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Simulation is increasingly being used as an educational tool in manufacturing classes, especially in
the area of automation. However, no simulator currently exists that integrates all aspects of a
machining workstation (i.e. physical machine, cutting process, and controller software and
hardware) into one simulation in a modular manner. In this paper, the architecture of an
integrated, modular machine tool simulator is introduced. This architecture provides the structure
to create machine tool simulations with modular components that may be efficiently modified as
required. Further, this architecture provides for an integrated machine tool simulation where the
interactions between the machine, process, and controller may be efficiently investigated. A detailed
two-axis lathe simulator is created from this architecture and examples are provided to present the
performance and utility of this simulator as a tool for manufacturing automation education.

INTRODUCTION

SIMULATION is increasingly being used as an
educational tool in manufacturing classes, espe-
cially in the area of automation. Simulation tools
allow students to incorporate complex effects (e.g.
nonlinearities such as Coulomb friction) into their
analyses; effects that are often not accounted for
during the initial design stage. However, most
simulations are typically applied to one specific
component. For example, the student may use a
model of a servomotor to develop and simulate a
controller to regulate the servomotor velocity.
Currently, no simulator exists that allows students
to efficiently integrate all aspects of a machining
workstation (i.e. physical machine, cutting process,
and controller software and hardware) into a
single simulation, thus, providing a tool to analyze
the complex interactions that occur between the
machine, process, and controller.

There has been an abundance of work in the
area of manufacturing simulation [e.g. 1-5] that
has largely been focused at the system level (i.e.
coordination of multiple machines). Simulation
has also been applied to the process planning
level. Chui and Wright [6] created Internet-based
tools such that a remote user could plan a machin-
ing operation, simulate the performance, machine
the part, and download measured process data. A
web-based tool called OPENFRONT is currently
being developed to allow users to efficiently recon-
figure setup at the factory level [7]. Web-enabled
virtual machining was also conducted in Qiu et al.
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[8] and Ong et al. [9]. Min et al. [10] augmented
virtual factory simulations with the integration of
real-time machine tool data. Stori et al. [11]
presented a methodology for incorporating simu-
lation feedback to fine-tune mechanistic process
models to optimize machining process plans. For
machine tools, simulation is often used to design
individual system components (e.g. spindle, servo-
mechanism control algorithm) or to analyze a
specific process phenomenon (e.g. tool wear, chip
formation). Very little, if any, simulation is
performed of the complete machine tool.
Improvements in computing power and effi-
ciency have led to marked advancements in
machine tool simulation in the areas of servome-
chanisms, tool path verification, and metal cutting
processes. Servomechanism simulations have been
used in predicting servo drive performance and in
designing controllers. The power of these simula-
tions is that nonlinear effects such as stiction and
backlash may be included [e.g. 12]. This informa-
tion is useful in sizing drives for machine tool
applications. Servomechanism drive simulation
has also been used as a means of optimizing
control laws and minimizing motion errors [13].
Machine tool path verification is the process of
determining the path of an end effecter from a part
program [14]. Through the inclusion of solid
modeling techniques (e.g. boundary representa-
tion, constructive solid geometry) simulators have
begun to add visualization of the actual machining
process, illustrating the effect of a particular tool
path on a part through the completion of a part
program [15]. Huang and Oliver [16] built a simu-
lation that shows tool paths and geometric errors.
Simulations wusing solid modeling techniques
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have also been extended to include predictions of
material removal rates and provide an assessment
of force, torque, and dimensional error [16, 17].
Simulation in the machine tool industry is, by and
large, verification of part programs [e.g. Applicon
Bravo NC, EdgeCAM, MTS CNC Simulator
Turning, Sirius NC Verify and Machine Simulator,
and I-DEAS SmartCAM]. These simulators do
not account for servomechanism and structural
dynamics, geometric and thermal errors, and
metal cutting phenomena. Johnikin er al. [18]
developed a comprehensive simulation of machine
tool physical components. In this work, the simu-
lation was developed in a modular manner such
that it could be easily reconfigured.

Simulation has served as a means of predicting
the process phenomena associated with various
machining operations such as drilling, milling,
and turning. Common process characteristics
examined in simulation include cutting force, chat-
ter, etc. Researchers such as Stephenson et al. [19]
developed a methodology to translate generalized
force models into models specific to particular
machining processes. Using this methodology,
generalized models based on the empirical equa-
tions for force or pressure normal and parallel to
the rake angle of a tool are first created, and then
forces specific to processes such as drilling or
milling can be calculated using geometric transfor-
mations. In this manner, process models for differ-
ent machining operations can be developed from a
single database of cutting force data and subse-
quently simulated. The process phenomenon
known as chatter has been simulated for many
machining operations. Chatter is a regenerative
vibration caused by an unstable interaction
between the dynamics of the machine structure
and the force process [20], and simulations of this
phenomenon have been developed for processes
such as turning [e.g. 21] and milling [e.g. 22].
Machining simulations have been conducted in
an attempt to predict the onset and amplitude of
chatter, and to simulate the efficacy of chatter
suppression techniques such as spindle speed vari-
ation. Characteristics of the surface profile have
also been addressed in milling processes [23] and
simulations have been conducted to demonstrate
improved methods of surface error prediction that
take into account conditions where tool deflections
significantly affect the chip load. Researchers have
also explored the use of process simulation to
determine optimal machining parameters such as
feedrate and spindle speed for a given set of
process criteria. Some simulators that have been
created specifically for machining processes
include EMSIM (end milling), FMSIM (face
milling), DRSIM (drilling), and TAPSIM
(tapping) [24] and CutPro (milling and structural
testing) [25]. Fang [26] built a computer simulation
and animation of a turning process that calculated
variables such as cutting power and tool wear and
animated the chip formation process.

