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Desired Compensation Adaptive Robust Control
of a Linear-Motor-Driven Precision Industrial Gantry

With Improved Cogging Force Compensation
Lu Lu, Zheng Chen, Bin Yao, Member, IEEE, and Qingfeng Wang

Abstract—This paper proposes a new model for cogging forces
of linear motor systems. Sinusoidal functions of positions are used
to effectively capture the largely periodic nature of cogging forces
with respect to position, while B-spline functions are employed to
account for the additional aperiodic part of cogging forces. This
model is experimentally demonstrated to be able to capture both
the periodic and nonperiodic characteristics of cogging force while
having a linear parametrization form, which makes the online
adaptive compensation of cogging forces possible and effective.
A discontinuous-projection-based desired compensation adaptive
robust controller (DCARC) is then constructed, which makes full
use of the proposed cogging force model for an improved cog-
ging force compensation. Comparative experimental results with
various cogging force compensations are obtained on both axes
of a linear-motor-driven industrial gantry. The results show that
DCARC with the proposed model compensation achieves the best
tracking performance among all the three algorithms tested, val-
idating the proposed cogging force model. The excellent tracking
performances obtained in the experiments also verify the effective-
ness of the proposed ARC control algorithms in practical applica-
tions. The proposed model and control algorithm can be applied
for other types of motor control systems as well.

Index Terms—Adaptive control, cogging force, linear motors,
motion control.

I. INTRODUCTION

B EING one of the direct-drive devices [1]–[4], linear mo-
tors have received significant attention in recent researches

[5]–[12] due to the hardware advantages of such a system for
use in high-speed/high-accuracy positioning systems [13]. In
controlling iron core linear motors with permanent magnets,
cogging forces, which arise due to the strong attraction forces
between the iron core and the permanent magnets, is a com-
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mon phenomenon that cannot be ignored [8]. Thus, significant
research efforts have been devoted to the modeling and compen-
sation of cogging forces [8], [10], [14]–[18]. In [8], feedforward
compensation terms based on an offline experimentally identi-
fied model of the first-order approximation of cogging forces are
added to the position controller, which tends to be too sensitive
and costly to be useful in practice. The cogging force in [10]
and [14]–[16] is assumed to be a periodic function with respect
to position. Fourier expansion is then utilized, with the choice of
first few significant terms, to represent the cogging force. Based
on this, compensation algorithms have been designed and im-
plemented. In another type of research, such as [17] and [18],
a neural-network-based learning feedforward controller is pro-
posed to reduce the positional inaccuracy due to cogging forces
or any other reproducible and slowly varying disturbances. But
this method simply assumes the cogging force to be a general
nonlinear function with respect to position, without considering
its periodic nature. Furthermore, overall closed-loop stability is
not guaranteed. In fact, it is observed in [17] that instability may
occur at high-speed movements.

Cogging forces have periodic nature, but due to the compli-
cated physical interactions among various magnets, they may
show some aperiodic characteristics. In this paper, we conduct
explicit measurement of cogging forces on both axes of a linear-
motor-driven industrial gantry. The measured cogging forces
exhibit certain periodic characteristics with respect to position,
which corresponds well with the actual linear motor construction
and can be represented by sinusoidal functions of positions with
the unknown weights. However, the amplitude of the weights
changes significantly with position, as can be observed from
the measurement. Based on this observation, a new model is
proposed, considering both the periodic and nonperiodic char-
acteristics of cogging forces. Since the cogging force is largely
periodic, we use sinusoidal functions of position to be part of ba-
sis functions. B-spline functions are then constructed to capture
the changing amplitudes of sinusoidal functions with respect to
position. The proposed model is experimentally demonstrated
to be able to approximate cogging forces measured in the ex-
periments well, by using a least-squares curve-fitting method.

