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Abstract The error resources of precise motion control
systems are basically categorized into linear and nonlinear
effects. To realize the precise motion of industrial computer
numerical control (CNC) machines, this paper presents an
integrated motion control structure with modular algo-
rithms, including both the linear control and the nonlinear
compensation. In the linear control design, this study
applies three algorithms: (1) feedforward control to address
the tracking errors, (2) cross-coupled control to reduce the
contouring errors, and (3) digital disturbance observer to
lessen the effects of modeling errors and disturbances in
real applications. The results indicate that the linear motion
controller achieves greatly improved accuracy in both
tracking and contouring by reducing the servo lags and
mismatched dynamics of the different axes. However, the
adverse effect due to friction still exists and cannot be
eliminated by applying the linear motion controller only.
This study further integrates the nonlinear compensator and
develops friction estimation and compensation rules for
CNC machines. The digital signal processors are suitable to
implement all the developed linear and nonlinear algo-
rithms, and the present controllers have been successfully
applied to industrial CNC machines. Experimental results
on a vertical machining center indicate that, under different
feed rates, the CNC machine with the integrated motion

controller significantly reduces the maximum contouring
error by 135% on average.

Keywords Motion control . Friction compensation .

CNCmachine

1 Introduction

Microprocessors have rapidly developed in the past two
decades with increasing computation speeds and decreasing
costs; hence, they have been extensively applied to the
motion control design for computer numerical control
(CNC) machines to realize higher precision motion at higher
speeds in modern manufacturing industries. In addition to
the dynamic effects of the mechanical structure, the dynamic
systems including the improper control loop gains, incom-
patible dynamic responses among axes, servo lags, loading,
and external disturbances contribute to the motion error that
can be overcome by applying a suitable control design [1]. In
addition to the abovementioned motion errors in linear
problems, the nonlinear friction also plays an important role
in precise motion control. If merely a linear design is
adopted in motion controller realization, the desirable
motion performance cannot be achieved. Hence, in this
paper, we implement the integrated motion control design
that includes both the linear motion controller and the
nonlinear compensator in an industrial CNC machine
through a high-performance digital signal processor (DSP)
microprocessor and study the precision and robustness of
the motion system of the CNC machine. This study shows
that the precision and robustness of CNC machines can be
greatly improved using the integrated motion controller.

Generally, feedforward controllers are effective in
improving the tracking accuracy. Their design concept
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basically applies the pole-zero cancellation to shape the
dynamic characteristics of servo systems. However, for
systems with unstable and lightly damped zeros, they cannot
be cancelled directly [2]. The zero-phase error tracking
control (ZPETC) was proposed by Tomizuka [3]. It should
be noted that since the ZPETC is a model-based design, the
tracking ability is sensitive to all modeling errors, plant
parameter variations, and external disturbances—friction,
inertia, cutting force, measurement noise, and torque ripple.
In other words, system uncertainty and disturbances easily
affect the tracking accuracy; therefore, another auxiliary
control design is desired for the current feedforward
controller design.

Moreover, Koren and Lo [1] proposed the variable-gain
cross-coupled control (CCC) that significantly improves the
contouring accuracy. Hsu and Houng [4] suggested the
concept of integrated control that includes both the ZPETC
and the CCC to improve both the tracking performance and
contouring accuracy simultaneously. Furthermore, Yeh and
Hsu [5] recommended the method of estimation of the
contouring error vector for multi-axis CCC-controlled
systems. Shih et al. [6] proposed a new structure for the
CCC for precise tracking in a microcomputer-controlled
dual-axis positioning system by reprogramming the refer-
ence position command subroutine. Chen et al. [7]
suggested a contouring controller based on the polar
coordinates of motion for improving the contouring
accuracy of biaxial systems. The contouring control
problem is thus transformed into a stabilization problem
by considering the contouring error as a state variable.

