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Coordinated Adaptive Robust Contouring Control of
an Industrial Biaxial Precision Gantry
With Cogging Force Compensations

Chuxiong Hu, Student Member, IEEE, Bin Yao, Senior Member, IEEE, and Qingfeng Wang

Abstract—Cogging force is an important source of disturbances
for linear-motor-driven systems. To obtain a higher level of con-
touring motion control performance for multiaxis mechanical
systems subject to significant nonlinear cogging forces, both the
coordinated control of multiaxis motions and the effective com-
pensation of cogging forces are necessary. In addition, the effect of
unavoidable velocity measurement noises needs to be sufficiently
attenuated. This paper presents a discontinuous-projection-based
desired compensation adaptive robust contouring controller to
address these control issues all at once. Specifically, the presented
approach explicitly takes into account the specific characteristics
of cogging forces in the controller designs and employs the task
coordinate formulation for coordinated motion controls. Theo-
retically, the resulting controller achieves a guaranteed transient
performance and a steady-state contouring accuracy even in the
presence of both parametric uncertainties and uncertain nonlin-
earities. In addition, the controller also achieves asymptotic output
tracking when there are parametric uncertainties only. Compara-
tive experimental results obtained on a high-speed Anorad indus-
trial biaxial precision gantry are presented to verify the excellent
contouring performance of the proposed control scheme and the
effectiveness of the cogging force compensations.

Index Terms—Adaptive control, cogging force, contouring
control, linear motor.

I. INTRODUCTION

CONTOURING performance is evaluated by the contour-
ing error which represents the geometric deviation from

the actual contour to the desired contour [1]. The degrada-
tion of contouring performance [2] could be mainly due to
either the lack of coordination among multiaxis motions [3] or
the effects of disturbances such as friction [4]–[6] and ripple
forces [7], [8]. The former is referred to as the coordinated
contouring control problem and the latter as the disturbance
rejection/compensation.
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Both the contouring control problem and the disturbance
rejection/compensation problem have been extensively studied
individually. Specifically, as opposed to the traditional decou-
pled control such as [9] and [10], earlier research works on the
coordinated contouring control [11]–[14] use the cross-coupled
control strategy [15]. Later on, the contouring control problem
is formulated in a task coordinate frame by using either of the
following: 1) the concept of generalized curvilinear coordinates
introduced in [16], which is done in [17] and [18], or 2) the
locally defined coordinates “attached” to the desired contour
proposed in [3]. Under the task coordinate formulation, a con-
trol law could be designed to assign different dynamics to the
normal and tangential directions relative to the desired contour.
Since then, many contouring control schemes based on task
coordinate approaches have been reported [1], [19]. However,
all these latest publications on coordinated control techniques
cannot explicitly deal with parametric uncertainties and un-
certain nonlinearities. As a result, they are often insufficient
when stringent contouring performance is of concern, as actual
systems are always subjected to certain model uncertainties and
disturbances.

In controlling linear-motor-driven systems, cogging force
is known as an important source of disturbances. To achieve
higher precision of motion, the cogging force behavior should
be clearly understood such that effective cogging force com-
pensation can be synthesized. Thus, significant research efforts
have been devoted to the modeling and compensation of cog-
ging forces as well. For example, in [20]–[22], the cogging
force is assumed to be periodic functions with respect to
position so that Fourier expansion with a few significant terms
could be utilized to represent the cogging force. A nonperiodic
effect is also considered in a recent publication [23]. It should
be noted that all these cogging force compensation research
works are done for single axis motion only.

During the past decade, an adaptive robust control (ARC)
framework has been developed by Yao and Tomizuka in
[24]–[26] to provide a rigorous theoretic framework for the
precision motion control of systems with both parametric un-
certainties and uncertain nonlinearities. The approach effec-
tively integrates the traditional robust adaptive controls and
the deterministic robust controls, and achieves a guaranteed
transient and steady-state output tracking performance without
losing the asymptotic output tracking capability of adaptive
designs. The desired compensation ARC (DCARC) strategy
has also been proposed in [27] and [28] to reduce the effect
of measurement noises.
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Fig. 1. Approximate contouring error model.

