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1 Introductiion

The traditional way of utilizing a lathe is to cut the
workpiece in circular cross sectioned shapes: i.e., the radial
tool position is fixed in the direction normal to the surface of
workpiece and the work surface can be represented by a “‘sur-
face of revolution.” However, it is possible to produce the
cross sections of the workpiece with arbitrary shapes, if the
tool position is controlied in this radial direction and its mo-
tion synchronized with the spindle angular position. We call
the production of such surfaces by a machining operation
noncircular cutting (Higuchi et al., 1984).

Noncircular cutting offers a number of advantages in
manufacturing. Traditional approaches to prepare workpieces
with irregular shapes have been casting or forging, which re-
quire a fina! finishing process to attain necessary surface finish
or dimensions. Noncircular cutting allows us either to machine
the part completely or to finish a certain class of irregular-
shaped workpieces on the lathe. This yields a significant
reduction in time and cost to produce such workpieces as well
as introduces new flexible manufacturing techniques to a
variety of difficult to produce components.

In order 1o establish noncircular cutting as a reliable and
useful machining technique, it must be studied carefully both
from control viewpoint and metal-cutting viewpoint. From the
viewpoint of control, the servo controller for fast tracking of
desired time varying output signals is of fundamental impor-
tance for accurate finished dimensions, From the viewpoint of
metal cutting, consideration 1o the design and control of cut-
ting tool geometry is imporiant since the relative angle be-
tween the tool and the workpiece will vary during the machin-
ing. For each group of workpiece materials {ferrous, nonfer-
rous, nonmetatlic), there is generally a set of optimal tool
angles in turning (Kalpakjian, 1984).

This paper is concerned with the first problem: i.c., design
and implementation of the tracking servo controller. Two
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is obtained by a least squares method applied to input and output data. The model is
used for designing digital Jeedback and Jfeedforward conirollers. The zero phase er-
ror tracking control algorithm is applied as a Seedforward control law for position-
ing of the tool along desired time varying signals. The effectiveness of the proposed
controller is demonstrated by experiment and simuiation.

kinds of tracking controliers are considered: one for tracking
the desired signals which can be represented as combinations
of sinusoidal components, and the other for tracking arbitrary
shaped desired signals. In the latter case, the controller is
based on the idea of the zero phase error tracking algorithm
(Tomizuka, 1985).

The remainder of this paper is organized as follows. The
next section describes the experimental setup for noncircular
cutting. Section lIL presents modeling and identification of
dynamics involved in noncircular cutting. The design of con-
troller along with simulation results is presented in Section IV
followed by experimental results in Section V. Conclusions are
given in Section VI

NI Experimental Setup

Figure { shows the experimental system which consists of a
PDP-11/23 microcomputer, interface hardware and TREE-
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Fig. 1 Experimental setup
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Fig. 2 Specliication of

{reulsr cross-sectionsl shape

UP 1000 lathe. The tool carriage, i.e., the tool, is driven by a
DC motor. Primary functions of the PDP-11/23 are digital
control and data acquisition. As defined in the figure, y
represents the radial direction normal to the workpiece surface
and x the axial direction. ¢ is the spindle angle. Experiments
reported in this paper were conducted at the spindle speed of
93.7 rpm. The low spindle speed resulted from a limited band-
width attainabie from the existing DC servo motor for y-axis
motion control.

If we specify the cross-sectional shape of workpiece by a
series of points as shown in Fig. 2, the combinations of the
spindle speed, n, rpm, and a required number of points to
describe the cross-sectional shape, N, determine the upper
limit for the sampling period for digital control, 7, by

T=1/{n/60)'N,is

In this paper, the sampling period and N, are, respectively,
0.01 s and 64, which give a spindle speed of 93.7 rpm ac-
cording to the above formula.?

