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Coordinated Adaptive Robust Contouring Controller
Design for an Industrial Biaxial Precision Gantry
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Abstract—To achieve excellent contouring performance, it is no
longer possible to neglect dynamic coupling phenomena that occur
during contouring controls, especially for a linear-motor-driven industrial biaxial precision gantry, which often moves at high speeds.
In addition, effects of significant parametric uncertainties and uncertain nonlinearities need to be addressed carefully. In this paper, a discontinuous-projection-based adaptive robust controller
that explicitly takes into account the dynamic coupling effect is
developed for the high-performance contouring controls of linearmotor-driven high-speed/acceleration systems under various parametric uncertainties and uncertain nonlinearities. Theoretically,
the resulting controllers achieve certain guaranteed transient performance and steady-state tracking accuracy. In addition, asymptotic output tracking is achieved under parametric uncertainties
only. Comparative experimental results are obtained for a linearmotor-driven biaxial high-speed industrial gantry. The results verify the excellent contouring performance of the proposed schemes,
even in the presence of parametric uncertainties and uncertain
nonlinearities.
Index Terms—Adaptive control, contouring, coordinated control, linear motor, task coordinates.

I. INTRODUCTION
S ONE of the most popular solutions to high-speed and
high-precision motion applications, linear-motor-driven
systems have attracted significant attention and great research
efforts during the past decade [1]–[5]. In these designs, each
axis of motion is independently driven and the servo controller
of each axis receives no information from other axes, which
results in a collection of decoupled single-input and singleoutput controller designs. Decoupled design may be preferable
if the disturbance in one axis should not affect the performance
of other axes, which is not the real situation in practice. For
contouring applications, decoupling could result in the lack of
coordination among multiaxes, leading to a degraded contouring
performance [6].
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As opposed to the traditional decoupled controls such as [7]
and [8], Koren [9] first proposed the cross-coupled control
(CCC) strategy that introduced coupling actions in the servo
controllers to improve the coordination of axes so that the
motion axes are “coordinated” to track the desired contour.
Since then, many research publications have been reported on
CCC [10]–[12]. However, these designs were based on the classical control theory for linear time-invariant systems, which are
applicable only under the assumption that the cross-coupling
gains are slowly time-varying. As such, they cannot effectively
address the strong dynamic coupling phenomena (e.g., Coriolis
force) appearing when tracking curved contours.
During the past decade, contouring control problems have
also been approached using different coordination and control
strategies. For example, Chiu and Tomizuka [6] formulated the
contour tracking problem in a task coordinate frame that is
“attached” to the desired contour. Under the task coordinate
formulation, a control law can be designed to assign different
dynamics to the normal and tangential directions relative to
the desired contour. Based on such a task coordinate approach,
many specific contouring control schemes have been reported
recently [13], [14]. However, all these contouring control techniques did not explicitly address the effect of parametric uncertainties and uncertain nonlinearities. As a result, when stringent
contouring performance is of major concern, these methods are
often inadequate as actual physical systems are always subjected
to certain uncertainties (e.g., the change of payloads).
Yao and coworkers [15]–[18] developed the idea of adaptive
robust control (ARC) to provide a rigorous theoretic framework
for the precision motion control of systems under both parametric uncertainties and uncertain nonlinearities. The effectiveness
of the approach has also been verified through various application studies with comparative experimental results (e.g., [3], [4],
and [19]–[21]), in which much improved control performance
has been reported.
The objective of this paper is to integrate the recently developed ARC strategy with various coordination strategies using
different task coordinate frames to develop practically implementable and yet high-performance contouring controllers for
multiaxis high-speed machines. Our earlier endeavor along this
line [22] utilizes the concept of generalized curvilinear coordinates introduced in [23] to define the task coordinate frame for
coordination. As opposed to the locally defined task coordinate
frame used in [6], [13], and [14], which depends on the desired
motion trajectory as well, the general task space defined by a
set of curvilinear coordinates in [23] could be globally defined
based on the shape of the desired contour only, and thus, has
nothing to do with the specific desired motions to be tracked on
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εc ≈ εn = −sin αex + cos αey
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(1)

where ex and ey denote the axial tracking errors of x and y
axes, i.e., ex = x − xd and ey = y − yd , and α denotes the
angle between the tangential line and the horizontal X-axis. In
this model, if the axial tracking errors are comparatively less
than the curvature of the desired contour, then it yields a good
approximation of the contouring error.
However, the tangential error εt can be described as
Fig. 1.