In [29], the ARC strategy [24] and the task coordinate
frame approach in [3] have been integrated to develop a high-
performance contouring controller for high-speed machines. To
obtain a higher level of contouring motion control performance
for linear-motor-driven multiaxis mechanical systems subject
to significant nonlinear cogging forces, both the coordinated
control of multiaxis motions and the effective compensation of
cogging forces are necessary. In addition, the effect of unavoid-
able velocity measurement noises needs to be carefully exam-
ined and sufficiently attenuated. This paper presents a holistic
approach to address all these issues at once. Specifically, a
discontinuous-projection-based desired compensation adaptive
robust contouring controller is presented. The proposed ap-
proach explicitly takes into account the specific characteristics
of cogging forces in the controller designs and employs the
task coordinate formulation for coordinated motion controls.
Experimental results have also been obtained on a high-speed
Anorad industrial biaxial gantry driven by LC-50-200 linear
motors with a linear encoder resolution of 0.5 μm. The results
verify the excellent contouring performance of the proposed
DCARC controller in an actual implementation in spite of
various parametric uncertainties and uncertain disturbances.
Comparative experimental results also demonstrate the effec-
tiveness of the cogging force compensations.

II. PROBLEM FORMULATION

A. Task Coordinate Frame

Since an accurate calculation of contouring error often leads
to an intensive computation task which is hard to be realized in
practice, various approximations have been used in the contour-
ing controls instead. Fig. 1 shows a popular approximation of
contouring error [12], [19]. Let x and y denote the horizontal
and vertical axes of a biaxial gantry system. At any time
instant, there are two points Pd and Pa denoting the position of
the reference command and the actual position of the system,
respectively. Tangential and normal directions of the desired
contour at point Pd are used to approximate the contouring
error by the distance from Pa to the tangential line. With
this definition, the contouring error εc can be approximately
computed by the normal error εn as

εc ≈ εn = − sin α · ex + cos α · ey (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 to the horizontal X-axis.

This way of approximating the contouring error is reasonable
when the axial tracking errors are comparatively small to the
curvature of the desired contour.

The tangential error εt in Fig. 1 can be obtained as

εt = cos α · ex + sin α · ey. (2)

As the tangential and normal directions are mutually orthogo-
nal, they can be taken as the basis for the task coordinate frame.
Thus, the physical (x, y) coordinates can be transformed into
the task coordinates of (εc, εt) by a linear transformation

ε = Te, T =
[
− sin α cos α
cos α sinα

]
(3)

where ε = [εc, εt]T, and e = [ex, ey]T. Note that the time-
varying transformation matrix T depends on the reference
trajectories of the desired contour only and is unitary for all
values of α, i.e., TT = T and T−1 = T.

B. System Dynamics

The dynamics of the biaxial linear-motor-driven gantry can
be described by [30]

Mq̈ + Bq̇ + Fc(q̇) + Fr(q) = u + d (4)

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; M = diag[M1,M2]
and B = diag[B1, B2] are the 2 × 2 diagonal inertia and
viscous friction coefficient matrices, respectively. Fc(q̇) is
the 2 × 1 vector of Coulomb friction, which is modeled by
Fc(q̇) = AfSf (q̇), where Af = diag[Af1, Af2] is the 2 × 2
unknown diagonal Coulomb friction coefficient matrix and
Sf (q̇) is a known vector-valued smooth function used to
approximate the traditional discontinuous sign function sgn(q̇)
used in the traditional Coulomb friction modeling for effective
friction compensation in implementation [20]. Fr(q) represents
the 2 × 1 vector of position dependent cogging forces. u is the
2 × 1 vector of control input, and d is the 2 × 1 vector of
unknown nonlinear functions due to external disturbances or
modeling errors.