Recently, Lo [8] proposed an approach that transforms
the coordinate to obtain the moving basis to form a
feedback controller for three-axis motion systems. Chiu
and Tomizuka [9] recommended a task-coordinated ap-
proach by considering all axes as first-order loops to obtain
the feedback and feedforward control loops separately.
However, Lo’s approach cannot be easily applied to more
than three axes. Moreover, as this approach does not have a
feedforward control loop, its tracking accuracy can be
further improved. On the other hand, the performance of the
first-order design with an unreliable plant model by Chiu
and Tomizuka [9] is inherently limited. Yeh and Hsu [10]
further proposed the independent control design of a control
structure that consists of a feedback control, feedforward
control, and the CCC. Chen et al. [11] suggested the
position command shaping control based on the hybrid
control of the feedforward controller and CCC to improve
the tracking performance and reduce the contouring errors
in multi-axis motion systems. However, the application of
some advanced control structures significantly improves
both the tracking and contouring performances of multi-
axis motion systems; the performances of motion systems
are still limited by some adverse effects caused by

modeling errors, uncertainties, external disturbances, and
nonlinear friction.

In real applications, system uncertainty and external
disturbance affect the robustness of precise motion systems.
Ohishi et al. [12] proposed the structure of a disturbance
observer (DOB) to suppress the disturbances and increase
the robustness of systems. Umeno and Hori [13] further
recommended a DOB that includes all the system uncertain-
ties, external disturbances, friction, and changes in loading as
an unknown disturbance torque. The DOB estimation and
compensation eliminate the external disturbances in the low
frequency range; furthermore, the noise effects in higher
frequencies are also effectively suppressed. Moreover, the
design of a digital disturbance observer (DDOB) was
developed in the discrete time domain in practice [14, 15]
to compensate the undesired nonlinearity and external load
disturbance of motion systems.

In addition, friction is a dominant factor that limits the
motion precision in CNC. However, the friction in CNC is
usually neglected or addressed by general linear controllers
because of its highly nonlinear properties. The approach of
compensating for friction errors is based on the estimated
friction that includes the magnitude and location at which it
occurs with a simple friction model [16, 17]. However, in
practice, it is not easy for CNC to predict precisely the
location at which significant friction will occur. Moreover,
since there is a discontinuity evident near the zero velocity,
this inadequate compensation may easily result in an
oscillatory system [18–20]. In this paper, motion error is
eliminated to some extent by applying linear controllers
such as the feedforward controllers, feedback controllers,
and DDOBs. The identification of a friction model is then
achieved by constructing a relationship between the
velocity and the friction torque. Frictional compensation is
subsequently applied to eliminate the friction phenomenon.

In this study, an integrated motion control structure that
combines all the linear controllers with the nonlinear
friction compensators is applied to a vertical machining
center to achieve both good tracking and contouring
accuracy in real applications. In the integrated control
structure, the feedforward control with zero-phase error
(ZPETC) improves the tracking ability; the CCC improves
the contouring accuracy; the DDOB suppresses the uncer-
tainties, modeling errors, and external disturbances; and the
nonlinear friction compensator (NC) eliminates the friction
phenomenon. The integrated motion control structure is
implemented on a vertical machining center through a TI
TMS320C32 floating-point DSP microprocessor. Experi-
mental results show that the maximum contouring error is
reduced by 135% on average under different feed rates.
Moreover, measurements of the maximum contouring error
using a double ball bar (DBB) also show a reduction by
120% by applying the integrated control structure.
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2 Design of the linear controllers

To cope with the motion error caused by servo lag,
mismatched dynamics among the axes, and external
disturbances, this paper adopts three controllers: (1)
feedforward controller, (2) the CCC, and (3) the DDOB to
address effectively the problems of tracking error, contour-
ing error, and disturbance effects, respectively.

2.1 Design of the feedforward controller

To provide a good tracking ability in the position loop of servo
systems, a suitable feedforward controller is placed in front of
the position loop to cancel all the poles and stable zeros.
However, to deal with unstable zeros, the design of the
ZPETC compensates for the unstable and lightly damped
zeros to achieve a zero-phase error and a unity DC gain in the

frequency response. The ZPETC has been proven to be
effective in real applications in reducing the tracking error [3].