Approximate contouring error model.

the contour. However, such a formulation of task space does not
guarantee the orthogonality of the generalized coordinates. As
such, only circular contour experiments were performed in [22]
as the resulting generalized curvilinear coordinates happened to
be orthogonal along the desired circular contour. To solve this
issue and provide an equal platform for comparing various coordinated contouring controllers, this paper will use the same task
coordinate frame as used by other researchers [6], [13], [14].
Though locally defined based on the desired contour and the
desired motion trajectories, such a task coordinate frame always ensures the local orthogonality of task coordinates, and
thus, can be used for noncircular contouring experiments as
well. With such a task coordinate frame for coordination, the
discontinuous-projection-based ARC design [15], [24] is used
to construct coordinated contouring controllers, which explicitly
take into account the effect of various parametric uncertainties
and uncertain nonlinearities for a much improved contouring
performance. Comparative experimental results obtained on a
high-speed Anorad industrial biaxial gantry with a linear encoder resolution of 0.5 µm will be presented to illustrate the
much improved contouring performance of the proposed controllers despite various model uncertainties.
II. PROBLEM FORMULATION
A. Task Coordinate Frame
By definition, contouring error represents the geometric deviation from the actual contour to the desired contour, and hence,
it can be quantitatively defined as the minimum distance from
the actual position to the desired contour. However, accurate
calculation of contouring error often leads to an intensive computation task, which is hard to be realized in practice, and this
definition is often replaced by approximate models for the contour tracking purposes [14].
A popular approximation of contouring error is presented
in [11] and [14], as shown in Fig. 1. Let x and y denote the
horizontal and the vertical axes of a biaxial gantry system, respectively. Let Pd and Pa denote the position of the reference
command and the actual position of the system at any time instant, respectively. At point Pd , the desired contour possesses
a set of tangential and normal directions such that the contouring error can be approximated by the distance from Pa to
the tangential line in the normal direction. By this definition,
the contouring error εc can be approximately computed by the
normal error εn as

εt = cos αex + sin αey .

(2)

Then, the tangential and the normal directions are mutually
orthogonal, and hence, can be taken as the new basis for the
task coordinate frame. Thus, the physical (x, y) coordinates can
be transformed into the task (εc , εt ) coordinates by a linear
time-varying transformation
ε = Te

(3)

where ε = [εc , εt ]T , e = [ex , ey ]T , and the time-varying transformation matrix depends on the reference trajectories for the
desired contour only and is given by


−sin α cos α
T=
.
(4)
cos α sin α
The matrix T is always unitary for all values of α, i.e., TT = T
and T−1 = T.
B. System Dynamics
The biaxial linear-motor-driven gantry is assumed to have the
following dynamics [19]:
Mq̈ + Bq̇ + F(q̇) = u + d

(5)

where q = [x(t), y(t)]T , q̇ = [ẋ(t), ẏ(t)]T , and q̈ = [ẍ(t),
ÿ(t)]T are the 2 × 1 vectors of the axis position, velocity, and
acceleration, respectively; u is the 2 × 1 vector of control input;
d is the 2 × 1 vector of unknown nonlinear functions, including external disturbances and other unmodeled forces such as
the cogging forces of linear motors; M = diag[M1 , M2 ] and
B = diag[B1 , B2 ] are the 2 × 2 diagonal inertia and damping
matrices, respectively; and F(q̇) is the 2 × 1 vector of nonlinear friction, i.e., F(q̇) = [F1 (ẋ), F2 (ẏ)]T , and Fi , i = 1, 2,
is approximated by a simple smooth friction model given by
F̄(q̇) = ASf (q̇), where A = diag[A1 , A2 ] is the 2 × 2 diagonal friction coefficient matrix and Sf (·) is a vector-valued
smooth function, i.e., Sf (q̇) = [Sf (ẋ), Sf (ẏ)]T . Define the fric = F̄ − F. Then, (5) can
tion model approximation error as F
be written as