In this paper, it is assumed that the permanent magnets of
a linear motor are all identical and equally spaced at a pitch
of P . Thus, Fr(q) = [Frx(x), Fry(y)]T is a periodic function
of position q with a period of P , i.e., Frx(x + P ) = Frx(x),
Fry(y + P ) = Fry(y), and it can be approximated quite accu-
rately by the first several harmonic functions of the positions
given by [20]

F rx(x) =
m∑

i=1

(
Sxi sin

(
2iπ

P
x

)
+ Cxi cos

(
2iπ

P
x

))

F ry(y) =
n∑

j=1

(
Syj sin

(
2jπ

P
y

)
+ Cyj cos

(
2jπ

P
y

))
(5)

where Sxi, Cxi, Syj , and Cyj are the unknown weights, and
m and n are the numbers of harmonics used to approximate
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the cogging forces in X- and Y -axes, respectively. With these
cogging force and friction models, the linear motor dynamics
(4) can be rewritten as

Mq̈ + Bq̇ + AfSf (q̇) + Fr(q) = u + dN + d̃ (6)

where dN = [dN1, dN2]T is the nominal value of the lumped
modeling error and disturbance dl = d + Fr(q) − Fr(q) +
AfSf (q̇) − Fc(q̇), and d̃ = dl − dN represents the time-
varying portion of the lumped uncertainties. Define the axis
tracking error vector as e = [ex, ey]T = [x(t) − xd(t), y(t) −
yd(t)]T, where qd(t) = [xd(t), yd(t)]T is the reference trajec-
tory describing the desired contour. Then, the system dynamics
can be written in terms of e as

Më+Bė+AfSf (q̇)+Fr(q)+Mq̈d+Bq̇d = u+dN+d̃.
(7)

Noting (3) and the unitary property of T, the axis tracking
errors are related to the task coordinates as [19]

ė = Tε̇ + Ṫε ë = Tε̈ + 2Ṫε̇ + T̈ε. (8)

The system dynamics can thus be represented in the task
coordinate frame as

Mtε̈ + Btε̇ + 2Ctε̇ + Dtε + Mqq̈d + Bqq̇d

+AfqSf (q̇) + Frq(q) = ut + dt + Δ̃ (9)

where

Mt =TMT Bt = TBT Ct = TMṪ

Dt =TMT̈ + TBṪ ut = Tu dt = TdN

Δ̃ =Td̃ Mq = TM Bq = TB

Afq =TAf Frq(q) = TFr(q). (10)

It is well known that (9) has the following properties [16].

(P1) Mt is a symmetric positive definite matrix with μ1I ≤
Mt ≤ μ2I, where μ1 and μ2 are some positive scalars.

(P2) The matrix Nt = Mt − 2Ct is a skew-symmetric matrix.
(P3) The matrices or vectors in (9), namely, Mt, Bt, Ct,

Dt, Mq, Bq, Afq, Frq(q), and dt, can be linearly
parametrized by a set of parameters defined by θ =
[θ1, . . . , θ8+2m+2n]T = [M1,M2, B1, B2, Af1, Af2, Sx1,
Cx1, . . . , Sxm, Cxm, Sy1, Cy1, . . . , Syn, Cyn, dN1, dN2]T.

In general, the parameter vector θ cannot be known exactly
in advance due to factors such as the change of payloads of the
biaxial gantry. However, the extent of parametric uncertainties
can be predicted. Therefore, the following practical assumption
is made.

Assumption 1: The extent of the parametric uncertainties and
uncertain nonlinearities is known, i.e.,

θ ∈ Ωθ
Δ= {θ : θmin ≤ θ ≤ θmax} (11)

Δ̃ ∈ ΩΔ
Δ=

{
Δ̃ : ‖Δ̃‖ ≤ δΔ

}
(12)

where θmin = [θ1min, . . . , θ(8+2m+2n)min]T and θmax =
[θ1max, . . . , θ(8+2m+2n)max]T are known constant vectors,
and δΔ is a known function.

III. DISCONTINUOUS PROJECTION

Let θ̂ denote the estimate of θ and θ̃ the estimation error (i.e.,
θ̃ = θ̂ − θ). In view of (11), the following adaptation law with
discontinuous projection modification can be used:

˙̂
θ = Proj

θ̂
(Γτ) (13)

where Γ > 0 is a diagonal matrix, and τ is an adaptation
function to be synthesized later. The projection mapping
Proj

θ̂
(•) = [Proj

θ̂1
(•1), . . . , P roj

θ̂p
(•p)]T is defined in [24]

as

Proj
θ̂i

(•i) =

⎧⎨
⎩

0, if θ̂i = θimax and •i > 0
0, if θ̂i = θimin and •i < 0
•i, if otherwise.