As opposed to the traditional neural-network-based blind
modeling of cogging forces [17], [18], the compactness and
the linear-parametrization form of the proposed model make it
a perfect choice for online adaptive cogging force compensation
as well. To this end, a suitable model-based compensation algo-
rithm should be designed. A good control algorithm should have
features of strong disturbance rejection, performance robustness
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to model uncertainties, and the ability of online learning (e.g.,
parameter adaptation) in reducing model uncertainties to maxi-
mize the achievable control performance. The idea of adaptive
robust control (ARC) [19]–[21] incorporates the merits of de-
terministic robust control (DRC) and adaptive control (AC),
which guarantees certain robust performance in the presence of
uncertainties while having a controlled robust learning process
for better control performance. The ARC has been extended to
the desired compensation ARC (DCARC) in [22] and [23], and
for repetitive tasks in [24] where explicit modeling of cogging
forces is not needed except the period of the repetitive tasks.

In the second half of this paper, a DCARC algorithm is de-
signed, making full use of the proposed cogging force model.
Unlike in [24], the tasks to be performed need not be periodic,
and the obtained results are more general and have much wider
applications. The algorithm is then tested on a two-axis iron
core linear-motor-driven industrial gantry with significant cog-
ging force effect. Comparative experimental results with each
axis running separately show an improved performance over the
previously obtained results with DCARCs [25] for both axes af-
ter using the proposed cogging force model, though the two axes
have different measured cogging force patterns that are assumed
to be unknown to users in the controller designs. These results
validate the usefulness of the proposed cogging force model for
linear motor controls and the excellent tracking performance of
the proposed DCARC in practical applications.

II. MODELING AND PROBLEM FORMULATION

The dynamics of 1-DOF linear motor systems can be repre-
sented by the following equation [26], [27]:

Mẍ + Bẋ + Fc(ẋ) + Fr (x) = u + d (1)

where x represents the position of a linear motor, with its veloc-
ity and acceleration denoted as ẋ and ẍ, respectively. M and B
are the mass and viscous friction coefficient, respectively. Fc(ẋ)
represents the Coulomb friction term that is modeled by

Fc(ẋ) = Af Sf (ẋ) (2)

where Af represents the unknown Coulomb friction coefficient
and Sf (ẋ) is a known continuous or smooth function used to
approximate the traditional discontinuous sign function sgn(ẋ)
used in the traditional Coulomb friction modeling for effective
friction compensation in implementation [14]. In (1), Fr (x)
represents the position-dependent cogging force, u the control
input force, and d the lumped effect of external disturbances and
various types of modeling errors.

Traditionally, cogging forces are assumed to be peri-
odic functions with respect to position [26]. As a result,
it can be represented by Fr (x) =

∑∞
i=1(Si sin[(2iπ/P )x] +

Ci cos[(2iπ/P )x]), where P is the pitch of the magnet pairs,

and Si and Ci are some constants. Practically, we can select
the first few important terms and ignore all higher terms, i.e.,
i varies from 0 to a positive integer n. This equation can well
explain the periodic phenomena of cogging force and has been
widely used in compensation algorithms [14]–[16], [25].

However, due to many complicated physical effects, such as
the differences among magnets, the actual cogging force may not
be exactly periodic. In the experimental section of this paper, we
measure the cogging forces explicitly using a force sensor. It can
be observed that the amplitudes of sinusoidal functions vary with
the change of position. Thus, using the periodic assumption may
lead to a rather inaccurate modeling of cogging force. In order
to capture the actual cogging force more precisely to achieve
better tracking control performances, it is necessary to assume
Si and Ci to be functions of position, namely Si = fSi(x) and
Ci = fC i(x). With such a varying amplitude modification to
periodic functions, the cogging force model becomes

Fr (x) =
n∑

i=1

[
fSi(x) sin

(2iπ

P
x
)

+ fC i(x) cos
(2iπ

P
x
)]

.

