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Abstract

Modern computer-aided design and dynamics simulation tools allow design and testing to be performed in a virtual-reality

environment. The integration of controller synthesis programs also makes it possible to perform servo tuning without actually having to

build a prototype. However, most servo controllers are based on integer processors for machine tools, and the integer numbers entering

into a servo tuning interface often do not directly reflect the magnitudes of the actual controller parameters, impairing the virtual tuning.

This study addressed this problem by employing a gain parameter to each control parameter, and developing an identification algorithm

for these parameter gains. The identification results were used to tune the servo, which was first carried out within the solid-modeling

simulation environment. This procedure makes it easy to implement the controller parameters in the actual machine. The actual

implementation of the resultant controller verified that the proposed method improved the servo performance, including eliminating the

overshoot in both position and velocity responses of the grinding machine.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The new trend for designing high-end precision machines
relies heavily on computer-aided design (CAD) tools to
minimize the design effort and to speed up the design
process. A very realistic representation of a machine and an
examination of its dynamics behavior can be implemented
within a software environment [1]. Recent advancements in
software technology have also enabled servo tuning to be
included within a virtual-reality environment [2,3].

Conventional approaches to machine design rely heavily
on the designer’s experience, and prototyping is expensive,
which means that the ability to successfully develop
prototypes in the virtual world provides many advantages
for manufacturers. There are many research results on
the design of servos for precision machine tools [4–13].
These efforts have aimed at establishing suitable mathe-
matical models for the underlining machining process,
e front matter r 2007 Elsevier Ltd. All rights reserved.
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with some actual controllers being based on these models.
Basic tuning rules, based on the system responses, have
been analyzed [14,15], but there have been very few reports
on performing servo tuning within a virtual environment.
An FEM model has been used for volumetric error
estimation [16], and a design and tuning process has been
attempted within a virtual solid-modeling environment
[17]. However, no research effort has addressed the actual
implementation of a controller interface.
In this study we addressed the issue of interfacing

between the actual controller and the virtual environment.
The CAD/CAM environment allows engineers to perform
mechanical design and servo tuning with a virtual-reality
solid model. However, attempts to tune the solid-modeling
process depend on the ability to convert the virtual
environment parameters into the actual hardware para-
meters, and hence we also present a validation of our
simulation results. A coefficient vector was used to repre-
sent the differences in the numerical representations,
and an algorithm for identifying controller parameters
has been developed. The target machine in this study
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was a Chevalier FGP-608LM CNC grinding machine.
We operated the test machine under different conditions,
and compared the obtained signals with the simulation
responses. These comparisons could also be used to
validate assumptions made regarding hard-to-measure
machine parameters, such as the friction coefficient and
acceleration time constants. The validated results show
that this proposed procedure can provide a very detailed
solid model for the design of a machine servo, with
engineers being able to perform servo tuning within the
virtual environment and compute the actual numerical
numbers needed for the settings of an actual machine
controller.

2. Solid modeling

2.1. Grinding machine

The Chevalier FGP-608LM CNC grinding machine
(Fig. 1(a)) used in this study comprises three major
components: the spindle, the moving worktable, and
the base of the machine. The grinding wheel mounted on
the spindle can move linearly in the y-direction and can
rotate 751 about the x-axis. The grinding machine uses
two sets of high-thrust linear motors to drive the worktable
rapidly back and forth in the x-direction for high-speed
grinding (Fig. 1(b)).
Fig. 1. (a) FGP-608LM grinding machine.

Fig. 2. Top (a) and bottom (b) views of the w
2.2. Software integration

This study used several software packages to achieve
realistic simulations. The CAD model with detailed
structural and dimensional data for the machine was first
built in Pro-Engineer. The moving part of the CAD model
(i.e., the worktable with two guide rails that regulate the
sliding motion) was then imported into the software
MSC.visualNastran Desktop (Fig. 2(a)) for dynamic
simulation. The worktable contacts the guide rails at four
bearing sliders indicated by A–D in Fig. 2(b). The dynamic
model was then integrated into the MATLAB Simulink
environment (Fig. 3) for system analysis and controller
synthesis. Because the simulation was based on the
underlining CAD solid model, the servo design was very
realistic, and the resultant servo design was directly
applicable.

