0.45 W Las+Ra
Torque Constant Cwd (.91 Nm/A
Back e.m.i. Cw2 (.91 ¥s/rad
Tachometer Gain Cwt (L0286 Vs
Tachometer Ty 00004 8 1
Dynamic £(5) Tos+i
Velocity Loop Kpw 2R05 ViV Kpwi+Kiw
Controller Frwys) Kiw 2410 5-1 3
Current Feedback Ki 003 VA
Current Loop Gain Ky 13.0 ViV
Current Loop Kpi 240, ViV Kpis+Kif
Controiler £rifs) Kii 1200000.0s-1 ¥
Servo Controller Ke VIV
gain
Current Limil idmax 50 A

Table 1: Motor/spindle drive paramelers

Model for Simulation To get bhigh fidelity to the actual system in

numerical simulation , the third model further includes the coupling
torsional spring between the motor shaft and the spindle shaft. The
total inertia, J, of the spindle system consists of motor inertia J} and
the spindle inertia J2, as shown in Figure 3. Similarly, the lnmped
viscous damping B is broken into motor damping B} and spindle
damping B3. The coupling compliance is modelled as a torsional
spring K. The inertia of the coupling is lumped into the motor inertia
and the spindle inertia. The equarions of motion are

de 426
Te-B;%-K{Q}-BgJ:J}EZi {2)

d8 &9
K (81-62) - 82GF -Ta= 12" F (3)

The transfer function from T¢ to @f can be calculated by taking the
Laplace wransform of Equadon (2} and (3):

Givis) = 7o) )

B J2 32 +B2s5+ X
J1i2 s3 + (JiB2+J2B}) 2+ [T 1+72)K+B1B2f s+ (Bj+82)}

The numerical values of J;_ J2, 87, B2 and k are listed in Table 2.
With this modification in Gjb(s), the block diagram in Fig. 2 applies
to this model identically. This model is of seventh order and is used
in numerical sirmulation.

Figure 2
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Modg! Verifications Figure 4 shows the actual and the three models’
frequency responses from the motor current command I o the

actual speed @y, The first model has close agreement with the actual
system from (.01 Hz up to 30 Hz, the second model has close
agreement up to 100 Hz, and the third model further characterizes the
resonant and anti-resonant modes due 1o the coupling compliance.
Figure 5 shows the close agreement in time domain step responses of
the third model with the experimental results. [t should be noted that
the simulation was able to capture power amplifier current
saturations, which accounts most for the systern limitation in driving
dynamic loads.

DIGITAL QONTROL SYSTEM

Variable Speed Tracking With PI Control We first show that the PI
velocity controller is not capable of tracking time varying velocity
profile. Consider a sine wave reference velocity profile composed of
40 points per period:

UaHkT) = ap + A sin{%}.,
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Figure 4  Frequency response plots
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Motor Shalt Inertia A 0.01256 kyr-m2

Spindle Shaf Ineria 42 0.02785 kyp-m<
Molor Viscous Damping By 0.015 Nom-g
Spindle Viscous Darmnping B2 0.00658 N-m-s
Coupler Spring Constant X 61828.3 N-my/rad

Table 2: Parameters for the mode! with coupling dynamics

where & is an integer index and T represents the sampling interval in
terms of spindle angle, instead of time because of the nature of
interrupt cutting aforementioned. Since the spindle speed will be
varying, the sampling interval, which is fixed in angle, is actually
varying in time. This makes it necessary to use the spindle encoder
counts to trigger the sampling of the real-time software. The
sampling interval used herein is 9 degrees, which make the sine wave
profile in Eq. {5) repeats every spindle revolution.

Figure 6 shows the experimental results for tracking the sine
wave angle function, The reference input at the first five revolutions
is kept constant {300 rpm) and then is switched to the sine wave
reference velocity profile with 120 rpm magniwde and 300 rpm
rominal speed, resulting in about 100 rpm tracking error angd -42 ~
28 Amperes motor current oscillation.

Variable Speed Tracking with Repetitive Controller Repetitive
control algorithin is proposed to rack periedically changing velocity
profiles. The detailed analysis of the swability of the repetitive
controller can be found in Tomizuka et 21.{1990). A brief summary
of the repetitive controller design follows,
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Figure 5  Step response plots
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Figure 6 PIcontoller speed tracking performance

Let the system discrete wansfer function (from the command
input, Ue*, 1o the measured speed output, Wg) be

484! )prl)
Az

dB(z I)
A(zl)

@z’

Girly=
i Uariz )

. {6}

where z is the Z- transform variable of time and 27 corresponds to a
one srcp delay in the ime domain; 4 is the delay of the process;