(3)
The selection of fSin and fC in should also make full use of the
available physical characteristics of cogging forces to ease the
design of effective online adaptive cogging force compensation.
To this end, B-spline functions [28] are utilized to give a math-
ematical model of fSi and fC i , respectively. Namely, fSi and
fC i are chosen as

fSi(x) =
m∑

j=1

Nj,k (x)Sij

fC i(x) =
m∑

j=1

Nj,k (x)Cij (4)

where definitions are given in (5), as shown at the bottom of the
page, where k is the order of the B-spline and m is the number
of control points needed. [X1 ,X2 , . . . , Xm+k−1 ,Xm+k ] is the
knot vector, with Xj+1 ≥ Xj defined to be as follows. Let m
be the number of magnet segments on the linear motor axis. If
a kth-order B-spline function is used, then Xk is defined to be
the position of the first magnet and Xk+m the position of the
last magnet, with Xk+j as the position of the (j + 1)th magnet.
By the construction of a linear motor, Xk+j = Xk + jP, j =
1, . . . ,m. So, define X1 , . . . , Xk−1 as Xk−j = Xk − jP, j =
1, . . . , k − 1. Using a B-spline function has the following merits.

1) The increment of neighboring elements in the knot vector
of a B-spline function is selected as the physical pitch of
magnets on the linear motor axis, i.e., Xj+1 − Xj = P .
This means that the value of the B-spline function changes
with the unit of magnets’ pitch. Physically, it can interpret




Nj,k (x) =
{

1, when x ∈ [Xj , Xj+1)

0, else
, k = 1

Nj,k (x) =
x − Xj

Xj+k−1 − Xj
Nj,k−1(x) +

Xj+k − x

Xj+k − Xj+1
Nj+1,k−1(x), k ≥ 2

(5)
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the changing amplitude of a sinusoidal function caused by
the difference of each magnet.

2) The B-spline function is linear to the control points (Sij

and Cij ). The resulting cogging force model described by
(3) and (4) is thus linearly parametrized by the control
points (Sij and Cij ) with known basis functions. Such a
model significantly simplifies the online estimate of un-
known control points for adaptive compensation of cog-
ging forces.

3) The basis function Nj,k (x) is active only when x ∈
[Xj ,Xj+k ). It is zero in all other regions. Such a nice
property is especially preferable for real-time adaptive
controls and automated online modeling [29], because in
every sampling period, we only have to fetch a small por-
tion of online parameter estimates from memory for com-
pensation and update once we decide where the current
position is. For example, when x ∈ [Xl,Xl+1) for some
l, only Si(l−k+1) , Ci(l−k+1) , . . . , Sil , Cil are needed for
update and compensation. All other coefficients have zero
values for corresponding basis functions and need not be
considered. Thus, the algorithm is economic, especially
when k is chosen to be small.

Combining (3) and (4), the cogging force Fr (x) is put in a
concise form as

Fr (x) = AT
r Sr (x) (6)

where Ar = [S11 , C11 , . . . , Sji , Cji , . . . , Smn , Cmn ]T ∈
R2mn is the vector of unknown control points and

Sr =
[
N1,k (x) sin

(
2π

P
x

)
, N1,k (x) cos

(
2π

P
x

)
, . . . ,

Nj,k (x) sin
(

2iπ

P
x

)
, Nj,k (x) cos

(
2iπ

P
x

)
, . . . ,

Nm,k (x) sin
(

2nπ

P
x

)
, Nm,k (x) cos

(
2nπ

P
x

)]T

(7)

is the vector of known basis functions. With this cogging force
model, the linear motor dynamics (1) can be linearly parame-
terized as

Mẍ + Bẋ + Af Sf (ẋ) + AT
r Sr (x) − dn = u + d̃ (8)

where dn denotes the nominal value of d and d̃ = d − dn rep-
resents the time-varying portion of the lumped uncertainties.
Equation (8) can also be put in a state-space form of

ẋ1 = x2 (9)

Mẋ2 = u − Bx2 − Af Sf (x2) − AT
r Sr (x1) + dn + d̃ (10)

where x1 and x2 are the position and velocity, respectively.
Let xd(t) be the desired motion trajectory, which is assumed

to be known, bounded with bounded derivatives up to the second
order. The objective is to synthesize a bounded control input u
such that the output x1 tracks xd(t) as closely as possible in
spite of various modeling uncertainties.