2.3. Machine base

The base of the machine not only supports the weight
of the machine but also receives the reaction force from
the linear motor. This study incorporated base resonance
effects by artificially adding the dominant resonance modes
to the MATLAB Simulink environment. We employed a
series of second-order mass–spring systems to represent the
resonance modes, with dominating resonance modes of
(b) Design concept and coordination.

orktable in MSC.visualNastran Desktop.
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Fig. 3. Integration of the solid model in the MATLAB Simulink environment.

Fig. 4. PDF-controller block diagram of the grinding-machine servo

system.
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86.1, 88.69, 134.19, 140.92, and 162.86Hz, as reported by
the Chevalier machinery.

3. Identification of controller parameters

3.1. Estimation of the controller parameters

The servo loop in the machine-tool controller was based
on the pseudo-derivative-feedback (PDF) algorithm. The
PDF control is very popular in machine-tool applications
because it has been shown to be robust against variations
in control parameters.

Referring to the servo system block diagram in Fig. 4, let

C1ðzÞ ¼
U1ðzÞ

EðzÞ
¼

d0 þ d1z
�1 þ � � � þ dmz�m

1þ c1z�1 þ � � � þ cmz�m
, (1)

C2ðzÞ ¼
U2ðzÞ

Y ðzÞ
¼

h0 þ h1z�1 þ � � � þ hpz�p

1þ g1z�1 þ � � � þ gpz�p
, (2)

and let the machine plant be

PðzÞ ¼
Y ðzÞ

UðzÞ
¼

b1z�1 þ � � � þ bnz�n

1þ a1z�1 þ � � � þ anz�n
,

where

UðzÞ ¼ U1ðzÞ þU2ðzÞ; EðzÞ ¼ RðzÞ � Y ðzÞ.

The closed-loop system can be written as

uðkÞ ¼ d0eðkÞ þ d1eðk � 1Þ þ � � � þ dmeðk �mÞ

� c1u1ðk � 1Þ � � � � � cmu1ðk �mÞ

þ h0yðkÞ þ h1yðk � 1Þ þ � � � þ hpyðk � pÞ

� g1u2ðk � 1Þ � � � � � gpu2ðk � pÞ, ð3Þ
and

yðkÞ ¼ b1uðk � 1Þ þ � � � þ bnuðk � nÞ � a1yðk � 1Þ

� � � � � anyðk � nÞ,

where

eðkÞ ¼ rðkÞ � yðkÞ.

Control effort u(k) is the interfacing signal from the
controller D/A, and system output y(k) is the position or
velocity measurement signal that is sent back to the A/D
converter. These signals are the interfacing signals between
the digital control algorithm and the actual machine tool,
and therefore are the most convenient signals for external
data processing or system identification. The servo
controller is usually implemented with integer micropro-
cessors. Unlike the usual floating-point programs, the
variables in an integer program usually do not equal the
floating-point numbers in the designed controller, which
makes it necessary to consider the numbers entered into the
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Fig. 5. Representation of the unknown gains in the machine-tool servo

controller.
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controller setting interface for each control parameter. The
easiest way to address this is to add a scaling factor to each
of the control parameters to relate the actual controller
parameter to the numbers set in the program.

Now consider the parameters set in the integer micro-
processor controller as dm0; dm1; . . . ; dmm, cm1; . . . ; cmm, hp0;
hp1; . . . ; hpp, gp1; . . . ; gpp. Replacing the actual machine-
tool system P(z) with the simulation plant P*(z) results
in unknown gains kd0; kd1; . . . ; kdm; kc1; . . . ; kcm; kh0; kh1;
. . . ; khp; kg1; . . . ; kgp within each controller coefficient.
Therefore, (3) can be rewritten as

u�ðkÞ ¼ kd0dm0e
�ðkÞ þ kd1dm1e

�ðk � 1Þ þ � � �

þ kdmdmme�ðk �mÞ � kc1cm1u
�
1ðk � 1Þ

� � � � � kcmcmmu�1ðk �mÞ þ kh0hp0y�ðkÞ

þ kh1hp1y
�ðk � 1Þ þ � � � þ khphppy�ðk � pÞ

� kg1gp1u
�
2ðk � 1Þ � � � � � kgpgppu�2ðk � pÞ, ð4Þ

where u*(k), e*(k), and y*(k) are the control effort, control
error, and system output under the simulation plant P*(z),
respectively. It is possible to define a diagonal matrix