(14)

It is shown that, for any adaptation function τ , the projection
mapping used in (14) guarantees [25]

(P4) θ̂ ∈ Ωθ
Δ= {θ̂ : θimin ≤ θ̂ ≤ θimax}

(P5) θ̃T
(
Γ−1Proj

θ̂
(Γτ) − τ

)
≤ 0 ∀ τ. (15)

IV. ARC LAW SYNTHESIS

Define a switching-function-like quantity as

s = ε̇ + Λε (16)

where Λ > 0 is a diagonal matrix. Define a positive semidefi-
nite (p.s.d.) function

V (t) =
1
2
sTMts. (17)

Differentiating V yields

V̇ = sT
[
ut + dt + Δ̃ − Mqq̈d − Bqq̇d − AfqSf (q̇)

−Frq(q) − Btε̇ − Ctε̇ − Dtε + CtΛε + MtΛε̇
]

(18)

where (P2) is used to eliminate the term (1/2)sTṀts. Further-
more, viewing (P3), we can linearly parameterize the terms in
(18) as

Mqq̈d + Bqq̇d + AfqSf (q̇) + Frq(q) + Btε̇ + Ctε̇

+Dtε − CtΛε − MtΛε̇ − dt = −Ψ(q, q̇, t)θ (19)

where Ψ is a 2 × (8 + 2m + 2n) matrix of known functions,
known as the regressor. Thus, (18) can be rewritten as

V̇ = sT
[
ut + Ψ(q, q̇, t)θ + Δ̃

]
. (20)

Noting the structure of (20), the following ARC law is
proposed:

ut = ua + us, ua = −Ψ(q, q̇, t)θ̂ (21)
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where ua is the adjustable model compensation needed for
achieving perfect tracking, and us is a robust control law to
be synthesized later. Substituting (21) into (20) and simplifying
the resulting expression lead to

V̇ = sT
[
us − Ψ(q, q̇, t)θ̃ + Δ̃

]
. (22)

The robust control function us consists of two terms

us = us1 + us2, us1 = −Ks (23)

where us1 is used to stabilize the nominal system, which is cho-
sen to be a simple proportional feedback with K being a sym-
metric positive definite matrix for simplicity. Moreover, us2 is
a feedback used to attenuate the effect of model uncertainties
for a guaranteed robust performance. Noting Assumption 1 and
(P4), there exists a us2 such that the following two conditions
are satisfied [24]:

i) sT
[
us2 − Ψ(q, q̇, t)θ̃ + Δ̃

]
≤ η

ii) sTus2 ≤ 0 (24)

where η is a design parameter that can be arbitrarily small.
One smooth example of us2 satisfying (24) is given by us2 =
−(1/4η)h2s, where h is a smooth function satisfying h ≥
‖θM‖ ‖Ψ(q, q̇, t)‖ + δΔ, and θM = θmax − θmin. Using the
same derivations as in [29], the following can be shown.

Theorem 1: With the adaptation function in (13) chosen as

τ = ΨT(q, q̇, t)s (25)

the ARC control law (21) guarantees the following.
1) In general, all signals are bounded with V (t) defined by

(17) bounded above by

V (t) ≤ exp(−λt)V (0) +
η

λ
[1 − exp(−λt)] (26)

where λ = 2σmin(K)/μ2, and σmin(·) denotes the mini-
mum eigenvalue of a matrix.

2) If, after a finite time t0, there exist parametric uncer-
tainties only, i.e., Δ̃ = 0 ∀t ≥ t0, then, in addition to
result 1), zero steady-state tracking error is also achieved,
i.e., ε → 0 and s → 0 as t → ∞.

V. DCARC

The DCARC law [27], in which the regressor is calcu-
lated by the desired trajectory information only to reduce
the effect of measurement noise, has been shown to outper-
form ARC in terms of all indices [30]. In the following, a
DCARC law employing the cogging force model in (5) is con-
structed and applied to the biaxial linear-motor-driven gantry
as well.