Simulations that encompass entire machine

tools (including control, machine dynamics, and
process dynamics) have also been developed. This
comprehensive approach was used in developing a
simulation for a NC milling station that also
included the effects of discretization in sample-
data systems [27]. Chen er al. [28] created a
simulation of a CNC lathe that included servo-
mechanism and process components. But often
simulations such as these are limited in that they
can only provide information about one particular
machine tool configuration. A comprehensive
simulation of a turning operation has also been
developed, with a limited level of reconfigurability,
for a CNC lathe [29]. The simulator developed in
this research presented a parameterized machine
tool with servo-axis dynamics that could be
augmented to include non-linearities such as fric-
tion and backlash, and a PID controller that could
be extended with process control algorithms. This
approach allowed for a variety of different simula-
tion configurations. However, this simulator did
not allow the user to easily integrate their own
models into the simulator.

In this paper, the architecture of an integrated,
modular machine tool simulator is introduced. A
detailed two-axis lathe simulator is created from
this architecture and examples are provided to
present the performance and utility of this simu-
lator as a tool for manufacturing automation
education.

MACHINING SIMULATION
ARCHITECTURE

This section presents an architecture for inte-
grated modular machine tool simulation. Machin-
ing workstations can be divided into three major
systems: physical machine, cutting process, and
controller. The physical machine consists of
components such as the part, cutting tool, struc-
tural components (e.g. base, column), spindles,
linear axes, and rotary axes. The physical machine
determines the relative motion (i.e. position and
velocity) between the cutting tool and the part. The
cutting process consists of the phenomena that
occur due to the contact between the cutting tool
and part (e.g. force generation, tool wear). The
controller consists of the software algorithms that
monitor and regulate the physical machine and
cutting process and the hardware that interfaces
the sensors and actuators with the computer
processor. The general architecture is presented
in Fig. 1. Note that some components may be
decomposed into finer pieces when the architecture
is utilized for a specific machining process. For
example, a linear axis may be decomposed into the
motor, leadscrew, table, and encoder.

In the simulation, the physical machine compo-
nents, cutting process phenomena, and controller
hardware components are modeled via differential
(or difference) equations. In an actual machine
tool, the controller is connected to the actuators
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Fig. 1. Architecture of machine tool simulator—general (left) and two-axis lathe (right).

and sensors via wires and the machine-cutting
process interactions are due to the physical contact
between the cutting tool and the part. In the simula-
tion, all components are connected via input and
output data. The data flow is shown in Fig. 2 for a
machine tool simulator that includes a machining
force process and a force controller. The inputs are
the part program and the process references, in this
case a reference force. The interpolator determines
the reference spindle speed and axis positions. The
spindle and axis controllers utilize these references
and the measured speed and positions, respectively,
to calculate motor voltages. The actual speeds and

positions determine process variables (e.g. feed,
cutting speed, depth-of-cut). These variables deter-
mine the state of the process phenomena. The
measured process phenomena are input to the
process controllers that subsequently adjust the
reference process variables in the interpolator.
This cycle is repeated until the tool reference
positions coincide with the final position of the
last part program block and, thus, the simulation
is complete.

In addition to the machine tool systems (i.e.
machine, process, and control), an efficient simula-
tion will require graphical user interfaces (GUISs)
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that allow the user to easily develop, or reconfi-
gure, the simulation and visualize the results. The
simulation development will include creating
models of each component, selecting model para-
meters, loading G&M code, selecting simulation
parameters (e.g. sample period), etc. During the
simulation, pertinent data are saved at each sample
period and the simulation presents data to the user
informing him/her of the simulation progress.
After the simulation, the stored data may be
graphed for analysis.

This simulation architecture provides a systema-
tic means to integrate machine tool systems (i.e.
machine, process and control) such that the
complex interactions between these systems may
be investigated. This architecture also provides a
modular simulation structure such that machine
tool simulations may be efficiently developed and
modified as required.