Il Modeling and Identification

In order to design the tracking controller for the tool car-
riage, i.c., tool, a dynamic model for carriage motion is re-
quired. Since the control algorithm will be implemented on
computer, a discrete time modeling approach is considered.
Furthermore, based on preliminary experiments, a third order
discrete time transfer function model is judged to be ap-
propriate for the sampling period of 0.01 s: i.e.,

yik) g 'Bg") g '(bo+big ' +bg”?) )

u(k) Alg™h 1+a, ¢~ +a;9 +ayq~?
where the input, u(k}, is the D/4 output of the computer,
whick becomes the reference input to the existing analog
velocity servo controller for the y-axis motor, the output,
y{k), is the tool position, and ¢! is a one step backward shift
operator. Notice that the input output relation given by equa-
tion (1) can also be represented as

3 2
ylk) =~ Y ay(k—+ 3 bulk=)) @
im] Fm0

The parameters in this model, a,”s and b;'s, were estimated
by a standard least squares method (e.g., Astrom and Witten-
mark, 1984) applied to input and output data. To ensure the
frequency richness requirement for the input signal for
parameter convergence, the input was a pseudo random
binary signal (Eveleigh, 1967).

Based on the identified parameters, the poles and zeros of
the transfer function are:

Poles=1.0, - 0.32+0.45/, —0.32-0.45/, j=v -1
Zeros= -0.77, —2.43

2Slrn[.vljrlg is initiated by the interrupt signal generaled based on the spindle
axis encoder. Actual values of T and Np ue subjecred small varations.

Journal of Dynamic Systems, Measurement, and Control

Piant

¥4 [Feedforward| 7k} + Feedback q°B@’) | wk)
Controller - Controller [ A i
| |
1 BN }
- A o
Closad Loop Transfer Function
Fig. 3 Controlled ptani under fesdbackiesdiorward control
15
1.0
=2 05+
»
o
2 0.0
£
g -osf
E
1.0F
1.5 i s £ ]
-t.5 -t.0 05 00 05 10 15
Real Axis

x: Open Loop Pole
o: Open Loop Zero
w: Closed Loop Pole

Fig.4 Closed loop root locus for varying proportional tesdback control
gain K

The pole at 1.0 is due to integration from velocity to position
in the open loop dynamics from (k) to y (k). Notice that the
system possesses one unstable zero, which must be taken into
consideration in the design of tracking controllers (Tomizuka,
1985).

1V Controller Design

Both feedback and feedforward controllers for carriage mo-
tjion are required in the radial direction normal to the
workpiece surface for successful noncircular curting (see Fig.
3). The feedback controller is for regulation against distur-
bances and the feedforward controller for positioning the tool
along the desired time varying output signal y,,.

As a feedback controller, a simple proportional controtler
was adopted. The proportional control gain was determined
based on the root locus plot in Fig. 4. For a selected propor-
tional control gain of 16.7, the closed loop poles are at —0.14,
0.15+0.157 and 0.15 - 0.15/. Notice that the closed loop zeros
are at the same places a5 the open loop zeros. Figure 4 shows
the frequency response of the closed loop system. While the
frequency gain plot is reasonably flat to approximately 100
rad/s, an appreciable amount of phase shift is apparent,
which degrades the tracking performance. To improve the
tracking performance, a feedforward controller is required for
compensating the dynamic delay in the closed loop system.

If the desired signal is composed of sinusoidal components,
the feedforward controlier may simply scale the magnitude
and Jead the phase of each sinusoidal component based on the
frequency response in Fig. 5 so that the frequency response of
the overall system, i.e., the feedforward controiler followed
by the closed loop system, becomes unity at that frequency.
This principle is illustrated in Fig. 6.

Another approach to the design of feedforward controllers
is based on pole-zero cancellation and phase cancellation. If
the feedforward controller can cancel all the closed loop poles
and zeros, the overall transfer function from the desired signal
1o the tool position becomes 1 and the tool position can foliow
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any desired signal perfectly. However, this simple approach
cannot be utilized in the present problem because of the
unstable zero at —2.43. As shown by Tomizuka (1983), the
zero phase error tracking controller (ZPETC) ensures a
superior performance of tracking arbitrary shaped signals
under presence of unstable zeros.