III. ADAPTIVE ROBUST CONTROL (ARC)

A. Assumptions

The left-hand side of (8) is the sum of known functions times
unknown parameters. Let us denote the unknown parameter set
as θ = [M, B, Af , AT

r , −dn ]T ∈ R4+2mn , with θ1 = M ,
θ2 = B, θ3 = Af , θ4b = Ar , θ5 = −dn . In order to design a
bounded control law with guaranteed transient performance,
the following practical assumption is made.

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

θ ∈ Ωθ
�
= { θ : θmin < θ < θmax } (11)

d̃ ∈ Ωd
�
= { d̃ : |d̃| ≤ δd } (12)

where θmin = [θ1min , . . . , θ(4+2mn)min ]T , θmax = [θ1max , . . . ,
θ(4+2mn)max ]T , and δd are known. ♦

B. Notations and 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 discontinuous-
projection-type adaptation law will be used:

˙̂
θ = Projθ̂ (Γτ) (13)

where Γ > 0 is a diagonal matrix and τ is an adaptation function
to be synthesized later. The projection mapping Projθ̂ (•) =
[Projθ̂1

(•1), . . . ,Projθ̂5
(•5)]T is defined in element as

Projθ̂ i
(•i) =




0, if θ̂i = θimax and •i > 0

0, if θ̂i = θimin and •i < 0

•i , otherwise.

(14)

C. Adaptive Robust Control Law Synthesis

Define a switching-function-like quantity p as

p
�
= ė + k1e = x2 − x2eq , x2eq

�
= ẋd − k1e (15)

where e = x1 − xd(t) is the output tracking error and k1 > 0
is a positive gain. If p is small or converges to zero, then the
output tracking error e will be small or converge to zero since
Gp(s) = e(s)/p(s) = 1/(s + k1) is a stable transfer function.
So, the rest of the design is to make p as small as possible.
Differentiating (15) and noting (10), one obtains

Mṗ = u − θ1 ẋ2eq − θ2x2 − θ3Sf − θT
4bSr − θ5 + d̃

= u + ϕT θ + d̃ (16)

where ẋ2eq
�
= ẍd − k1 ė and ϕT = [−ẋ2eq , −x2 ,−Sf (x2),

−Sr (x1), −1]. We propose the following ARC control law:

u = ua + us, ua = −ϕT θ̂ (17)

where ua is the adjustable model compensation needed for per-
fect tracking and us is the robust control law to be synthesized
later. Substituting (17) into (16), and then simplifying the re-
sulting expression, one obtains

Mṗ = us − ϕT θ̃ + d̃. (18)
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The robust control function us has the following structure:

us = us1 + us2 , us1 = −k2p (19)

where us1 is a simple proportional feedback to stabilize the
nominal system and us2 is a robust performance feedback term
having the following properties [21], [20]:

p{us2 − ϕT θ̃ + d̃} ≤ ε

pus2 ≤ 0 (20)

where ε is a design parameter that can be arbitrarily small. With
the proposed control law, we have the following theorem that
can be proved using the same technique as in [26].

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

τ = ϕp (21)

then the ARC control law (17) guarantees the following.
A) In general, all signals are bounded. Furthermore, the

positive-definite function Vs defined by

Vs =
1
2
Mp2 (22)

is bounded above by

Vs(t) ≤ exp(−λt)Vs(0) +
ε

λ
[1 − exp(−λt)] (23)

where λ = 2k2/θ1max .
B) If after a finite time t0 , there exist parametric uncertainties

only (i.e., d̃ = 0 ∀t ≥ t0), then, in addition to results in
A), zero final tracking error is also achieved, i.e., e −→ 0
and p −→ 0 as t −→ ∞.