The general two degrees of freedom (2DOF) controller
design for a tracking control system is shown in Fig. 1. The
unstable and lightly damped zeros in the position feedback
loop are called the unacceptable zeros, while the stable and
well-damped zeros in the position feedback loop are called
the acceptable zeros. The position feedback loop transfer
function T z�1ð Þ is represented as follows:

T z�1
� � ¼ Y z�1ð Þ

U z�1ð Þ ¼
z�dB z�1ð Þ
A z�1ð Þ

¼ z�d ^B z�1ð Þ
^A z�1ð Þ

¼ z�dBa z�1ð ÞBu z�1ð Þ
^A z�1ð Þ

ð1Þ

where

A z�1
� � ¼ 1þ a1z

�1 þ a2z
�2 þ � � � þ anz

�n

B z�1
� � ¼ b0 þ b1z

�1 þ b2z
�2 þ � � � þ bmz

�m

^A z�1
� � ¼ ^a0 þ ^a1z

�1 þ ^a2z
�2 þ � � � þ ^anz

�n

^
B z�1
� � ¼ 1þ ^

b1z
�1 þ ^

b2z
�2 þ � � � þ ^

bmz
�m

Ba z�1
� � ¼ 1þ ba1z

�1 þ ba2z
�2 þ � � � þ baqz

�q polynomials with acceptable zerosð Þ
Bu z�1
� � ¼ 1þ bu1z

�1 þ bu2z
�2 þ � � � þ bupz

�p polynomials with unacceptable zerosð Þ

The ZPETC is originally designed to achieve zero-phase error
with a unity DC gain [3]. To improve the frequency response of
the tracking control system, as shown in Fig. 1, a feedforward
controller Zp z�1ð Þ with a digital prefilter (DPF) is designed as

Zp z�1
� � ¼ DPF z�1

� � � z
d ^A z�1ð Þ
Ba z�1ð Þ ð2Þ

Thus, the transfer function R z�1ð Þ of the whole control
system becomes

R z�1
� � ¼ Y z�1ð Þ

Ym z�1ð Þ ¼ Zp z�1
� � � T z�1

� �

¼ DPF z�1
� � � Bu z�1

� � ð3Þ

where the tracking error caused by the polynomial Bu z�1ð Þ
is expected to be further compensated for by applying the
digital prefilter DPF z�1ð Þ. To compensate for the undesir-
able polynomial Bu z�1ð Þ, the digital prefilter DPF z�1ð Þ can
be designed as

DPF z�1
� � ¼ Bu zð Þ

Bu 1ð Þ2 ð4Þ

By substituting Eq. 4 into Eq. 3, the control system transfer
function R z�1ð Þ becomes

R z�1
� � ¼ DPF z�1

� � � Bu z�1
� � ¼ Bu zð ÞBu z�1ð Þ

Bu 1ð Þ2
 !

¼
XP
i¼0

gi � zi þ z�i
� � !

ð5Þ

where gi is the coefficient of the polynomial
Bu zð ÞBu z�1ð Þ

Bu 1ð Þ2

� �

corresponding to the order zi and P denotes the number of

Position Feedback Loop

Feedforward 
Controller

Position 
Controller

Plant
y km ( ) y k( )u k( ) +

-

Fig. 1 2DOF tracking control system
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unacceptable zeros in the position feedback loop. Thus, the
ZPETC feedforward controller is obtained as follows:

Zp z�1
� � ¼ Bu zð Þ

Bu 1ð Þ2
 !

� zd ^A z�1ð Þ
Ba z�1
� �

 !
ð6Þ

2.2 Design of the CCC

To eliminate the contouring error, the CCC is designed to
coordinate the position error among the axes and compen-
sate for each axis according to its geometric components.
The block diagram of a two-axis cross-coupled motion-
control system is shown in Fig. 2. This CCC motion-control
system has three degrees of freedom, two position loop
controllers (Kpx, Kpy), and a compensator C.