TWO-AXIS LATHE SIMULATOR

The general machine tool architecture presented
above is employed in this section to create a two-
axis lathe simulator. The architecture is shown in
Fig. 1. The physical machine consists of a spindle
and two linear axes: one that moves along the
longitudinal direction of the part (z-axis) and one
that moves along the radial direction of the part
(x-axis). The cutting process includes machining
force, tool wear, and surface finish. The controller

software algorithms include an interpolator, spin-
dle and axis controllers, force/torque controller,
and contour controller. The controller hardware
components include digital to analog (D/A)
converters that send command voltages to the
spindle and axis motors and analog to digital
(A/D) converters that receive information from
the tachometer and force sensor. The simulation
in this paper is developed in Matlab, a powerful
and popular platform with excellent computa-
tional, programming, and visualization capabilities
that is used widely in engineering schools. Each
component model is a function and stored in an
m-file. In this paper, fourth-order Runge-Kutta
numerical integration is employed to simulate all
differential equations. For user-defined models
(see below), other numerical integration schemes,
or the built-in Matlab routines, may be utilized.
Several interfaces are built with graphical objects
such as buttons, text fields, sliders, and images:
objects with which most computer users are
already familiar.

The simulator main window is shown in Fig. 3.
There are buttons to select the part program,
configure the spindle, axes, force process model,
process controller, and the part and cutting tool,
and to view the simulation results. The RESULTS
button is inaccessible until a simulation is
complete. Each component is described below.
When the user first enters the simulator, default
models and parameters are given for each com-
ponent. As the user builds their own unique
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simulation, they may save it via the SAVE button
and then access a saved simulation at any time
using the LOAD button. Once the user has selected
a part program, the SIMULATION button becomes
accessible. During simulation, this button becomes
a STOP button that may be used to halt the
simulation at any time. Note that even if the
simulation is halted prematurely, the data is still
stored and is accessible to the user. The machining
process is visualized on the main window during
simulation. On a graph, there is a block that is half
the raw stock, a dashed line that is the reference
tool tip position, and a solid line that is the
simulated tool tip position. During the simulation,
the user may see how well the actual tool path is
tracking the reference tool path and the shape of
the final part as it is being processed. There is a
progress bar that shows the simulation progress
and the machining time is also displayed. The
HELP button opens an extensive help file and the
EXIT button may be selected to exit the simulation
program.

Part program

Selecting the PART PROGRAM button creates
a GUI (Fig. 4a) with three buttons: LOAD G&M
PROGRAM, TAPER CUT, and STRAIGHT CUT.
Selecting the LOAD G&M PROGRAM button
allows the user to access a variety of text files
that contain part program written in G&M code:
machine code that specifies the overall motions
and sequence of events to perform the machining
process. Currently, acceptable codes include: GOO,
rapid traverse; GO1, linear motion; G02 (G03),
clockwise (counterclockwise) circular motion
(both G02 and GO03 may use IJK or R method);
G18, circular motion plane in x—z plane; G90
(G91), absolute (incremental); G70 (G71), inches
(millimeters); G96 (G97), constant surface (spin-
dle) speed; MO3, turn spindle on clockwise; M04,
turn spindle on counterclockwise; MO5, turn
spindle off; X, Z, position of x and z-axes [m],

respectively; F, feedrate [mm/min] or feed [mm]; S,
spindle speed [rpm] or surface speed [rad/s]. When
the user selects G&M code, a translator function is
utilized to decompose the G&M code into vectors
of information that drive the simulation. Selecting
the TAPER CUT or STRAIGHT CUT buttons
allows the user to select the geometry and process
variables for a simple taper cut or straight cut,
respectively. The TAPER CUT GUI is shown in
Fig. 4b.

Interpolator

The function of an interpolator is to calculate
the reference points at each sample period for the
machine tool axes during all movements. The
INTERPOLATOR button allows the user to select
either a constant velocity or a constant accelera-
tion interpolator. A constant velocity interpolator
utilizes a constant reference feederate throughout
the movement to calculate the reference positions.
A constant acceleration interpolator utilizes a
reference feedrate that linearly increases and
decreases at the beginning and end, respectively,
of the movement, and is constant in the middle, to
calculate the reference positions. The acceleration/
deceleration value may be set by the user. Note
that the reference feederate is proportional to the
product of the reference feed and spindle speed.
These values may be adjusted by the process
controllers described below. Therefore, the inter-
polators are programmed such that the reference
feedrate, given in the part program, is recalculated
when the reference feed and spindle speed are
adjusted by the process controllers.

Spindle

The SPINDLE GUI (Fig. 5) allows the user to
modify the physical spindle components (i.e.
motor and spindle), tachometer, spindle controller,
and A/D and D/A converters.
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The user is provided with the following analy-
tical spindle model:

1

I = E [Ka( Vc — Kmtuc‘hwm) - Kvw’”] (1)

(S + K2J)dom + (B + K2 By)wy,
=K I — Ty — K(Ty + Ta) (2)
wy = Kswy, (3)

where 7 is the DC motor current [A], R is the DC
motor resistance [2], K, is the amplifier gain, V. is
the DC motor input voltage [V], K,uen 1S the
motor tachometer gain [V/(rad/s)], w,, is the spin-
dle angular velocity [rad/s], K, is the motor voltage
constant [V/(rad/s)], J,, is the DC motor mass
moment of inertia [kgm?], K, is the spindle gear
gain, J; is the spindle mass moment of inertia
[kgm?], B,, is the motor viscous friction [kgm?/s],
B, is the spindle viscous friction [kgm?/s], K, is the
motor torque constant [Nm/A], 7 is the motor
Coulomb friction torque [Nm], 7 is the spindle
Coulomb friction torque [Nm], 7, is the processing
torque acting on the spindle [Nm], and w; is the
spindle angular velocity [rad/s]. The motor current

is saturated; therefore, if 1> I.x, then I=1,.,
and if I < I;,, then = I;, where I, and I,.,;, are
the motor maximum and minimum current [A],
respectively.