D. Desired Compensation Adaptive Robust Control

DCARC uses desired trajectory signals to form regressor,
which has been shown to outperform ARC in terms of all indexes
[27]. Following the same design procedure as in [25], a DCARC
law using the proposed cogging force model is also constructed
as follows.

By applying the mean value theorem, we have

Sf (x2) − Sf (ẋd) = gf (x2 , t)ė (24)

Sr (x1) − Sr (xd) = gr (x1 , t)e (25)

where gf (x2 , t) and gr (x1 , t) are certain nonlinear functions.
The control law is thus given by

u = ua + us, ua = −ϕT
d θ̂ (26)

us = us1 + us2 , us1 = −ks1p (27)

˙̂
θ = Projθ̂ (Γϕdp) (28)

where ϕT
d = [−ẍd , −ẋ1d , −Sf (ẋd), −Sr (xd), −1] is the re-

gressor using the desired trajectory signals. ks1 is a nonlinear
gain large enough such that the following matrix is positive
definite:


−k2+ks1 − θ1k1+θ2+θ3gf −1
2
(
k1θ2+k1θ3gf−θT

4bgr

)

−1
2
(
k1θ2 + k1θ3gf − θT

4bgr

) 1
2
Mk3

1


.

(29)

Fig. 1. Gantry-type industrial linear motor drive system.

Further, us2 is a robust feedback term satisfying

p{us2 − ϕT
d θ̃ + d̃} ≤ ε

pus2 ≤ 0 (30)

where ε is a design parameter that can be arbitrarily small. It can
be proved using the same technique as in [27] that the following
theorem holds.

Theorem 2: The DCARC control law (26) guarantees the
following.

A) In general, all signals are bounded. Furthermore, the
positive-definite function Vs defined by

Vs =
1
2
Mp2 +

1
2
Mk2

1e2 (31)

is bounded above by

Vs(t) ≤ exp(−λt)Vs(0) +
ε

λ
[1 − exp(−λt)] (32)

where λ = min{2k2/θ1max , k1}.
B) If after a finite time t0 , there exist parametric uncertainties

only (i.e., d̃ = 0 ∀t ≥ t0), then, in addition to results in
A), zero final tracking error is also achieved, i.e., e −→ 0
and p −→ 0 as t −→ ∞.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

In the Precision Mechatronics Laboratory at Zhejiang
University, a two-axis commercial Anorad HERC-510-510-
AA1-B-CC2 Gantry by Rockwell Automation has been set up,
as shown in Fig. 1. Both axes of the gantry are powered by
Anorad LC-50-200 iron core linear motors and have a travel
distance of 0.51 m. Linear encoders provide both axes a posi-
tion measurement resolution of 0.5 µm. The entire system will
be used as motion system hardware for our study. To implement
real-time control algorithm, the previous system is connected to
a dSPACE CLP1103 controller board.

B. System Identification

Experiments have been conducted on the X-axis and Y -axis
separately. First, offline parameter identification is carried out,
and it is found that nominal values of the system parameters
without loads are M = 0.12 V/m · s2 , B = 0.166 V/m · s,

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 23, 2008 at 21:34 from IEEE Xplore.  Restrictions apply.



LU et al.: DCARC OF A LINEAR-MOTOR-DRIVEN PRECISION INDUSTRIAL GANTRY WITH IMPROVED COGGING FORCE COMPENSATION 621

Fig. 2. Measured cogging forces of X -axis and its curve fitting.

Fig. 3. Measured cogging forces of Y -axis and its curve fitting.

Af = 0.15 V for X-axis, and M = 0.64 V/m · s2 , B =
0.24 V/m · s, Af = 0.606 V for Y -axis, where all values
shown are normalized with respect to the input voltage in terms
of volts sent to the linear motors. In addition, the gain from the
input voltage to the force applied to the mechanical system is
computed as kf = 69 N/V, through the measurement of input
voltage to the system and the resultant force when the motor is
blocked.