The cross-coupling gains (Cx, Cy) are directly deter-
mined according to the contouring commands [1]. For
linear contours, the gains (Cx, Cy) are determined as
follows:

Cx ¼ sin q ð7Þ

Cy ¼ cos q ð8Þ
where θ is the inclination angle of a linear contour with
respect to the X-axis. For circular contours, the variable
gains (Cx, Cy) are determined as

Cx ¼ sin q � Ex

2R
ð9Þ

Cy ¼ cos q þ Ey

2R
ð10Þ

where R is the circular contour radius; (Ex, Ey)are the X-
and Y-axes error signals, respectively; and θ is the circular
contour traversal angle input command. As shown in Eqs.
7, 8, 9, and 10, the cross-coupling gains are determined by
the orientation in linear motions and the traversal angle in
circular motions. Therefore, the CCC control system that
combines the CCC controller and the plant is a parameter-
varying system. If the axial errors are considerably smaller
than the circular motion circle radius [1], the cross-coupling
gains (Cx, Cy) in Eqs. 7, 8, 9, and 10 can be reasonably
confined within the range of [−1, 1] in the CCC design. In
this study, the concept of the contouring error transfer
function (CETF) is applied to design the compensator C.

In uncoupled systems, C=0 and ɛo is denoted as the
uncoupled motion-control system contouring error, where
the subscript “o” indicates an open cross-coupling connec-
tion. The contouring error of the uncoupled system is
derived as follows [10]:

"o ¼ 1

1þ P2Kpy

� �
1þ P1Kpx

� �

� 1þ P2Kpy

� �
Cx 1þ P1Kpx

� �
Cy

� �
Xr Yr½ �

ð11Þ

ɛc is defined as the contouring error of a coupled motion-
control system, where the subscript “c” refers to a “coupled
system.” As shown in Fig. 2, if C≠0, the contouring error
of the coupled motion-control system ɛc is derived as [10]

"c ¼ 1

1þ P2Kpy

� �
1þ P1Kpx

� �þ 1þ P1Kpx

� �
CCyCyP2 þ 1þ P2Kpy

� �
CCxCxP1

� �

� � 1þ P2Kpy

� �
Cx 1þ P1Kpx

� �
Cy

� �
Xr Yr½ � ð12Þ

By examining Eqs. 11 and 12, the relationship between the
contouring error and the coupled and uncoupled systems
can be obtained as

"c ¼ 1

1þ CK
"o ¼ T � "o ð13Þ

where C is the compensator in the CCC to be designed and

K ¼ 1þ KpxP1

� �
CyCyP2 þ 1þ KpyP2

� �
CxCxP1

1þ KpxP1

� �
1þ KpyP2

� � ð14Þ

T ¼ 1

1þ CK
ð15Þ

Xr X aEx
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U x P1

+
+
-

Cx

Cy

C

Cx

Cy

+
-

-

Yr
Kpy P2 YaU y+

++
-

 cε

Fig. 2 Block diagram of the coupled motion-control system
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As represented in Eqs. 13, 14, and 15, the functional
relationship T between the coupled and uncoupled motion-
control systems is defined as the CETF.

Apparently, the CETF is similar to the sensitivity
function in a feedback control system. Therefore, the CETF
can be further represented as an equivalent feedback control
loop as shown in Fig. 3. Consequently, the design goal of
the compensator C in CCC is to reduce the contouring error
ɛc and to stabilize the equivalent CCC control system. It
should be noted that with the present CETF formulation,
various robust algorithms for the controller design can be
directly employed to achieve desirable stability margins and
performance. Moreover, the design of the compensator C in
the present CCC for the two-axis servo system can be
simplified to a single-loop design problem as in Fig. 3.

2.3 Design of the DDOB

In real applications, a model-based control design causes
the degradation of control performance because of the
unavoidable modeling errors and external disturbances.

Therefore, modeling error reduction and disturbance rejec-
tion are usually required for high-precision motion control
systems. In this paper, the DDOB [14] is applied to reduce
the adverse effects caused by uncertainties, modeling
errors, and external disturbances. Figure 4 shows the
structure of the DDOB.

By considering the measurement noise xv, the velocity
response of the DDOB is derived as

v ¼ N

D 1� NnQð Þ þ NDnQ
uþ Nd 1� NnQð Þ

D 1� NnQð Þ þ NDnQ
d � NQDn

D 1� NnQð Þ þ NDnQ
xv

¼ N

D

1

1� NnQð Þ þ N
D DnQ

uþ Nd

D

1� NnQð Þ
1� NnQð Þ þ N

D DnQ
d � N

D

DnQ

1� NnQð Þ þ N
D DnQ

xv

If the filter Q is designed such that Nn z�1ð ÞQ z�1ð Þ ¼ 1,
then

v ¼ Nn

Dn
u� xv

However, if the filter Q is designed such that Nn z�1ð Þ
Q z�1ð Þ ¼ 0, then

v ¼ N

D
uþ Nd

D
d

Therefore, Q must be designed such that

Nn z�1
� �

Q z�1
� � ¼ 1; in the lower frequency region

Nn z�1
� �

Q z�1
� � ¼ 0; in the higher frequency region

8<
:

ð16Þ

to degrade the external disturbances and reject the mea-
surement noise. Since the design of Q closely relates to the
nominal numerator Nn z�1ð Þ, the design of Q consists of
three steps. First, the stable pole-zero cancellations are
directly employed to the filter design. Second, an all-pass
filter is employed to reshape the frequency response.
Subsequently, a low-pass filter is embedded to achieve the
frequency response as in Eq. 16.

u v+
   -

d

+
+

ξv
+
+

-    +

Q z( )−1

1
1D z( )−N z( )−1

N zd ( )−1

N zn ( )−1 D zn ( )−1

d

ε 

δ

Fig. 4 Structure of the DDOB

C K+
-

coε ε

Fig. 3 Equivalent CCC control system Fig. 5 Nonlinear frictional model [16]
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By separating the nominal numerator Nn z�1ð Þ as

Nn z�1
� � ¼ N a

n z�1
� �

N u
n z�1
� �

where

N a
n z�1ð Þ is the acceptable polynomial with stable roots

and
Nu
n z�1ð Þ is the unacceptable polynomial with unstable

and nearly unstable roots.
Suppose the unacceptable polynomial Nu

n z�1ð Þ is repre-
sented as

Nu
n z�1
� � ¼ b1z

�1 þ b2z
�2 þ � � �bmz�m

¼ z�m b1z
m�1 þ b2z

m�2 þ � � �bm
� � ¼ z�m � ^

N u
n zð Þ

Then, Q is designed as

Q z�1
� � ¼ 1

N a
n z�1ð Þ � ^

N u
n zð Þ

h i� � LPF z�1
� � ð17Þ

where �½ �� denotes the complex conjugate operator and

^
Nu

n zð Þ
h i�

¼ b1z
� m�1ð Þ þ b2z

� m�2ð Þ þ � � �bm
� �

ð18Þ

It should be noted that Eq. 18 is stable and realizable, and
Nu
n z�1ð Þ
^
Nu

n zð Þ½ �� forms a stable all-pass filter. The low-pass filter

LPF z�1ð Þ is designed such that

Q z�1
� � � Nn z�1

� � ¼ Nu
n z�1ð Þ
^Nu
n zð Þ

h i� � LPF z�1
� �

achieves the desired frequency response as in Eq. 16.

3 The nonlinear friction compensator

Although the three different linear control algorithms
mentioned above can effectively improve the motion
precision with regard to the tracking, contouring, and
disturbance effects, respectively, they cannot be effectively
applied to reduce the nonlinear adverse effects due to
friction. In this section, a practical method for friction
identification and compensation in CNC machine tools will
be introduced.

3.1 Identification of the friction model

In friction compensation, the popular approach is to
develop a nonlinear friction model to imitate the relation-
ship between the velocity and friction force/torque as
shown in Fig. 5.

The general motor control block used in CNC servo
systems is shown in Fig. 6. The torque generated by the servo
motors is reduced by the friction and external disturbances
when driving the feed tables in real applications. Thus, the
torque command is different from the actual torque delivered
by the servo motors. Before applying friction compensation,
the torque command τcmd is obtained from the velocity
command through the controller in the velocity loop. The
actual torque generated by the motor is τact and
tact ¼ tcmd � tfriction � tdisturbance. τfriction and τdisturbance are
the torques induced by the friction and disturbance effects,

Fig. 6 Velocity loop in motor
control

Fig. 7 Experimental setup
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respectively. Thus, the dynamic motion of machine tools is
obtained as follows:

J
dw
dt

¼ tact ¼ tcmd � tfriction � tdisturbance ð19Þ

where J is the equivalent inertia of the servo mechanism and
ω is the corresponding motor speed. Assuming that the
disturbance term τdisturbance is compensated by the DDOB
and the motion system operates in a steady state, the induced
friction torque τfriction can then be suitably obtained by τcmd
as shown in Eq. 19. Therefore, the approach to identify the

nonlinear friction effects τfriction is obtained by applying dif-
ferent velocity commands and measuring the corresponding
motor current at a steady state to construct the relationship
between them.