The user may also select an empirical spindle
model of the form:

TWs +wy = KV, — K; Ty (4)

where 7 is the time constant [s], K is the voltage
gain [(rad/s)/V], and K; is the disturbance torque
gain [(rad/s)/Nm]. Coulomb friction torque is not
incorporated into this model. Empirical models are
created using experimental data and are required if
analytical modeling is not feasible. The user may
also create their own spindle model. The process of
creating a user-defined model is provided below.
The spindle controller compares the sensed and
reference spindle velocities, computes a control
signal (i.e. voltage), and sends the signal to the
spindle motor amplifier. The default controller
structure is PID (i.e. proportional, integral and
derivative) and is given by the following equation:

t
Ve=K,e+ KiJ e(t)dt+ Ky.é (5)
0
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where V. is the command voltage [V], e=w, — w;
[rad/s], w, is the reference spindle speed [rad/s], and
K,, K; and K. are the controller’s proportional,
integral, and derivative gains, respectively. The
controller also saturates the command voltage
between the minimum and maximum voltages of
the D/A converter (discussed below). This satura-
tion provides for integral antiwindup. The user
may also create their own spindle controller. A
D/A converter transforms the control signal into a
voltage to send to the spindle motor. The D/A
converter saturates the voltage between V,,;, and
Vmax and quantizes the signal with a resolution of
(Vmax — Vmin)/(2" — 1) where n is the number of
bits. The parameters Vi, Vmax, and n may be
selected by the user.

A tachometer transforms the actual spindle
angular velocity values into a voltage. This voltage
is sent to an A/D converter where it is subsequently
transformed into the measured spindle angular
velocity. Three types of noise can be injected into
the tachometer voltage signal: white noise, bias,
and ripple. The user may set the characteristics of
the noise signal (e.g., amplitude, frequency) and
may combine the different types. An A/D conver-
ter transforms the voltage signal into a digital
signal in the computer processor. The A/D conver-
ter saturates the input voltage between V., and
Vmax and quantizes the signal with a resolution of
(Vmax — Vmin)/(2" — 1). The signal is subsequently
transformed into the units of rad/s via the tach-
ometer gain. Again, the parameters Viin, Vinax
and n may be selected by the user.

Axes

The AXES GUI allows the user to modify the
physical linear axis components (i.e. motor, lead-
screw, and table), encoder, linear axis controller,
and D/A converter. The user is provided with the
following analytical linear axis model:

1

I= E [Ka(VC - I(mtachwm) - K, wm] (6)

Jd)m +me = KII - T} - K/Tb - K[p(Tfa +Fd)
(7)
V=X=w,Kp (8)

where J = J,, + K2J; + K?p*m [kgm?],
B =B, + KB + B'p*B,

J; is the leadscrew mass moment of inertia [kgm?],
K; is the leadscrew gear gain, [N/(m/s)], p is the
leadscrew pitch [m/rad], m is the linear axis mass
[kg], B, is the leadscrew viscous friction [kgm?/s],
B, is the axis viscous friction [N/(m/s)], T} is the
leadscrew Coulomb friction torque [Nm], 7%, is the
axis Coulomb friction torque [Nm], F, is the
machining force [N], v is axis velocity [m/s], and
X 1s axis position [m].

The user may also select an empirical linear axis
model of the form:

wH+v=1x+x=KV,— K; Fy, 9)

where K is the voltage gain [(m/s)/V] and K, is
the disturbance torque gain [(m/s)/N]. Again,
Coulomb friction torque is not incorporated into
the empirical model. The user may also create their
own linear axis model. The process of creating a
user-defined model is provided below.

The linear axis controller compares the sensed
and reference linear axis positions, computes a
control signal (i.e. voltage), and sends the signal
to the linear axis motor amplifier. The default
controller structure is again PID and the controller
saturates the command voltage between the mini-
mum and maximum voltages of the D/A converter,
providing for integral antiwindup. The user may
also select the range and resolution of the D/A
converter and create their own linear axis control-
ler. A linear encoder is used to measure the linear
axis position and the user may select its resolution.
The GUI for the x-axis is shown in Fig. 6.

Contour control

The contour error is defined as the shortest
distance between the desired path and the actual
tool position. For two-axis linear contours, the
contour error is:

€ = €, cos (%) — e, sin <%> (10)

where e, and e, are the errors [m] of the x and
y-axes, respectively, v, and v, are the velocities
[m/s] of the x and y-axes, respectively, and v, is
desired velocity [m/s] in the direction of motion.
The contour error of a circular arc is:

c= (= XS+ (p— Y —R  (1])

where p, and p, are the actual x and y-axis
positions [m], respectively, X, and Y. are the x
and y coordinates [m], respectively, of the arc
center, and R is the arc radius [m].