The proposed DCARC law and adaptation function have the
same form as (21) and (25), but with the regressor Ψ(q, q̇, t)
substituted by the desired regressor Ψd(qd(t), q̇d(t), t)

ut = ua + us ua = −Ψdθ̂ τ = ΨT
d s. (27)

Choose a p.s.d. function

V (t) =
1
2
sTMts +

1
2

εTKεε (28)

where Kε is a diagonal positive definite matrix. Differentiating
V (t) and substituting (27) into the resulting expression yield

V̇ = sT[us + Ψ̃θ − Ψdθ̃ + Δ̃] + εTKεε̇ (29)

where Ψ̃ = Ψ(q, q̇, t) − Ψd(qd, q̇d, t) is the difference be-
tween the actual regression matrix and the desired regression
matrix formulations. Similar to those in [31], Ψ̃ can be quanti-
fied as

‖Ψ̃θ‖ ≤ ζ1‖ε‖ + ζ2‖ε‖2 + ζ3‖s‖ + ζ4‖s‖‖ε‖ (30)

where ζ1, ζ2, ζ3, and ζ4 are the positive bounding constants that
depend on the desired contour and the physical properties of
the biaxial gantry. As in (23), the robust control function us

consists of two terms given by

us = us1 + us2 us1 = −Ks − Kεε − Ka‖ε‖2s (31)

where the controller parameters K, Kε, and Ka are diagonal
matrices satisfying σmin(Ka) ≥ ζ2 + ζ4 and the following con-
dition:

Q=
[

σmin(KεΛ) − 1
4ζ2 − 1

2ζ1

− 1
2ζ1 σmin(K) − ζ3 − 1

4ζ4

]
> 0. (32)

For example, by choosing

σmin(KεΛ) ≥ 1
2
ζ1 +

1
4
ζ2 σmin(K) ≥ 1

2
ζ1 + ζ3 +

1
4
ζ4

(33)

it can be verified that the matrix Q in (32) is positive definite.
The same as in (24), the robust control term us2 is required to
satisfy the following conditions:

i) sT{us2 − Ψdθ̃ + Δ̃} ≤ η

ii) sTus2 ≤ 0. (34)

One smooth example of us2 satisfying (34) is us2 =
−(1/4η)h2

d s, where hd is any function satisfying hd ≥
‖θM‖ ‖Ψd‖ + δΔ. As in [29], the following can be shown.

Theorem 2: The DCARC law (27) guarantees the
following.

1) In general, all signals are bounded with V (t) of (28)
bounded above by

V (t) ≤ exp(−λt)V (0) +
η

λ
[1 − exp(−λt)] (35)

where λ = (2σmin(Q)/max[μ2, σmax(Kε)]), and
σmax(·) denotes the maximum eigenvalue of a matrix.

2) Suppose that, after a finite time t0, there exist paramet-
ric uncertainties only, i.e., Δ̃ = 0 ∀ t ≥ t0. Then, in
addition to result 1), zero steady-state tracking error is
achieved as well, i.e., ε → 0 and s → 0 as t → ∞.
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Fig. 2. Biaxial linear-motor-driven gantry system.

VI. EXPERIMENTAL SETUP AND RESULTS

A. Experiment Setup

A biaxial Anorad HERC-510-510-AA1-B-CC2 gantry from
Rockwell Automation is set up in Zhejiang University as a test
bed. As shown in Fig. 2, the two axes powered by Anorad
LC-50-200 iron core linear motors are mounted orthogonally
with X-axis on top of the 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 biax-
ial gantry, and it is found that the nominal values of the gantry
system parameters without loads are M1 = 0.12 V/m/s2, M2 =
0.64 V/m/s2, B1 = 0.166 V/m/s, B2 = 0.24 V/m/s, Af1 =
0.1 V, and Af2 = 0.36 V.