Mq̈ + Bq̇ + ASf (q̇) = u + dn + d

(6)

where dn = [dn 1 , dn 2 ]T is the nominal value of d1 = d +
 = d1 − dn . For this dynamic system, we define
 and d
F
the tracking error as e = [ex , ey ]T = [x(t) − xd (t), y(t) −
yd (t)]T , where qd (t) = [xd (t), yd (t)]T is given to describe the
desired contour. Then, the system dynamics can be rewritten as

Më + Bė + ASf (q̇) + Mq̈d + Bq̇d = u + dn + d.

(7)
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Noting (3) and (4), and the unitary property of T, the time
derivatives of the tracking error states can be derived as [14]
ė = Tε̇ + Ṫε

ë = Tε̈ + 2Ṫε̇ + T̈ε.

(8)

Then, the system dynamics can be represented in the task coordinate frame as
Mt ε̈ + Bt ε̇ + 2Ct ε̇ + Dt ε + Mq q̈d + Bq q̇d + Aq Sf (q̇)

= ut + dt + ∆

(9)

where
Mt = TMT,

Bt = TBT,

Dt = TMT̈ + TBṪ,
Mq = TM,

dt = Tdn ,

Aq = TA.


 = Td
∆
(10)

It is well known that (9) has several properties [25].
P1) In any finite work space q ∈ Ωq , Mt is a symmetric
positive-definite (s.p.d.) matrix with
µ1 I ≤ Mt ≤ µ2 I

It can be shown that for any adaptation function τ , the projection
mapping used in (15) guarantees the following [16]:
P4)

θ ∈ Ωθ = {θ : θim in ≤ θ ≤ θim ax }

Ct = TMṪ

ut = Tu,

Bq = TB,

where Γ > 0 is a diagonal matrix and τ is an adaptation func(•) =
tion to be synthesized later. The projection mapping Proj
θ
T
[Proj
(•
),
.
.
.
,
Proj
(•
)]
is
defined
in
[15]
as
1
8

θ1
θ8



 0, if θi = θim ax and •i > 0
Proj
(•i ) = 0, if θi = θim in and •i < 0
(15)
θi


•i, otherwise.

∀q ∈ Ωq

(11)

where µ1 and µ2 are two positive scalars.
P2) Given the definitions in (10), the matrix N = Ṁt − 2Ct
is a skew-symmetric matrix.
P3) The matrices or vectors in (9), Mt , Bt , Ct , Dt , Mq ,
Bq , Aq , and dt , can be linearly parameterized by a set of
parameters defined by θ = [θ1 , . . . , θ8 ]T = [M1 , M2 , B1 , B2 ,
A1 , A2 , dn 1 , dn 2 ]T .
In general, the parameter θ cannot be known exactly. For
example, the payload of the biaxial gantry depends on tasks.
However, the extent of parametric uncertainties can be predicted.
Therefore, the following practical assumption is made.1
Assumption 1: The extent of the parametric uncertainties and
uncertain nonlinearities is known, i.e.,


θ ∈ Ωθ = {θ : θm in ≤ θ ≤ θm ax }


 ∈ Ω∆ = {∆
 : ∆
 ≤ δ∆ }
∆

(12)
(13)

where θm in = [θ1m in , . . . , θ8m in ]T and θm ax = [θ1m ax , . . . ,
θ8m ax ]T are known, and δ∆ is a known function.
The control objective is to synthesize a control input ut
such that q = [x, y]T tracks the reference trajectory qd (t) =
[xd , yd ]T describing the desired contour. qd (t) is assumed to be
of at least second-order differentiable.
III. DISCONTINUOUS PROJECTION
Let θ denote the estimate of θ and θ denote the estimation
error (i.e., θ = θ − θ). In view of (12), the following adaptation
law with discontinuous projection modification can be used:
˙
(Γτ )
θ = Proj
θ

(14)

1 For simplicity, the following notations are used: • for the ith component of
i
the vector •, •m in for the minimum value of •, and •m a x for the maximum value
of •. The operation ≤ for two vectors is performed in terms of the corresponding
elements of the vectors.