3.2 Friction compensation

It should be noted that the dominant factors in the friction
model are the Coulomb friction at low speeds and the
viscous friction at high speeds. The obtained friction model
can be divided into multiple segments. Least square curve

Fig. 8 Velocity and friction
torque: a experiment and b
modeling

Fig. 9 Contouring error at the
command F3000 R50 under
different linear controllers
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fitting is applied to each segment to obtain suitable
parameters for the model. In the low-speed region, a higher
order model is used because of the discontinuity due to
static friction. In the high-speed region, lower order models
are used because the curve is more linear.

4 Experimental results and discussion

The experimental setup is applied to a Leadwell MCV-OP
CNC milling machine with three-phase Panasonic AC
servo motor packs as shown in Fig. 7. The experimental

setup mainly consists of an industrial PC and an ITRI
PMC6000 DSP-based motion control card. An industrial
PC with a Pentium IV 2.8 GHz CPU is used to provide
functions including an interface for human and machine
operations, an interpreter for interpreting standard NC
codes, and recording signals during motions. The DSP-
based motion control card with a high-performance TI
TMS320C32 DSP is used to implement the present motion
controllers for controlling the AC servo motor packs with a
sampling period of 1.0 ms.

Since circular contours are usually applied to test the
motion control system of a commercialized CNC milling
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Fig. 10 Contouring error of
different linear controllers

Fig. 11 Tracking error at the
command F3000 R50 under
different linear controllers
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machine, circular contours with different radii and motion
speeds are applied to evaluate the motion performances of
the different motion controllers in this study. Moreover, two
important performance indices, the maximum (Max) value
and root-mean-square (RMS) value of the tracking and
contouring errors, are used to evaluate motion perform-
ances. The motion performances measured by the DBB are

further employed to evaluate the motions of the CNC
milling machine using different motion controllers.

4.1 Design of linear controllers

For designing linear controllers by applying the ARX
modeling processes, the velocity models of each axis can be
obtained as

Vx z�1
� � ¼ 0:174324z�3 þ 0:055299z�4 þ 0:018861z�5 þ 0:032584z�6

1� 0:33354z�1 � 0:26079z�2 � 0:19207z�3 � 0:065409z�4 þ 0:002068z�5 þ 0:007182z�6 þ 0:124797z�7½ �

Vy z�1
� � ¼ 0:186132z�3 þ 0:028259z�4

1� 0:391058z�1 � 0:363857z�2 � 0:115917z�3 þ 0:033927z�4 þ 0:004945z�5 � 0:06318z�6 � 0:00116z�7 þ 0:111347z�8½ �

Moreover, since all the axes must be stable and present in
similar DC gains for improving the contouring accuracy, we
designed suitable gains for the position loop controllers as

Kpx=0.035 and Kpy=0.035; therefore, their position loop
transfer functions with matched DC gain are obtained as

Px z�1
� � ¼ 0:00477z�1

1� 1:70318z�1 þ 0:17889z�2 þ 0:490335z�3 þ 0:3870008z�4 � 0:350434z�5

Py z�1
� � ¼ 0:0025132z�3

1� 1:733067z�1 þ 0:2450446z�2 þ 0:528681z�3 þ 0:2276909z�4 � 0:265799z�5

The design results of the ZPETC and DDOB are directly
obtained as
ZPETC:

Zx z�1
� � ¼ 382:78835z3 � 651:9575z2 þ 68:477303z

þ 187:69478 þ 148:13942z�1 � 134:1423z�2

Zy z�1
� � ¼ 392:10965z3 � 679:5523z2 þ 96:08437z

þ 207:30116 þ 89:2798z�1 � 104:2226z�2

DDOB:

Qx z�1
� � ¼ LPFðz�1Þ

1þ 0:317224z�1 þ 0:108198z�2 þ 0:1869207z�3

Qy z�1
� � ¼ LPF z�1ð Þ

1þ 0:1518257z�1

By selecting the cut-off frequency of a third-order IIR low-
pass filter LPF(z−1) as 30 Hz, the transfer function is
obtained as follows:

LPF z�1
� � ¼ 0:00069934þ 0:002098z�1 þ 0:002098z�2 þ 0:00069934z�3

1� 2:6235518z�1 þ 2:314682z�2 � 0:6855359z�3

914 Int J Adv Manuf Technol (2009) 44:906–920



In the CCC design, a proper constant gain is set as
C=1.3.