Figure 7 shows the block diagram of the tool positioning
system with ZPETC. In Fig. 7, the closed loop transfer func-
tion is represented by

“1B.(q™") _q~'Big™ "Bz (a7)) o
Afq™") A(g™h)

where BXg~')}=k.(1+0.77¢"") includes the stable zero at
~{0.77 and the scaling factor k., B {(g~')=1+2.43g"" in-
cludes the unstable zero at —2.43 and A {g~') is
(1+0.14g%) [1+(=0.15-0.15)g-"] [1+(-0.15
+0.150g"']. As shown in the figure, ZPETC generates the

reference input to the closed loop system, u,(k), from the
desired output signal, y,, (k), by

Gc(q-’)= g
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where B.1g) =1+2.43g. The overall transfer function from
¥ (k) to y (k) then becomes
BIg "B (¢) - (1+2.43g 1)1+ 2.43q)
B- (1) 12 {(3.43y

From equation {(4), ZPETC cancels all the closed loop poles
and the zero at — 0.77. For the uncancellable zero at —2.43, it
provides a dynamic compensation so that the phase shift from
the desired output y,, to the actual output y is zero for all fre-
quencies, 0<w<s »/T where T is the sampling time, which can
be checked by evaluating the frequency response of the overall
transfer function given by equation (5). Figure 8 shows the fre-
quency response. As shown in Fig. 8, the frequency response
gain characteristics are flat in the low frequency region.
Therefore, a superior tracking is expected for desired trajec-
tories which do not contain high frequency components. For
example, in an extreme case of cutting a square by lathe,
which is not possible in actual cutting under any cir-
cumstances, a simulation study shows that ZPETC misses the
corner points about §.8 percent (see Fig. 9); otherwise tracking
is perfect on the edges.

From equation (5}, ¥ (k) is written as

yk)=[2.43p, (k+ 1)+ 6.9y, (k}

+2.43y, (k- 1)1/11.76 ®
Equation (6} can be utilized in several ways. For cxa.mplg,
given a desired trajectory, it can be used for off-line analysis
of the maximum error, It can be also utilized for the design of
desired trajectories so that the error does not exceed a

prespecified limit. Notice that from equation (6) the tracking
error due to ZPETC at time &k is

Y(K) ~ Y (k) =12.43y,, (k +1)—4.86y, (k)
+2.43y,, (k- 1}/11.76 g

U, (k)= Y (K+1) 4)

Gg = (5}
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Y Experimental Results

Because of a low spindle speed of 93.7 rpm, cutting ex-
periments were performed with polyethylenen workpicces.
Figure 10 shows the experimental result for a specified cross-
section which is a semicircle jointed by a semieilipse. For this
desired trajectory whose spectrum is concentrated in the low
frequency region (see Fig. 11), the actual tool position remains
close to the desired. Figure 12 shows the finished warkpiece.
The largest diameter of the specified shape was 1.75 in, (44.45
mm) and the maximum error in the experimental result was
0.025 in. (0.635 mm) which was 10 times larger than the error
in simulation with the identified plant model given by ¢qua-
tion (2). Since ZPETC is based on pole/zero cancellation and
phase cancellation, it is sensitive to model/plant mismatches.
The error amplification is attributed to model/plant mis-
maiches. An adaptive version of ZPETC has been developed
to overcome the problem mentioned above (Tsac and
Tomizuka, 1986},

A number of other shapes including twists along the axial
direction have been tried. Figure 13 shows the finished
workpicces when cross-sectional shapes were described by

Fm (¥) =c+asin(yn + kx) %

where n corresponds to the number of lobes on the cir-
cumference of the part, and k is the rate of twisting along the x
axis direction as defined in Fig. 1.

V¥l Conclusions

The paper described the design and implementation of the
digital control algorithm for cutting workpieces with noncir-
cular cross sections by a lathe. The feedforward controller is
the most important element in the present digital control ap-
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plication. Two feedforward controlters, onc based on
magnitude and phase compensation for a particular frequency
and the other based on ZPETC, have been proposed. ZPETC
was demonstrated to be an effective method of noncircular
machining.

Although the experiment supported the effectiveness of the
proposed control approach, there stiil rernains a oumber of
problems which must be addressed from the viewpoint of con-
trol. One problem is associated with the bandwidth of the DC
servo system for y-axis tool motion control. In order to cut
metal, the spindle speed of 93.7 rpm is too slow. A hydraulic
actuator will soon be installed on TREE-UP 1000 lathe to in-
crease the bandwidth at least by 10 times. As stated in the
previous section, the performance of the zero phase error
tracking controller depends on the accuracy of model. Evalua-
tion of the adaptive zero phase error tracking controller for
noncircular machining is in progress.
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