Explicit measurement of cogging force is then conducted for
both axes by blocking the motor and using an external force
sensor (HBM U10M Force Transducer with AE101 Amplifier)
to measure the blocking forces at zero input voltages. This mea-
surement is done for various positions with 1-mm incremental
distance. The measured cogging forces are shown in Fig. 2 for
X-axis and Fig. 3 for Y -axis, respectively. As can be seen from
the figures, cogging forces of both axes have periodic charac-
teristics with respect to position, with the fundamental period
corresponding to the pitch of the magnets (P = 50 mm). How-
ever, it is also observed that the amplitude of this largely periodic

function vary significantly in the travel range. To accurately cap-
ture the cogging force, we need more than sinusoidal functions
of positions.

The method proposed in this paper is then used to approxi-
mate the measured cogging forces. After applying fast Fourier
transform (FFT) to Figs. 2 and 3, it is observed that the harmonic
terms of cogging forces for both axes have significant values at
frequencies corresponding to i = 1, 2, 3, 6, and 12 in (3). So
these five frequencies are kept when approximating cogging
forces. Third-order B-spline functions are used to capture the
change of amplitudes of cogging forces during the travel range.
A curve fitting using the standard least square method (LSM) is
then performed to obtain the values of B-spline control points
in (6) that best approximate the measured cogging forces. The
output of the resulting cogging force models are plotted against
the measured ones in Fig. 2 for X-axis and in Fig. 3 for Y -axis.
As can be seen from the figures, though slight differences exist
due to the finite number of frequencies used in approximation,
the proposed cogging force model well captures the largely pe-
riodic nature as well as the changing amplitude of cogging force
with respect to position.

C. Comparative Experimental Results for X-Axis

For X-axis, the dSPACE controller’s sampling frequency is
selected as fs = 5 kHz, which results in a velocity measurement
resolution of 0.0025 m/s for the linear encoder feedback. The
following three control algorithms are compared:

C1 DCARC without cogging force compensation;
C2 DCARC with cogging force compensation based on pe-

riodic cogging force models [14], [25];
C3 DCARC with cogging force compensation based on the

proposed model.
To have a fair comparison, all the controller parameters of

these three algorithms are chosen to be the same when they have
the same meaning. Namely, the lower and upper bounds of the
parameter variations for M,B, Af , and d for X-axis are chosen
as [0.1, 0.15, 0.1, −0.5] and [0.2, 0.35, 0.3, 0.5], respectively.
The upper and lower bounds of all coefficients of Ar in both the
algorithms C2 and C3 are set as 0.1 and −0.1, respectively. For
all control algorithms, the feedback gains are set at k1 = 200
and ks1 = 400 × 0.12, with the adaptation gains for M , B, Af ,
and d chosen as [1, 10, 10, 1000]. The adaptation gains for all
coefficients in Ar are chosen as 100. For algorithm C3, third-
order B-spline along with the first three harmonic frequencies
(i = 1, 2, 3) are used for the online cogging force compensation
model.

As in [14] and [25], the desired trajectory used represents
point-to-point movements, typical in manufacture industry, with
a travel distance of 0.4 m, a maximum velocity of 0.5 m/s, and a
maximum acceleration of 10 m/s2 . Fig. 4 shows the tracking er-
ror of three algorithms after running the linear motor for a while,
with the magnified plot over a single running period shown in
Fig. 5. From these error plots, it is observed that the steady-state
position tracking errors of all the algorithms are within the lin-
ear encoder resolution of 0.5 µm when the system comes to a
stop and within 20 µm during the acceleration and deceleration
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Fig. 4. Tracking errors of three DCARCs, X -axis.

Fig. 5. Magnification of tracking errors over one running period,X -axis.