Y ¼ diag½dm0; dm1; . . . ; dmm;Cm1; . . . ;Cmm,

hp0; hp1; . . . ; hpp; gp1; . . . ; gpp�,

such that

u�ðkÞ ¼ f�TðkÞYc. (5)

In (5), the 2(m+p+1)� 1 measurement vector is defined as

f�ðkÞ ¼ ½e�ðkÞ; e�ðk � 1Þ; . . . ; e�ðk �mÞ,

� u�1ðk � 1Þ; . . . ;�u�1ðk �mÞ; y�ðkÞ,

y�ðk � 1Þ; . . . ; y�ðk � pÞ;�u�2ðk � 1Þ; . . . ,

� u�2ðk � pÞ�T.

One can now define a 2(m+p+1)� 1 gain-parameter
vector c:

c ¼ ½kd0; kd1; . . . ; kdm; kc1; . . . ; kcm; kh0; kh1; . . . ,

khp; kg1; . . . ; kgp�
T, ð6Þ

that is to be identified. Notice that

f�TðkÞY ¼ ½dm0e�ðkÞ; dm1e
�ðk � 1Þ; . . . ; dmme�ðk �mÞ,

� cm1u
�
1ðk � 1Þ; . . . ;�cmmu�1ðk �mÞ,

hp0y
�ðkÞ; hp1y�ðk � 1Þ; . . . ; hppy�ðk � pÞ,

� gp1u�2ðk � 1Þ; . . . ;�gppu�2ðk � pÞ�.

It is now possible to process the signal using various
parameter-identification algorithms to compute the gain-
parameter vector c.

3.2. Actual machine parameters

Fig. 5 shows the PDF-controller structure built in the
MATLAB Simulink environment for solid-modeling simu-
lation. Parameters 19 and 260 correspond to the integer
parameters set in the microprocessor controller in the
actual machine; k1 and k2 are unknown gains to be
calculated when replacing the actual machine-tool system
P(z) with simulation plant P*(z). P*(z) is represented using
the dynamic equation of linear motor L(z) and the transfer
function representation of worktable W(z).
The discrete dynamic equation of the linear motor is

LðzÞ ¼
K tTz

ðLa � RaTÞz� La
, (7)

where La ¼ 0.008H is the armature inductance, Ra ¼ 1.3O
the armature resistance, Kt ¼ 83.1 the torque (or force)
constant, and T ¼ 250 ms the sampling time of the discrete
system. These values correspond to those in the user
manual of the linear motor. Applying the autoregressive
exogenous (ARX) model identification to the MSC.visual-
Nastran Desktop model yields the transfer function

W ðzÞ ¼
0:45

z� 0:85
.

From the parameter-identification procedure described
above, (1) is rewritten as

C1ðzÞ ¼
4:75� 10�3k1

1� z�1
,

and (2) is rewritten as

C2ðzÞ ¼ 260k2.

Control effort u*(k) from (4) now becomes

u�ðkÞ ¼ 4:75� 10�3k1e
�ðkÞ þ u�1ðk � 1Þ þ 260k2y

�ðkÞ. (8)

Substituting u1
*(k�1) by u*(k�1)�u2

*(k�1) into (8) yields

u�ðkÞ ¼ 4:75� 10�3k1e
�ðkÞ þ u�ðk � 1Þ

� 260k2½y
�ðk � 1Þ � y�ðkÞ�. ð9Þ

From (9), (5) can be rewritten as

u�ðkÞ ¼ e�ðkÞ u�ðk � 1Þ y�ðkÞ � y�ðk � 1Þ
� �

�

4:75� 10�3 0 0

0 1 0

0 0 260

2
664

3
775

k1

1

k2

2
664

3
775. ð10Þ

The system output y*(k) can now be obtained using

Y �ðzÞ ¼ P�ðzÞU�ðzÞ ¼ ½W ðzÞLðzÞ�U�ðzÞ

¼
1:218z�1

1� 1:892z�1 þ 0:886z�2
U�ðzÞ,
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Fig. 6. Comparisons of machine responses for a position reference of

0.02m and a feed rate of 8m/min.