The explicit measurement of cogging force for both axes
has been done by blocking the motor and using an external
force sensor to measure the blocking forces at zero input
voltages. The measured cogging forces are detailed in [23].
The frequency domain analysis of the measured cogging forces
indicates that the fundamental period corresponds to the pitch
of the magnets of P = 50 mm and that the harmonic terms
of cogging forces have significant values at frequencies cor-
responding to i = 1, 2, 3 and j = 1, 6, 12 in (5). Thus, the
approximate cogging force model (5) is chosen as

Fr(q) =
[
Sx1 sin

(
2π

P
x

)
+ Cx1 cos

(
2π

P
x

)

+ Sx2 sin
(

4π

P
x

)
+ Cx2 cos

(
4π

P
x

)

+ Sx3 sin
(

6π

P
x

)
+ Cx3 cos

(
6π

P
x

)
,

× Sy1 sin
(

2π

P
y

)
+ Cy1 cos

(
2π

P
y

)

+ Sy6 sin
(

12π

P
y

)
+ Cy6 cos

(
12π

P
y

)

+Sy12 sin
(

24π

P
y

)
+ Cy12 cos

(
24π

P
y

)]T

.

(36)

The bounds of the parametric variations are chosen as

θmin = [0.06, 0.5, 0.15, 0.1, 0.05, 0.08,−0.2,−0.2,

− 0.2,−0.2,−0.2,−0.2,−0.2,−0.2,−0.2,

− 0.2,−0.2,−0.2,−0.5,−1]T

θmax = [0.20, 0.75, 0.35, 0.3, 0.15, 0.5, 0.2, 0.2, 0.2, 0.2,

0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.5, 1]T.

B. Performance Indices

As in [30], the following performance indices will be used to
measure the quality of each control algorithm.

1) ‖εc‖rms = ((1/T )
∫ T

0 |εc|2 dt)1/2, the root-mean-square
value of the contouring error, is used to measure the
average contouring performance, where T is the total
running time.

2) εcM = maxt{|εc|}, the maximum absolute value of the
contouring error, is used to measure transient perfor-
mance.

3) ‖ui‖rms = ((1/T )
∫ 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.

1) C1: DCARC without cogging force compensation. The
smooth functions Sf (ẋd) and Sf (ẏd) are chosen as
(2/π) arctan(9000ẋd) and (2/π) arctan(9000ẏd). The
design parameter Λ is chosen as Λ = diag[100, 30].
us2 in (31) is given in Section V. Theoretically, we
should use the form of us2 = −Ks2(q)s with Ks2(q)
being a nonlinear proportional feedback gain as given
in [26] to satisfy the robust performance requirement
(34) globally. In implementation, a large enough
constant feedback gain Ks2 is used instead to simplify
the resulting control law. With such a simplification,
although the robust performance condition (34) may
not be guaranteed globally, the condition can still be
satisfied in a large enough working range which might be
acceptable to practical applications, as done in [32]. With
this simplification, noting (31), we choose us = −Kss −
Kεε − Ka‖ε‖2s in the experiments, where Ks rep-
resents the combined gain of K and Ks2, and
the controller parameters are Ks = diag[100, 60],
Ka = diag[10 000, 10 000], and Kε = diag[5000, 5000].
The adaptation rates are set as Γ = diag[10, 10, 10, 10,
1, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 5000, 5000]. The initial
parameter estimates are chosen as θ̂(0) = [0.1, 0.55,
0.20, 0.22, 0.1, 0.15, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]T.
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TABLE I
CIRCULAR CONTOURING RESULTS

Fig. 3. Circular contouring of Set 1 in the XY plane.

2) C2: DCARC with cogging force compensation. The same
control law as the aforementioned DCARC but with cog-
ging force compensation, i.e., letting Γ = diag[10, 10,
10, 10, 1, 1, 500, 500, 500, 500, 500, 500, 500, 500, 500,
500, 500, 500, 5000, 5000].

The following test sets are performed.
Set 1) To test the nominal contouring performance of the

controllers, experiments are run without payload.
Set 2) To test the performance robustness of the algorithms to

parameter variations, a 5-kg payload is mounted on the
gantry.