4.2 Design of the nonlinear friction compensator

In the design of nonlinear compensators by applying
different velocity commands to each axis from 0 to
±300 rpm and recording the corresponding motor current
at a steady state, the friction effects can be obtained as
shown in Fig. 8a. Figure 8b shows the curve-fitting results.

The friction model corresponding to five speed ranges
for the two motion axes are obtained as follows:
X-axis:

t vð Þ ¼

0:73838718þ 0:0018525v ; v > 300 rpm
0:65þ 0:0063v� 5:9� 10�5v2 þ 3:09� 10�7v3

�6:7� 10�10v4 þ 4:7� 10�13v5; 5< v≦300 rpm
0:13þ 0:24v� 0:026v2 � 0:0095v3

þ0:000887v4 þ 0:000216v5; �5≦v≦5rpm
�0:83� 0:00126v� 7:45� 10�5v2 � 6:96� 10�7v3

�2:65� 10�9v4 � 3:53� 10�12v5;�5 > v≧� 300 rpm
�0:7103þ 0:0020742v ; v < �300 rpm

:

8>>>>>>>>>><
>>>>>>>>>>:
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Fig. 12 Tracking error of dif-
ferent linear controllers

Fig. 13 Contouring error of the
linear controller without a non-
linear compensator under differ-
ent feed rates
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Y-axis:

t vð Þ ¼

0:8677þ 0:00118v ; v > 300RPM
0:63þ 0:011v� 0:00015v2 þ 1:07� 10�6v3

�3:37� 10�9v4 þ 3:95v5; 5 < v≦300 rpm
0:141þ 0:291v� 0:0289v2 � 0:0134v3

þ 0:00097v4 þ 0:000287v5; �5≦v≦5 rpm
� 0:7524þ 0:0021vþ 5:91� 10�6v2 þ 2:56� 10�8v3

þ 6:42� 10�11v4 þ 6:56� 10�14v5; �5>v≧ � 300 rpm
�0:819þ 0:00128v; v�300 rpm

8>>>>>>>>>>><
>>>>>>>>>>>:

4.3 Experimental results of the linear controllers

To compare the performances of the motion system with
different linear controllers, circular commands were provided
with a radius of 50 mm under a feed rate of 3,000 mm/min.
Figures 9 and 10 show the contouring performances, while
Figs. 11 and 12 show the tracking performances of the
motion system with different linear controllers. For the
performances obtained using only the DC-gain-matched
position feedback controllers, the maximum contouring error
is approximately 40 μm, and the tracking error is quite large
because of the servo lags of the motion systems. After
applying the ZPETC, the tracking error is significantly
reduced, but the contouring accuracy is still limited because
of the modeling uncertainties and nonlinear external dis-

turbances such as friction effects. When the DDOB is added
to the motion system, as shown in Fig. 9c, d, the adverse
effects caused by the modeling uncertainties and friction
phenomena are significantly reduced, and the maximum
contouring error is reduced by approximately 50%. Although

Fig. 14 Contouring error with
nonlinear compensation under
different feed rates
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Fig. 15 Summary of Figs. 12 and 13 with regard to the maximum
contouring error
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nonlinear phenomena due to friction effects cannot be
completely eliminated, the motion control system with both
the ZPETC and CCC can significantly reduce both the
tracking and the contouring errors. The maximum contouring
error is reduced to approximately 16 μm, while the
maximum tracking error is reduced to approximately
60 μm. Figures 10 and 12 summarize the comparison
between the different linear controllers by considering the
maximum and the RMS errors in contouring and tracking

errors, respectively. Apparently, the RMS errors are signif-
icantly diminished when the motion control system uses the
DDOB, ZPETC, and CCC. From these figures, we conclude
that the motion system with the ZPETC can significantly
improve the tracking accuracy, and the maximum tracking
error is reduced to 1/17th of the motion control system
without using the ZPETC. Moreover, the contouring
accuracy is improved by applying both the CCC and the
DDOB. The integrated linear controller that comprises the
DDOB, ZPETC, and CCC reduces both the tracking and
contouring errors. However, since the nonlinear friction
effects still influence the motion system, and these perform-
ances are still limited, the nonlinear compensation is required
for improving the motion accuracy.