In the AXES GUI, the user may select the
CONTOUR CONTROL button to select a contour
controller. In the CONTOUR CONTROL GUI,
the user may select a cross-coupling controller
(CCC) as described in Koren and Lo [30]. The
architecture of the CCC is shown in Fig. 7. The
sensed axial errors are used to calculate the sensed
contour error that is input to the CCC, and the
actual axial errors are used to determine the actual
contour error that is displayed to the user. The
output of the CCC is an offset control signal that is
added to the individual axis control signals. A PID
structure is used for the CCC and the user may
adjust the gains.

Force models

The contact between the cutting tool and part
generates significant machining forces. These forces
create disturbance forces and torques that act on the
linear axes and spindle, respectively. Excessive
forces cause cutting tool failure, spindle stall, unde-
sired structural deflections, etc. In the FORCE
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MODELS GUI, the user may select a linear model, a
nonlinear model, or may create their own model.
The nonlinear force process GUI is shown in Fig. 8.
A similar GUI exists for the linear force process. A
diagram of the cutting process is shown in Fig. 9.
For the linear model, the cutting and thrust forces
acting on the insert, respectively, are modeled as:

where Pc is the cutting pressure [kKN/mm?], Pz is
the thrust pressure [kKN/mm?], and « is the unde-
formed chip cross-sectional area [mm?] which is
modeled as @ = fd where f'is the instantaneous feed
[mm] and d is the depth-of-cut [mm]. The cutting
and thrust pressures depend upon such factors as
cutting fluid, part material, insert material, process
parameters (i.e. depth-of-cut, cutting speed, and

Fc=Pca (12) feed), etc. and are modeled empirically. In the
nonlinear models, however, the cutting and
Fr = Pra (13) thrust pressures have a nonlinear relationship to
F,o+ X fr | X Axs + - ¥, g
X Axi
. " Controller s B R
£,
'y 2
-y Cross 5
Interpolator » Coupling i
+ik Contraller ¥
LI £
i r
F. + i F, Z Axis £ X5 F
. Controller o B M

Fig. 7. Cross-coupling contour controller architecture.
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Fig. 8. Nonlinear force process GUI.

the process variables and these models, respec-
tively, are:

Pc = chﬂrcdﬁc Ve (14)
Pr=Kpfordbryor (15)

The tangential, longitudinal, and radial forces
acting on the insert, respectively, are:

Fon = Fc (16)
Fj,y = Frsin(y,) (17)
Fruq = Frcos(yr) (18)

The forces acting on the insert in the Cartesian
coordinate system are:

Fx = Frad (19)
F, = Fc (20)
F.=F,, (21)

The torque acting on the spindle is given by:
T=R,Fc (22)

where R, is the part radius [m]. These force and
torque signals act as disturbances on the spindle and
linear axes and are displayed to the user. Also,
sensed values are fed to the process control routines.

Process control

The PROCESS CONTROL GUI allows the
user to implement process controllers to regulate
the cutting force, radial force, spindle torque, or
spindle power. Four standard process controllers
may be implemented (nonlinear, linearization, log
transform, and adaptive), or the user may create
their own process controller. Figure 10 shows the
GUI when the user has selected cutting force
control using an adaptive controller. The force is
measured via an analog dynamometer and the
signal is sent to an A/D converter. The user may

Fig. 9. Detailed schematic of material removal in turning operation (grey area: contact area).
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Fig. 10. Process control GUI with adaptive cutting force control selected.

select the sensor gain and the resolution, minimum
voltage, and maximum voltage of the A/D conver-
ter. All process controllers adjust the feed to track
the reference force/torque/power. The user selects
this reference value and the maximum and mini-
mum commanded feeds.

The nonlinear force controller [31] utilizes the
following process model:

F =Kfed’v? (25)
The following integral control law is used:
itc = Ki(F, — F) (26)

where uc = f* is the control variable, K; is the
controller gain, F, is the reference force [kN] and F
is the sensed force [kN]. The inverse of equation
(25) is taken to determine the commanded feed.
The user selects the estimated values of K, «, £,
and ~ [see equation (14)] and the controller gain is

calculated given the desired closed-loop time
constant, as specified by the user.

For the linearization force controller, standard
linearization techniques are utilized to convert the
nonlinear force process in equation (25) into an
approximate linear system. The control law is:

Af =Kj[(F, - F) - (F-F)] (27
f=fo+Af (28)

where f, and Fy are nominal feed [mm] and force
[kN], respectively. The user selects the estimated
values of K, o, 3, and « and the controller gain is
calculated given the desired closed-loop time
constant, as specified by the user. The nominal
feed is automatically calculated and the nominal
force is taken as the reference force.