Set 3) A step disturbance (a simulated 0.6-V electrical signal)
is added to the input of Y -axis at t = 1.9 s and removed
at t = 4.9 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)

]
=

[
0.15 sin(2t)

−0.15 cos(2t) + 0.15

]
(37)

which has a desired velocity of ν = 0.3 m/s on the contour.
The circular contouring experimental results in terms of

performance indices after running the gantry for one period are
given in Table I. Overall, both C1 and C2 achieve good steady-
state contouring performance during fast circular movements.
As shown in the table, C2 performs much better than C1 in
terms of all the indices with using almost the same amount of
control efforts for every test set. For Set 1, the desired circle
and the actual contours by C1 and C2 are shown in Fig. 3,
and the contouring errors are shown in Fig. 4, demonstrating
the good nominal performance of DCARC controllers—the
contour errors are mostly within 5 μm. For Set 2, the contouring
errors are shown in Fig. 5 which shows that both controllers
achieve good steady-state contouring performance in spite of

Fig. 4. Circular contouring errors of Set 1 (no load).

Fig. 5. Circular contouring errors of Set 2 (loaded).

the change of inertia load, verifying the performance robustness
of the proposed DCARC controllers to parameter variations.
The contouring errors of Set 3 are shown in Fig. 6. As shown
in the figures, the added large disturbances do not affect
the contouring performance much except the transient spikes
when the sudden changes of the disturbances occur—even
the transient tracking errors are within 26 μm for C2. These
results demonstrate the strong performance robustness of the
DCARC schemes. Comparing C2 with C1, the improvements
of contouring performances in all three sets also illustrate the
effectiveness of the cogging force compensations.

2) Elliptical Contouring: To test the contouring perfor-
mance of the proposed algorithms for noncircular motions,
the biaxial gantry is also commanded to track an ellipse de-
scribed by

qd =
[

xd(t)
yd(t)

]
=

[
0.2 sin(3t)

−0.1 cos(3t) + 0.1

]
(38)

which has a constant angular velocity of ω = 3 rad/s but a time-
varying feed rate.
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Fig. 6. Circular contouring errors of Set 3 (disturbances).

TABLE II
ELLIPTICAL CONTOURING RESULTS

Fig. 7. Elliptical contouring of Set 1 in the XY plane.

The elliptical contouring experimental results in terms of
performance indices after running the gantry for one period
are given in Table II. Overall, both C1 and C2 achieve good
steady-state contouring performance during the fast elliptical
movements. As can be seen from the table, C2 performs better
than C1 in terms of all the indices with using almost the same
amount of control efforts for every test set. For Set 1, the desired
ellipse and the actual contours by C1 and C2 are shown in
Fig. 7, and the contouring errors are shown in Fig. 8, which are
mostly within 5 μm as well. For Set 2, the contouring errors are
shown in Fig. 9, which are almost the same as those without the
payload, 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 much
except the initial transient when the sudden changes of the

Fig. 8. Elliptical contouring errors of Set 1 (no load).

Fig. 9. Elliptical contouring errors of Set2 (loaded).

Fig. 10. Elliptical contouring errors of Set 3 (disturbances).
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disturbances occur. All these results further demonstrate the
strong performance robustness of the proposed schemes and the
effectiveness of the cogging force compensations.

VII. CONCLUSION

This paper has studied the high-performance contouring
motion control of an industrial biaxial linear-motor-driven pre-
cision gantry subject to significant nonlinear cogging force
effects. A DCARC controller has been developed under the
task coordinate formulation. The proposed controller explicitly
takes into account the effect of model uncertainties coming
from the inertia load, friction forces, cogging forces, and ex-
ternal disturbances. In particular, based on the special structure
of the cogging forces, design models consisting of known basis
functions with unknown weights are used to approximate the
unknown nonlinear cogging forces in both axes. The resulting
controller guarantees a prescribed contouring performance in
general while achieving asymptotic tracking in the presence
of parametric uncertainties only. Experimental results for both
high-speed circular and elliptical motions have demonstrated
the excellent contouring performance of the proposed DCARC
scheme in actual applications and the strong performance ro-
bustness to parameter variations and disturbances. Comparative
experimental results have also been presented to verify the
effectiveness of the proposed cogging force compensations.
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