(16)

P5)
θT (Γ−1 Proj
(Γτ ) − τ ) ≤ 0
θ

∀τ.

(17)

IV. ARC LAW SYNTHESIS
The task space dynamics (9) have the same form as those in
[22]. Thus, the same controller design procedure and the proof of
theoretical performance as in [22] can be applied. Therefore, in
the following, only the design of controllers and the theoretically
achievable results of each controller are given with all proofs
omitted. Specifically, define a switching-function-like quantity
as
s = ε̇ + Λε

(18)

where Λ > 0 is a diagonal matrix. Define a positive-semidefinite
(p.s.d.) function
V (t) =

1 T
s Mt s.
2

(19)

Differentiating V yields
 − Mq q̈d − Bq q̇d − Aq Sf (q̇)
V̇ = sT [ut + dt + ∆
−Bt ε̇ − Ct ε̇ − Dt ε + Ct Λε + Mt Λε̇]

(20)

where P2) is used to eliminate the term (1/2)sT Ṁt s. Furthermore, from P3), we can linearly parameterize the terms in (20)
as
Mq q̈d + Bq q̇d + Aq Sf (q̇) + Bt ε̇ + Ct ε̇ + Dt ε
−Ct Λε−Mt Λε̇ − dt = −Ψ(q, q̇, t)θ

(21)

where Ψ is a 2 × 8 matrix of known functions, known as the
regressor. Equation (20) can thus be rewritten as

V̇ = sT [ut + Ψ(q, q̇, t)θ + ∆].

(22)

Noting the structure of (22), the following ARC law is proposed:
ut = ua + us ,

ua = −Ψ(q, q̇, t)θ

(23)

where ua is the adjustable model compensation needed to
achieve perfect tracking and us is a robust control law to be
synthesized later. Substituting (23) into (22) and simplifying
the resulting expression lead to

V̇ = sT [us − Ψ(q, q̇, t)θ + ∆].

(24)
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The robust control function us consists of two terms
us = us1 + us2 ,

us1 = −Ks

Choose a p.s.d function
(25)

where us1 is used to stabilize the nominal system, which is chosen to be a simple proportional feedback with K being an s.p.d.
matrix for simplicity, and us2 is a feedback used to attenuate
the effect of model uncertainties for a guaranteed robust performance. Noting Assumption 1 and (16) of P4), there exists a us2
such that the following two conditions are satisfied [15]:
1)

 ≤η
sT {us2 − Ψ(q, q̇, t)θ + ∆}
sT us2 ≤ 0

2)

(26)

where η is a design parameter that can be arbitrarily small.
One smooth example of us2 satisfying (26) is given by
us2 = −(1/4η)h2 s, where h is any smooth function satisfying h ≥ θM Ψ(q, q̇, t) + δ∆ , and θM = θm ax − θm in .
Theorem 1: Suppose the adaptation function in (14) is chosen
as
τ = ΨT (q, q̇, t)s.

(27)

Then, the ARC control law (23) guarantees the following.
1) In general, all signals are bounded. Furthermore, the p.s.d.
function V (t) defined by (19) is bounded above by
V (t) ≤ exp(−λt)V (0) +

η
[1 − exp(−λt)]
λ

(28)

where λ = 2σm in (K)/µ2 and σm in (·) denotes the minimum eigenvalue of a matrix.
2) Suppose after a finite time t0 , there exist parametric un = 0 ∀t ≥ t0 . Then, in addition to
certainties only, i.e., ∆
result 1), zero final tracking error is also achieved, i.e.,
e → 0 and s → 0 as t → ∞.
V. DESIRED COMPENSATION ARC
In the ARC design presented in Section IV, the regressor
Ψ(q, q̇, t) in the model compensation ua (23) and the adaptation function τ (27) depend on states q and q̇, respectively.
Such an adaptation structure may have several potential implementation problems [26]. First, the effect of measurement
noise may be severe, and a slow adaptation rate may have to be
used, which, in turn, reduces the effect of parameter adaptation.
Second, there may exist certain interactions between the model
compensation ua and the robust control us . This may complicate the controller gain tuning process in implementation.
Sadegh and Horowitz [27] proposed a desired compensation
adaptation law in which the regressor is calculated only by the
desired trajectory information. This idea was then incorporated
in the ARC design in [24] and [26]. In the following, the desired compensation ARC (DCARC) is applied on the biaxial
linear-motor-driven gantry as well.
The proposed DCARC law and adaptation function have the
same form as (23) and (27), but with the regressor Ψ(q, q̇, t)
substituted by the desired regressor Ψd (qd (t), q̇d (t), t)
ut = ua + us ,