The log transform force control approach [32]
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transforms a nonlinear force processes given by
F = 60f* into:

In(F) = In(6) + aIn(f) (29)

where the term In(f) is viewed as an additive
disturbance. Letting f =1In(f), F =In(F), and
F, = In(F,), the control law is:
]?:Ki(Fr_F) (30)
The user selects the estimated value of « and the
controller gain is calculated given the desired
closed-loop time constant, as specified by the user.
The most common methodology for machining
process control is adaptive [33]. The model is:
F=0f (31)
The parameter 6 is an on-line estimate of the force
process gain using the least squares method. The
control law is:
f=Ki(F,—F) (32)
The user selects the desired closed-loop pole loca-
tion, initial parameter estimate, forgetting factor,
covariance reset value, and minimum allowable
covariance value.

Part and cutting tool
The PART AND TOOL GUI (Fig. 11) allows the
user to adjust the dimensions of the raw stock and

cutting tool, and adjust the tool wear model
parameters. The default raw stock is a cylindrical
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part and the user may select the radius and length.
The user may also specify the cutting tool corner
radius r.. This parameter is used to calculate the
average surface roughness using the following
model [34]:

_S?
R“_32r8

(33)

The tool wear model is the classical Taylor tool
wear model [35, 36]:

Vi" = C (34)
where V' is the cutting velocity [m/min] and the
parameters C and n are empirical constants. The
user may select the part and cutting tool materials
from a partial database to determine the para-
meters C and n. Alternatively, the user may
define the parameters C and n or use their own
tool wear model.

Simulation parameters

The SIMULATION PARAMETERS GUI allows
the user to select the simulation parameters. The
simulation can be set to a predetermined amount
of time or it can be set to the completion of the part
program. During the initial analysis stage, the user
will typically run the simulation for only a short
period of time to debug their models. During the
final simulations, the user will run the simulation
until the program is complete. The simulation
sample period is selected by the user. The cutting
animation refresh rate may be adjusted by the user,

=10 x|

Tool wear estmmalion:

Mathematical Model:
Vi'n=C [V: Culling velocily [mfe]]
C=235 n=0.16
* By tool and pait malenals

Tooltype 1 H55 Tod
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™ By User Input
.
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" By Uzer Defined Model

M aterial

Fig. 11. Part and tool GUL.
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or the animation can be switched off to reduce the
computational cost.

Results

The RESULTS GUI allows the user to plot the
following data: radial and longitudinal thrust
forces, cutting force, spindle torque and power,
feed, tool wear, surface finish, spindle velocity,
velocity error, voltage and current, x and z-axis
positions, velocities, position errors, voltages, and
currents, contour error and CCC command
voltage. The results may be accessed when the
simulation is complete or even if the simulation is
halted prematurely. All results are plotted versus
time. Figure commands in Matlab (e.g., zoom,
rotate) can be applied.

User-defined

Some of the simulator components may be set to
user-defined, allowing the user to implement their
own models. These components are: the spindle
physical model, spindle controller, x and z-axis
physical models, x and z-axis controllers, force
process model, process controller and tool wear
model.

The USER-DEFINED GUI describes the steps
required to create and implement a user-defined
component. First, the user must create a function
in an m-file according to the directions in the
README file. This file provides the inputs and

A User Dehine

131 Step:

outputs for each component, including units for
each variable, as well as a list of the global
variables. Next, the user must put this file in the
appropriate folder, which is specified in the
README file. In the specific USER-DEFINED
GUI, the list of user-defined programs is
displayed. To select a specific program, the user
highlights the program and clicks the OK button.
The simulator is automatically reconfigured such
that the selected program will be implemented at
run time. The USER-DEFINED GUI for the force
process model is shown in Fig. 12. An example of a
user-defined function is shown in Example 2
below.

MANUFACTURING AUTOMATION
COURSE DESCRIPTION

The two-axis lathe simulator was utilized in the
following course at the University of Missouri at
Rolla: ME 355—Automation in Manufacturing.
This is an introductory graduate course in the
Mechanical Engineering department that is also
offered as an elective to undergraduate students
with senior standing. This course instructs students
in the fundamentals of manufacturing automation
at the equipment level: control system hardware
components (DC motors, tachometers), servo-
mechanism (spindles, linear axes) modeling and
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Fig. 12. User-defined GUI—force process model.
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control, logic modeling, kinematic and geometric
error modeling, and industrial robotics. During the
course, the students complete several assignments
where they model and control individual compo-
nents without considering the complex interactions
between the equipment components (dynamics and
controllers) with the manufacturing process. It
would be infeasible for each student, or even
groups of students, to build a complex simulation
in the course of one semester. Thus, the two-axis
lathe simulator provides a means for the students
to analyze the complex interactions between the
individual equipment components, their control-
lers, the process plan given in the G&M code, the
manufacturing process, and the process control-
lers. The two-axis lathe simulator was utilized in
ME 355 as a course project, which is described in
Example 3.

EXAMPLES AND DISCUSSION

Examples are provided to illustrate the utility of
the two-axis lathe simulator for education in
manufacturing automation.