Bz )contams the zeros on or outside the unit circle and the
undesirable zeros in the unit circle; B¥(z ! J containg the zeros which
are not in B'rz"'), The repetitive feedback controller has the

following form
-y LnR(z ) Fred)
el = S Ty F Ny @
R(Z_1]= 1i\Lmbrm‘;‘l(z 12 B (2)
seh B Yb

b 2 maxy/B (7P

we fo.x]
where N is the number of sarnpling for one period of the disturbance;
ni is the order of the polynomial 87z ™" ), B'(z) is with z substituted
for 2% in B_(z_‘r); Fi{z-1) is a low-pass filter ensuring robust
stability (Tsa0 and Tomizuka 1988). It can be shown that the
controller in Eq.(12) will be asymptotically stable and will

asymptotically mack periodic reference and reject periodic disturbance
if & < La <2 (Tomizuka et al.1990).

By use of the "controiler design model” and the numerical
motor/spindle drive parameters listed in Table 1, the transfer function

from w* to Wa in the continuous-time domain is

W(s)
Jark(s}
_ 2.24¢95%+1.14e135+9.61e14
T P 42.73e457+1.86e855+3.12¢ 1152+1.15¢135+9.61¢ 14

Gfs)=

{8)

In order to design the repetitive controller in the angle
domain, the plant model should aiso be represented in terms of angle
(Tsao et al. 1989). To do so, first consider the state-space realization
?f the system, The state equations in time domain have the following

orm:

=9
=

=[A] ¥ + [B] Uw* (9)

: o

(W
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Figure 7 Repetitive controller speed acking performance

where X represents the state variables such as spindle velocity w
and motor current ig; fAJ represents the process state matrix; {B)}
represents the input matrix; {C} is the output matrix. Dividing both
sides of Eq.(9) by w, we get the state equation for the motor/spindle
drive in the angle domain:

ax

49 (10}

=i{,-'A} X+ [B] Uw*}
o

Equation (10) is a noniinear system because ¢ is a state
variable. To facilitate the repetitive controller design, which is based
on a linear model, we lineanze Eq.(10) at a nominal operating speed,

ay. Denoting © as the Laplace transform variable of the motor angle

8, we can derive the linearized model of Eq.(10) in transfer function
form:

Say = -Gl ) SUgp , {11)

where 8 represents the variations from the nominal values. It is noted
that the small signal transfer function from &/ w* 1o Sy can be
obtained simply by replacing s in Eq. (8) by apc. If the nominal
speed is 300 rpm, the wansfer function from &/ a* to Swy in the

angle domain is as follows: {The variations § is dropped hereafter for
the convenience of presentation.)

~ 7.22e40%+1,17e70+3.14¢7
F+8700% +1.88e5 +1.0eT08 +1.19¢70+3.14e7

(o}
Uar{0)

f12)

For % degree sampling interval, the system discrete transfer
function with zero order hold is:

B{z} __afz)

Afz} T ygpz)
0.18524-0.10127-1.22¢-2:2+4.71-9242.05¢-24
T 2517627 +0.8362°-3.66e-622+3.48¢-217 -2.78e-37

t13)

Here, z represents the Z-ransform variable of spindle angle and 1
corresponds to one-step delay in the angle domain; i.e. 9 degree
delay.

By applying Eq.(7), the polynomials R(z“') and S(z'1) can
be found:

Riz T y=z-39(1 - 17621+ 0836272 - 3.66¢-623 + 3.48e-2127 .
2.78e-37z75)

Sz71)=0.185-0.10127-1.22e-2: 244,71 923 420562427 (14)
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-1
A low-pass filter F(z'i) = % is applied in the
controller, Eq. (7), to ensure robust stability against unmodeled
dynamics, mainly the torsional spring of the coupling, and the angle
domain nonlingar dynamics.

Figure 7 shows the experimental results of repetitive control
for tracking the same velocity profile in Eq. (10). The repetitive
controller is not turned on unti! at the end of the fifth revolution. The
eITor signal converges to near zero within five revolutions and the
motor current oscillation is within -20 ~ 24 amperes, smaller than that
of the previous PI control case. Although the controller desi gnis
based on an approximarte linearized plant model, the experiment
resulis shaw that the closed loop system is stable and the tracking
performance is far better than that of PI control. Tt should be noted

that the repetitive controller is not only able to track periodic velocity
profiles but it is also capable of rejecting periodic disturbances as
occurred in interrupt cutting.  This will be demonsirated by face
milling examples in the next, where the interrupted cutting torque
introduces a periodic disturbance to the system.