4.4 Experimental results of the nonlinear compensator

In this study, four circular commands with an identical
radius of 50 mm but with different feed rates were applied
for testing the performances of the proposed control
structure under different motion speeds. The applied feed
rates are 1,000, 3,000, 5,000, and 8,000 mm/min. When the
motion system only incorporates the integrated linear
controller that comprises the DDOB, ZPETC, and CCC,
as shown in Fig. 13, the maximum contouring error in-
creases depending on the motion speed, and it is dominated
by the friction phenomena. By applying the proposed
nonlinear compensators, as shown in Fig. 14, the contour-
ing errors are significantly reduced for all the motion
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Fig. 16 Summary of Figs. 12 and 13 with regard to the RMS
contouring error

Fig. 17 Contouring error in the
DBB measurement when apply-
ing the existing controller
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Fig. 18 Contouring error in the
DBB measurement for applying
the proposed control structure

Fig. 19 Comparison of the maximum contouring errors

Fig. 20 Comparison of the RMS contouring errors

Fig. 21 Sketch block diagram of the proposed integrated controller

Table 1 Summary of experimental results

Controller Performance

Tracking
accuracy

Contouring
accuracy

Friction
elimination

ZPETC
CCC ●●
DDOB ● ●
Nonlinear compensation ●●
The integrated motion
control structure

●● ●● ●●

● improvement; ●● significant improvement
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speeds. Figures 15 and 16 summarize the comparison
between the different control structures with different
motion speeds by considering the maximum and the RMS
contouring errors. Apparently, the experimental results
indicate that the motion control system with the proposed
nonlinear compensators can achieve considerably better
operating performances.

4.5 DBB measurement

We also compared the proposed control structure with the
existing commercialized control structure using the DBB
circular measurement equipment. The circular commands
with an identical radius of 150 mm but with different feed
rates were provided for testing the performances, and the
corresponding contouring errors are measured using the
DBB measurement system. The applied feed rates are
1,000, 3,000, 5,000, and 8,000 mm/min. Figure 17 shows
the measuring results under a feed rate of 8,000 mm/min
when the motion system uses the existing control structure.
Figure 17 shows that the friction phenomena significantly
affect the operating performances before applying the
proposed nonlinear compensation. The maximum contour-
ing error mainly induced by the friction effects is 22.2 μm.
Figure 18 shows the measurement results when the motion
system uses the proposed control structure. The experimen-
tal results indicate that the friction phenomena are success-
fully suppressed, and the maximum contouring error is
8.2 μm. The maximum contouring error is reduced by
approximately 60%. Figures 19 and 20 summarize the
comparison between the different control structures with
different motion speed by considering the maximum and
the RMS contouring errors, respectively. Apparently, both
the Max and RMS contouring errors of the motion system
with the existing control structure substantially increase
with the feed rate. However, for the motion system with the
proposed control structure, both the maximum and RMS
contouring errors increase only slightly. This result also
shows the robustness of the proposed control structure.

5 Conclusion

In this paper, we have studied the integrated motion control
structure, as shown in Fig. 21, which consists of three linear
controllers, ZPETC, CCC, and DDOB, and one nonlinear
compensator for improving the motion accuracy of indus-
trial CNC machines. Moreover, the integrated control
structure has been successfully applied to a CNC vertical
machining center, and the experimental results show that
the control structure can improve both the tracking and
contouring accuracies and reduce the adverse effects caused
by modeling uncertainties and external disturbances such as

friction effects. In comparison with the existing commer-
cialized control structure, the integrated motion control
structure achieves both motion precision and robustness.
All the experimental results are summarized, as shown in
Table 1, to indicate the merits of applying the integrated
motion control to CNC machines.
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