ua = −Ψd θ,

τ = ΨT
d s.
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(29)

1
1 T
s Mt s + εT Kε ε
(30)
2
2
where Kε is a diagonal positive-definite matrix. Differentiating
V (t) and substituting (29) into the resulting expression yields
V (t) =

 − Ψd θ + ∆]
 + εT Kε ε̇
V̇ = sT [us + Ψθ

(31)

 = Ψ(q, q̇, t) − Ψd (qd , q̇d , t) is the difference bewhere Ψ
tween the actual regression matrix and the desired regression
 can be quantified as
matrix formulations. As shown in [27], Ψ
 ≤ ζ1 ε + ζ2 ε2 + ζ3 s + ζ4 sε
Ψθ

(32)

where ζ1 , ζ2 , ζ3 , and ζ4 are positive bounding constants that
depend on the desired contour and the physical properties of the
biaxial gantry. Similar to (25), the robust control function us
consists of two terms given by
us = us1 + us2 ,

us1 = −Ks − Kε ε − Ka ε2 s (33)

where the controller parameters K, Kε , and Ka are s.p.d. matrices satisfying σm in (Ka ) ≥ ζ2 + ζ4 and the following condition:


1
1
σm in (Kε Λ) − ζ2
− ζ1


4
2
 > 0.
Q=


1
1
− ζ1
σm in (K) − ζ3 − ζ4
2
4
(34)
Specifically, it is easy to check that if
1
1
ζ1 + ζ3 + ζ4
2
4
(35)
the matrix Q defined in (34) is positive-definite. The robust
control term us2 is required to satisfy the following constrains
similar to (26):
σm in (Kε Λ) ≥

1
1
ζ1 + ζ2
2
4

σm in (K) ≥

1)

 ≤η
sT {us2 − Ψd θ + ∆}

2)

sT us2 ≤ 0.

(36)

One smooth example of us2 satisfying (36) is us2 =
−(1/4η)h2d s, where hd is any function satisfying hd ≥
θM Ψd  + δ∆ .
Theorem 2: The DCARC law (29) guarantees the following.
1) In general, all signals are bounded. Furthermore, the p.s.d.
function V (t) defined by (30) is bounded above by
η
(37)
V (t) ≤ exp(−λt)V (0) + [1 − exp(−λt)]
λ
where λ = 2σm in (Q)/(max[µ2 , σm ax (Kε )]), and σm ax (·)
denotes the maximum eigenvalue of a matrix.
2) Suppose after a finite time t0 , there exist parametric un = 0 ∀t ≥ t0 . Then, in addition to
certainties only, i.e., ∆
result 1), zero final tracking error is also achieved, i.e.,
ε → 0 and s → 0 as t → ∞.
VI. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup
To study contour-following motion control and test the proposed controllers’ effectiveness in practical implementation, a
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Biaxial linear-motor-driven gantry system.

biaxial Anorad HERC-510-510-AA1-B-CC2 gantry from Rockwell Automation is set up at Zhejiang University as a test bed.
As shown in Fig. 2, the two axes of the gantry are mounted
orthogonally with X-axis on top of Y-axis. The position sensors of the gantry are two linear encoders with a resolution
of 0.5 µm after quadrature. The velocity signal is obtained
by the difference of two consecutive position measurements.
Standard least-square identification is performed to obtain the
parameters of the biaxial gantry, and it is found that nominal values of the gantry system parameters without loads are
θ = [0.115, 0.5, 0.26, 0.4, 0.1, 0.15, 0, 0]T . The bounds of the
parametric variations are chosen as
θm in = [0.06, 0.5, 0.15, 0.1, 0.05, 0.08, −0.5, −1]T
θm ax = [0.20, 0.75, 0.35, 0.5, 0.15, 0.5, 0.5, 1]T .