S.-H. Liu et al. / International Journal of Machine Tools & Manufacture 48 (2008) 851–857 855
y�ðkÞ ¼ 1:218u�ðk � 1Þ þ 1:892y�ðk � 1Þ

� 0:886y�ðk � 2Þ. ð11Þ

Substituting (11) into (10) yields

u�ðkÞ ¼

e�ðkÞ

u�ðk � 1Þ

1:218u�ðk � 1Þ þ 0:892y�ðk � 1Þ � 0:886y�ðk � 2Þ

2
664

3
775

T

�

4:75� 10�3 0 0

0 1 0

0 0 260

2
664

3
775

k1

1

k2

2
664

3
775.

ð12Þ

It is now easy to substitute the actual machine data u(k)
and y(k) for u*(k) and y*(k) in (12) to identify the gain-
parameter vector c. Note that the data used for the
identification process must still satisfy the persistence
excitation condition to ensure that F(N) is a full-rank
matrix.

4. Data validation

Table 1 lists the PDF-controller parameter-identification
results calculated from four mutually independent sets
of sufficiently rich data. The obtained values of gains k1
and k2 in the PDF controller showed no apparent
differences. Therefore, we used the averaged values
of k1 ¼ 6.942� 10–2 and k2 ¼ 2.359� 10–4 for the
combined experimental and solid-modeling identification
procedure. The identification results were then verified
by comparing the solid-modeling simulations with the
experimental data under two independent operating
conditions, as shown in Figs. 6 and 7. The operation
condition for Fig. 6 was a position reference of 0.02m
and a feed rate of 8m/min. The position and velocity
responses of the actual machine and the simulation were
very close, with only slight differences appearing in the
thrust response. The operation condition for Fig. 7 was a
position reference of 0.03m and a feed rate of 16m/min.
The responses of the actual machine and the simulation
were again very close. These results indicate that the
Table 1

PDF-controller parameter-identification results

Stroke Feed rate (m/min)

4 8 16

0.02m k1 6.858� 10–2

k2 2.423� 10–4

0.03m k1 6.858� 10–2 6.937� 10–2

k2 2.346� 10–4 2.308� 10–4

0.04m k1 6.884� 10–2 7.037� 10–2

k2 2.269� 10–4 2.423� 10–4

0.05m k1 7.079� 10–2

k2 2.385� 10–4

Fig. 7. Comparisons of machine responses for a position reference of

0.03m and a feed rate of 16m/min.
controller gain identified using the method described in
Section 3 can be used for different feed rates and position
commands.
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Fig. 8. Comparisons of machine responses with modified control

parameters for a position reference of 0.02m and a feed rate of 8m/min.
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5. Servo performance improvement

After including the base vibration modes discussed
above and recalculating the appropriate gains for the
controller, the solid-modeling simulation closely repre-
sented the actual machine behavior. To improve the
servo performance, the controller was tuned within the
solid-modeling simulation environment before its actual
implementation. Fig. 6 shows that there was a velocity
overshoot in the accelerating phase in both the simulation
and experimental data. There was also an overshoot in the
position response that caused the worktable to move in the
opposite direction. This also resulted in a small negative
velocity appearing at the end of the velocity response. We
first eliminated the overshoots in the velocity and position
responses in the simulation by adjusting the controller
parameters from 19 and 260 to 22 and 220, respectively,
with these modified parameters implemented in the actual
machine. Fig. 8 compares the simulations and the actual
machine data after the parameter modifications, and
comparison with Fig. 6 clearly indicates that the position
and velocity overshoots were absent in the actual machine.

6. Conclusions

This paper addresses the practical implementation of a
servo design from within a virtual simulation environment.
The study first derived a gain-parameter vector to represent
the difference between the numerical values in the virtual
environment and the actual implementation parameters,
which made it straightforward to identify the unknown
gain-parameter vector using popular parameter-identifica-
tion algorithms. Comparisons between simulation data and
actual measurements were used to validate the estimations
of the gain parameters. The results indicated that this is a
very accurate solid-modeling tool that enables direct servo
tuning within a virtual environment, with the directly
implemented virtual tuning results improving the perfor-
mance of the actual machine. The future use of a realistic
dynamic model would also make it possible to accurately
estimate nonlinear forces such as friction and dynamic-
imbalance forces. The proposed controller parameter-
identification process and solid-modeling procedure could
also be used on other types of machines based on a PDF
controller or other types of controller.
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