Example 1: Servomechanism control

In the first example, the student will explore the
differences, in terms of contour error, when using
different types, and combinations, of servome-
chanism controllers and interpolators. Figure 13
shows the three-dimensional model and the dimen-
sional drawing of the sample part. The diameter
and length of the raw stock are 36 mm and 60 mm,
respectively. The tool initial position is 15mm
away from the raw stock centerline along the
z-axis. The CNC program is: N10 G90 G94
G71; N20 GOO X15.0 Z10.0; N30 MO03 GoO1
Z30.0 F120 S1000; N40 X17.0 Z40.0 F180;
N50 Z50.0; N60 X20.0; N70 MO0 GOO Z0.0;
N80 XO0.0. Line N10 specifies the feederate
commands, motions as incremental, and metric
dimensional units. Line N20 rapidly moves the
cutting tool 5Smm away from the part. Machining
begins at line N30 where the spindle speed and
feedrate are set to 1000rpm and 120 mm/min,
respectively. The feedrate is changed in line N40
to 180 mm/min. Machining ends at line N60. Lines
N70 and N80 move the cutting tool back to the

(a)

home position. No process control is utilized and
the model and controller parameters for the spin-
dle, axes, tool, force, and part are the default
values on the GUIs. These model parameters for
the spindle and axes are taken from Sandoval et al.
[29]. The force model parameters were determined
by fitting the force data for a steel part and a coated
carbide tool to the linear and nonlinear force
structures via least squares. The sample period is
5ms and the simulation is run to completion.

Eight cases, shown in Table 1, are explored. The
P axis controllers utilize the nominal controller
gains provided in the simulator except as noted
in Cases II and VI. For the cases that utilize a PI
axis controller, the integral gain is 0.4 V/(mm sec).
For the cases that utilize a P CCC, the pro-
portional gain is 0.25 V/mm. For the cases that
utilize constant acceleration interpolators, the
acceleration value is provided in Table 1.

The results are presented in Table 1 and the
contour errors are plotted in Fig. 14 during the
time when the cutting tool and part are in contact,
as denoted by the stars. The maximum of the
absolute value of the contour error and the integral
of the contour error squared are calculated while
the cutting tool and part are in contact (i.e. from ¢,
to t,). Comparing Cases I and II, it is seen that
increasing the servomechanism controller propor-
tional gains decreased the contour error since the
individual axial errors were reduced. Comparing
Cases I and III, it is seen that the utilization of
integral control in the servomechanism controllers
decreased the contour error since the individual
axial errors were reduced. Comparing Cases I and
IV, it is seen that a constant acceleration inter-
polator will decrease the contour error since the
transitions between line segments is smoother.
However, the simulator shows that cycle time
will significantly increase. Comparing Cases I
and V, it is seen that a CCC will decrease the
contour error. In Case VI, the servomechanism
controllers have an integral term and their propor-
tional gains are doubled, and a P CCC is utilized.
It is seen that the maximum contour error is
significantly decreased. This simulation also
allows the student to see that the maximum
contour error always occurs when the cutting
tool makes a 90° motion as it begins the motion
to leave the part.

(k)

Fig. 13. Example part: (a) dimensions [m] and (b) three-dimensional model.
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Table 1. Results for Example 1
Axes Contour max |e| f,’lz e2dt Cycle Time
Case controllers Interpolator controller (mm) (mm?s) (s)
I P constant velocity none 0.68494 0.10769 18.48
11 p* constant velocity none 0.33000 0.02189 18.48
11 PI constant velocity none 0.50210 0.08971 18.48
v P constant acceleration none 0.43540 0.07783 27.8
(0.01 m/s?)
v P constant velocity P 0.68508 0.04003 18.48
VI P*1 constant velocity P 0.21220 0.05213 18.48
The servomechanism proportional gains for cases II and VI are twice their nominal values.
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Table 2. Results for Example 2

Max surface

Case Force controller Finish (um) Cycle Time (s)
I none 0.541 13.17

II nonlinear 3.0 8.695

111 linearization 2.8 9.055

v log transform unstable unstable

\% adaptive 0.837 11.37

Example 2: Process control

In this example, the student will investigate
different process control algorithms; namely, the
nonlinear, linearization, log transform, and adap-
tive. The force models presented in [29] for a steel
part and coated carbide tool are utilized. The
cutting, longitudinal, and radial models, respec-
tively, are:

Fe =2864.63d"9F%7 428V  (35)
Fion = 1907.00d%™£%7 —3.08V  (36)
Fraq = 1464284 %1 +0.021 (37

Since these models do not fit the available
nonlinear force model, the models in Equations
(35)—(37) must be implemented via a user-defined
module. The Matlab function is shown below.

Deniing Fares

L8 ] v - w v + d
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—
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function [fFdx,fFdz,fFdc] =
force_modell(actf,fDpc,Vy)
actf: actual feed [m]
fDpc: actual depth-of-cut [m]
Vy: actual cutting speed [m/min]
fFdc=2864.63* (£fDpc*1000) "0.69*
(actf*1000) "0.75-4.28%*Vy;
% cutting force [N]
fFdx=1464.28* (fDpc*1000) "0.08%*
(actf*1000) "1.09+ 0.02*Vy;
% radial force [N]
fFdz=1907.00* (fDpc*1000) "0.74%*
(actf*1000) "0.79-3.08*Vy;
% longitudinal force [N]

o 00 o°

To implement the nonlinear, linearization, and log
transform controllers, the cutting force model
must be of the form given in Equation (25).
Using the data provided in [29], the cutting force
model utilized by the nonlinear, linearization, and
log transform controllers is:

FC _ 7705f0.89ld0.877 V—0.273 (38)

where f'and d are in units of mm and ¥ is in units
of km/min. Each controller has a closed-loop time
constant of 0.4s, a minimum feed of 0.0001 mm,
and a maximum feed of 0.5mm. The reference
cutting force is 0.5kN and a taper part is selected
with a large diameter of 34 mm, a small diameter of
30mm, and a length of 20mm. In addition, the
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Fig. 15. Cutting force results for different cases in Example 2—Case IV was unstable.
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Fig. 16. Surface finish results for different cases in Example 2—Case IV was unstable.

adaptive controller has an initial gain estimate of 1,
a minimum and reset covariance of 10, and a
forgetting factor of 1.

As a baseline, the part is machined without
force control. The results are summarized in
Table 2 (cycle time and maximum surface rough-
ness), Fig. 15 (cutting force), and Fig. 16 (surface
roughness). By applying force control, the cycle
time is reduced because the force controllers
increase the feed to track the reference force.
However, since the depth-of-cut is constantly
decreasing when machining a taper part, the
reference force is never tracked. Note that the
log transform controller was unstable as it was
not robust to the variation in the model structure.
Since the surface roughness is proportional to the
square of the feed, the surface roughness was
greater for the cases where force control was
implemented. This example allows the student
to explore the tradeoffs between part quality
and operation productivity.

Example 3: Lathe design

The lathe simulator was utilized in a course
project to design the physical and control compo-
nents of a lathe. The part described in Example 1
and the nonlinear force process described in
Example 2 are used. The task for each group was

to design a lathe while trying to minimize the
following performance index:

cC T
50,000 +3 (39)

The parameter 7 is the total operation time in
seconds and is found by running the simulation.
The parameter C is the total cost in dollars and is
given by:

C =25,000+ Cs + Cy + C. (40)

The parameter C, is the spindle cost: $1000 for
every 1000 rpm of maximum spindle velocity and
$1000 for every 10rev/s’ of maximum spindle
acceleration. The minimum and maximum
voltages of the A/D and D/A converters are
—10V and 10V, respectively. Each bit in the A/D
and D/A converters costs $50. The tachometer has
white noise. If the maximum amount is 1 V, there is
no cost. If the maximum amount is 0V, the cost is
$1000. The cost is inversely proportional if the
maximum amount is between 0V and 1V. The
parameter C, is the x-axis cost: $5000 for every
I m/s of maximum velocity and $5000 for every
1 m/s® of maximum spindle acceleration. The mini-
mum and maximum voltages of the D/A converter
are —10V and 10V, respectively. Each bit in the
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Table 3. Results for Example 3
Group Total Cost ($) Cycle Time (s) PI
I 109,350 24 6.987
11 105,437 6.85 3.479
111 46,191 10.79 3.082
v 72,747 7.64 2.983

D/A converter costs $50. The encoder costs $500 if
the resolution is 10 um or greater, $1000 if the
resolution is 1 um, and is inversely proportional
between these two resolutions. Below 1 um, the
cost increases at a rate of $100/0.1 um with a
minimum resolution of 0.1 yum. The parameter C,
is the cost of the z-axis and is calculated in the
same manner as the cost of the x-axis. The
controller gains could be adjusted at no cost. The
thrust force in the x direction is limited to 600 N
continuous and 1200 N peak. The thrust force in
the z direction is limited to 1200 N continuous and
2400 N peak. The spindle torque is limited to
50 Nm continuous and 100 Nm peak. The spindle
power is limited to 10 kW continuous and 20 kW
peak. The feed is limited to 0.5mm. The surface
finish is limited to 1um. The contour error is
limited to 0.5 mm.

Four groups participated in the course project.
Their results are shown in Table 3. Interestingly,
the designs of the second, third, and fourth groups
had very similar PI values. A definite tradeoff
between cost and cycle time can be seen in these
three solutions: to decrease the cycle time, a faster

J. Liu and R. Landers

and, hence, more expensive, machine is required. It
is also interesting to note that the group that
recorded the lowest PI had the middle cost and
middle cycle time of these three groups. This
project allowed the students to integrate much of
the course material and investigate the tradeoffs
between cost and performance. The students also
learned how the various components worked
within a complex system, how these components
interacted with the machining process, and the
effect of the part program. Further, the students
learned that a real design requires many iterations
and the utilization of good engineering judgment.

SUMMARY AND CONCLUSIONS

An architecture for creating integrated modular
machine tool simulators for manufacturing auto-
mation education was presented in this paper. The
architecture was applied to create a two-axis lathe
simulator. The components of the simulator were
described and examples were provided to illustrate
the simulator’s utility. The examples demonstrated
how the simulator’s integrated and modular char-
acteristics allowed for the efficient development of
machine tool simulations where the complex inter-
actions of the physical machine, cutting process,
and controller could be investigated. This simula-
tor, and others built using the architecture in this
paper, will be an invaluable tool for manufacturing
automation education.
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