(38)

B. Performance Indexes
As in [19], the following performance indexes will be used to
measure the quality of each control algorithm [19].
T
1) εc rm s = ((1/T ) 0 |εc |2 dt)1/2 , the rms value of the
contouring error, is used to measure average contouring
performance, where T represents the total running time.
2) εcM = maxt {|εc |}, the maximum absolute value of the
contouring error, is used to measure transient performance.
T
3) ui rm s = ((1/T ) 0 |ui |2 dt)1/2 , the average control input of each axis, is used to evaluate the amount of control
effort.
C. Experimental Results
The control algorithms are implemented using a dSPACE
DS1103 controller board. The controller executes programs at a
sampling period of Ts = 0.2 ms, resulting in a velocity measurement resolution of 0.0025 m/s. The following control algorithms
are compared.
C1) Proportional–integral–differential (PID) controllers for
each axis separately: The control parameters are set as Kp , Ki ,
and Kd . For X-axis, Kp = 18 000, Ki = 300 000, and Kd = 65;
for Y-axis, Kp = 15 000, Ki = 140 000, and Kd = 120. These
PID gains are chosen so that the resulting nominal closed-loop
transfer functions have a pair of dominant poles with break
frequencies of 383 and 166 rad/s and damping ratios around

0.7 for X-axis and Y-axis, respectively; the third closed-loop
poles are around −17.78 and −10.124 for X-axis and Y-axis,
respectively, but their effects are pretty much canceled by the
nearby zeros at −17.81 and −10.15.
C2) ARC—The control law proposed in Section IV:
The smooth functions Sf (ẋ) and Sf (ẏ) are chosen as
2/π arctan(9000ẋ) and 2/π arctan(9000ẏ). The design parameter Λ is chosen as Λ = diag[100, 30]. us2 in (25) is given
in Section IV. Theoretically, we should use the form us2 =
−Ks2 (q)s, with Ks2 (q) being a nonlinear proportional feedback gain as given in [17] to satisfy the robust performance
requirement (26) globally. In implementation, a large enough
constant feedback gain Ks2 is used instead to simplify the
resulting control law. With such a simplification, though the
robust performance condition (26) may not be guaranteed globally, the condition can still be satisfied in a large enough working range that might be acceptable to practical applications, as
done in [20]. With this simplification, noting (25), we choose
us = −Ks s in the experiments, where Ks represents the summation of K and Ks2 and is chosen as Ks = diag[100, 60].
The adaptation rates are set as Γ = diag[10, 10, 10, 10,
1, 1, 10 000, 10 000]. The initial parameter estimates are chosen
 = [0.1, 0.55, 0.20, 0.22, 0.1, 0.15, 0, 0].
as θ(0)
C3) DCARC—The control law proposed in Section V:
The smooth functions Sf (ẋd ) and Sf (ẏd ) are chosen as
2/π arctan(9000ẋd ) and 2/π arctan(9000ẏd ), respectively. The
design parameters Λ is chosen as Λ = diag[100, 30]. Similar
to that in C2), we choose us = −Ks s − Kε ε − Ka ε2 s in
the experiments instead of (33), where Ks represents the combined gain of us1 and us2 , and the controller parameters are
chosen as Ks = diag[100, 60], Ka = diag[10 000, 10 000], and
Ke = diag[5000, 5000]. The adaptation rates are set as Γ =
diag[10, 10, 10, 10, 1, 1, 10 000, 10 000]. For comparison purpose, the same initial conditions as those in ARC are used.
The following test sets are performed.
Set 1: To test the nominal contouring performance of the
controllers, experiments are run without payload.
Set 3: To test the performance robustness of the algorithms
to parameter variations, a 5.2-kg payload is mounted
on the gantry.
Set 3: A large step disturbance (a simulated 0.6-V electrical
signal) is added to the input of Y-axis at t = 1.86 s
and removed at t = 4.86 s to test the performance
robustness of each controller to disturbance.
1) Circular Contouring With Constant Velocity: To test the
contouring performance of the proposed algorithms, the biaxial
gantry is first commanded to track a circle given by

qd =

xd (t)
yd (t)