EXPERIMENTAL RESULTS IN FACE MILLING
Speed Regulation in Intermupted Flyoutting The repetitive controller

was applied to regulate the spincle speed in interrupted flycutting.
Figure 8 shows the signals of the third case of a series experiments
with four different cutting conditions listed in Table 3. The reference
speed was set to 300 rpm. At the first 1en revolutions, the analog PI
control was intact and the repetitive controller was not activated. The
spindle speed osciilated berween 200 and 420 rpm. and the motor
current saturated at 50 Amperes. The repetitive controller was
activated after the tenth cutter revolution and the speed oscillation
was eliminated in two cutter revolutions, Also noted is the graceful
behavior as the cutter exits from the workpiece at around 1600ih
samples.

As an excursion from our subject, worth noting is that cutting
torque and the cutting stiffness constant Kt can be easily estimated
from the motor current when the cutting speed can be well regulated
8o that inertial load is eliminated. 1n this case, the left hand side of
Equation (1} is zero:

faCwj-Tepyt -Bw=10 {15)

Assuming that there is only single tooth immersion, ,which is the
case of fly cutting, the cutting torque. Ty . equals to the tangential
cutting force, Fy, times the curter radius, R.
Teur = FrR t16)

Furthermore, the cuniing force is dependent on the chip area by a
proportional constant, the so called cutting satfness constant:

Fy = Ky -dfrsin(0), (17)
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Test frimm) | dimm) | wirpm) | iamar (A) | K¢ (N/m2)
1 0.254 1.270 300 24 1,29¢0
2 0.504 1.270 300 40 1.09c9
3 0.635 1,270 300 43 9.39e8
4 0.508 1.524 300 43 9.78¢8

Table 3: Calculated cutting process gain for Aluminam 390

where Kt is the cutting sdffness constant, 4 is the depth of cut and ft
is the cutter feed per tooth. Combining above equations we have

rzian;'—Ba) (18)
d R ft sin{B)
At the maxirmum tangential force, Eq.(18) can be simplified:
1 I-B
K; = iamgy Cw [4)] (19)

d R fy

Table 3 shows the Ky computed for different cutting
conditions by using this method.

ing in 1 li-Tooth ing The
repetilive controller was applied to track the speed profile specified
by Eq.(5} in interrupted multi-tooth (4-tooth) cutting. Figure 9
shows the experimental resulis with the nominal speed wg at 300
pm and the amplitude A = 50 and 125 rpm, respectively., The
repetifive conmoller was not activated until the end of fifth revolution.
For the case of tracking 50 rpm. amplitude wave, the speed tracking
errors converged rapidly 1o near zero in four revolutions. For the
case of 125 rpm. amplitude wave, the error converges to zero much
siower mainly because the actual system now deviates from the small
signal model assumed in the controller design. Note that the motor
current wave forms generated by the repetitive controller not only
have the one revolution period oscillation for generating the dynamic
inertial load, but also have four ripples in every revolution for
compensating the disturbance load from the four-tooth face mitling.
As can be expected, the periodic speed wvariaton, which is
synchronized with the cutter rotation, modulates the chip load and
therefore can generate a runout like cutting force waveform. This is
evident in Figure 10, in which the vertical cutting force (see Figure
1, in the direction normal to the feed axis and the spindie axis) is
shown with the corresponding spindle speed waveforms. This also
implies that the uneven chip load effect of cutter runout can be
compensated by proper variable speed waveforms (Tsao and Pong
1990)

CONCLUSIONS

The purpose of this paper has been o demonstrate that
precise speed regulation and tracking in interrupted cutting can be
achieved by applying repetitive control algorithm. The following
conclusions can be made from this study:
{1} Interrupted cutting has the characteristic of generating a cutter
angle dependent periodic disturbance to the spindle drive. For
precise speed regulation and tracking, the spindle drive and its
control must be able 10 compensate this type of disturbance and (for
tracking) dynamnic inertial load.
(2) The limiting factors of motor/drives performance in precise speed
tracking and regulation in interrupted cutting include motor/drive
speed-torque curve, current loop performance and velocity loop
performance. With the superior velocity loop performance of the
angle domain repettive controller presented in this paper and the fact
that presently available current loop bandwidth is over 1000 Hz., the
only limiting factor remained is the motor/driver speed-torque
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capability. However this should not be a problem, even to the higher
speeds and heavier cutting situations than what have been presented
in this paper since large encugh size motor/drives can be chosen.
Therefore, the approach presented herein should be applicable to
industrial heavy load interrupted cutting sitnations.

{3) Spindle angle domain digital repetitive control algorithm was
presented, which effectively tracked and rejected spindle angle
dependent periodic signals. Although the repetitive controller is
derived based on a linearized smail signal model, experimental
results show that it can maintain the desired performance over a fairly
large signal regime.

(4) Large speed oscillation over every spindle revolution can be
achieved, implying that the concept of variable speed machining for
programmable uneven insert spacing and for runocut compensation
can be implemented.
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