=

0.2 sin(2t)
−0.2 cos(2t) + 0.2


(39)

which has a desired velocity of v = 0.4 m/s on the contour.
The circular contouring experimental results in terms of performance indexes after running the gantry for one period are
given in Table I. As seen from the table, both ARC and DCARC
achieve better steady-state contouring performance during fast
circular movements than PID. Overall, DCARC performs better
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TABLE I
CIRCULAR CONTOURING RESULTS

Fig. 3.

Fig. 4.

Fig. 5.

Circular contouring errors of set 2 (loaded).

Fig. 6.

Circular contouring errors of set 3 (disturbances).

Circular contouring of set 1 in X–Y plane.

Circular contouring errors of set 1 (no load).

than ARC in terms of all indexes. It can also be observed that, as
expected, all controllers use almost the same amount of control
efforts for every test set. For set 1, the desired circle and the
actual contours by all three controllers are shown in Fig. 3, and
the contouring errors are given in Fig. 4, demonstrating the good
nominal performance of both ARC and DCARC controllers—
the contouring errors are mostly within 5 µm. For set 2, the
contouring errors are displayed in Fig. 5, which shows that both
ARC and DCARC achieve almost the same good steady-state
contouring performance as before despite the change of inertia
load, thus verifying the performance robustness of the proposed
ARC controllers to parameter variations. The contouring errors
of set 3 are given in Fig. 6. As seen from the figures, the added

large disturbances do not affect the contouring performance of
ARC and DCARC much except the transient spikes when the
sudden changes of the disturbances occur—even the transient
tracking errors are within 24 µm for DCARC. All these results
demonstrate the strong performance robustness of the proposed
schemes.
2) Elliptical Contouring With Constant Angular Velocity:
To test the contouring performance of the proposed algorithms
for noncircular motions, the biaxial gantry is also commanded
to track an ellipse described by
 


0.2 sin(3t)
xd (t)
=
(40)
qd =
−0.1 cos(3t) + 0.1
yd (t)
which has an angular velocity of ω = 3 rad/s.
The elliptical contouring experimental results in terms of
performance indexes after running the gantry for one period
are given in Table II. The same qualitative comparative performance results as in the circular contouring experiments can be
drawn from the table. For set 1, the desired ellipse and the actual contours by all three controllers are shown in Fig. 7, and
the contouring errors are displayed in Fig. 8, which are mostly
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TABLE II
ELLIPTICAL CONTOURING RESULTS

Fig. 9.

Fig. 7.

Elliptical contouring errors of set 2 (loaded).

Elliptical contouring of set 1 in X–Y plane.

Fig. 10.

Elliptical contouring errors of set 3 (disturbances).

VII. CONCLUSION

Fig. 8.

Elliptical contouring errors of set 1 (no load).

within 5 µm for both ARC and DCARC. For set 2, the contouring errors are shown in Fig. 9, which are almost the same
as those without the payload for ARC and DCARC, demonstrating the strong performance robustness of both controllers
to the change of inertia load. The contouring errors of set 3 are
given in Fig. 10. Again, the added large disturbances do not
affect the contouring performance of ARC and DCARC much
except the initial transient when the sudden changes of the disturbances occur. All these results further demonstrate the strong
performance robustness of the proposed schemes.

In this paper, coordinated adaptive robust contouring controllers have been developed for a biaxial linear-motor-driven
precision gantry in the presence of both parametric uncertainties and uncertain nonlinearities, including unmodeled cogging
forces and external disturbances. It was shown that the proposed
controllers theoretically guarantee a prescribed contouring performance, in general, while achieving asymptotic tracking in
the presence of parametric uncertainties only. Extensive comparative experimental results for reasonably high-speed circular
and elliptical motions have demonstrated the good contouring
performance of the proposed coordinated ARC controllers in
actual applications and the strong performance robustness of
the controllers to parameter variations and disturbances.
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