TABLE I
PERFORMANCE INDEX, X -AXIS

periods, demonstrating the excellent tracking performances of
the proposed DCARC algorithms. It is also seen that the track-
ing errors are quite different during the constant-speed motion
period. Namely, with the periodic cogging force compensation,
the tracking error is substantially reduced in DCARC C2 when
compared to DCARC C1 with no cogging force compensation.
The tracking error is further reduced with the proposed cogging
force compensation, with the cogging force shape of tracking er-
ror plot no longer evident, revealing a smoother constant-speed
movement. Table I shows the performance indexes for the three
algorithms. It is also evident from these quantitative measures
that the proposed algorithm outperforms the other two. In ad-
dition, for algorithms C2 and C3, a part of the input control
force kf θ̂T

4bSr (xd), which represents the online estimation of
cogging forces, is plotted for the constant-speed motion period,

Fig. 6. Online estimation of cogging forces (upper figure for algorithm C2
and lower figure for algorithm C3), X -axis.

as in Fig. 6. As can be observed from these plots, the online
estimation of cogging forces by algorithm C3 quite faithfully
capture the changing amplitude of sinusoidal functions with re-
spect to position, as compared to the explicit measurement of
cogging forces in Fig. 2, while the online estimation of cogging
forces by algorithm C2 is almost a periodic function of posi-
tion, failing to represent the aperiodic characteristics of the real
cogging forces.

D. Comparative Experimental Results for Y-Axis

The aforementioned three DCARC algorithms are also tested
and compared on Y -axis of the Anorad gantry, which has a quite
different measured cogging force pattern than that of X-axis.
The dSPACE controller’s sampling frequency is also selected
as fs = 5 kHz. In all the three algorithms, the lower and up-
per bounds of the parameter variations for M , B, Af , and d
are chosen as [0.5, 0.1, 0.3, −0.8] and [0.75, 0.3, 0.8, 0.8],
respectively. As to Ar , we select all the upper bounds of its
coefficients as 0.2 and lower bounds as −0.2, for both algo-
rithms C2 and C3. k1 = 100 and ks1 = 150 × 0.64 for all al-
gorithms. The adaptation gains for M , B, Af , and d are chosen
as [1, 10, 10, 1000]. The adaptation gains for all coefficients
in Ar are chosen as 100. For algorithm C3, third-order B-spline
with three harmonic frequencies (i = 1, 6, 12) are used for on-
line cogging force compensation. A desired trajectory with 0.1
m/s as the maximum velocity and 1 m/s2 as the maximum ac-
celeration is used in all experiments.

Fig. 7 shows the tracking errors of three algorithms after
running the linear motor for a while with the magnified plot of
errors over a single running period shown in Fig. 8. As seen from
these figures, during the constant-speed periods, the tracking er-
ror is reduced a little bit when using the periodic cogging force
compensation (algorithm C2). But the shape of cogging force
is still evident in the tracking error plot. However, such a shape
cannot be observed in the tracking error plot with the proposed
cogging force compensation anymore, indicating a smoother
constant-speed motion. Table II shows the performance indexes
for the three algorithms. Again, a significantly improved control

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 23, 2008 at 21:34 from IEEE Xplore.  Restrictions apply.



LU et al.: DCARC OF A LINEAR-MOTOR-DRIVEN PRECISION INDUSTRIAL GANTRY WITH IMPROVED COGGING FORCE COMPENSATION 623

Fig. 7. Tracking errors of three DCARCs, Y -axis.

Fig. 8. Magnification of tracking errors over one running period, Y -axis.

TABLE II
PERFORMANCE INDEX, Y -AXIS

performance is seen for the proposed algorithm C3, except dur-
ing the very short high-acceleration/deceleration periods where
the maximum tracking errors of the three algorithms are compa-
rable as modeling uncertainties in those periods are dominated
by factors other than cogging force compensations (e.g., iner-
tia, friction, and sampling effects). All these results demonstrate
the effectiveness of the proposed cogging force compensation
in practical applications. Same as in the X-axis experiments, a
part of the input control force kf θ̂T

4bSr (xd) is plotted in Fig. 9
for the constant-speed motion period, and for algorithms C2
and C3, respectively. As can be observed from these plots, the
online estimation of cogging forces by algorithm C2 has a larger
amplitude than the actual one. By comparison, the online esti-
mation of cogging forces by the proposed algorithm C3 is able to
largely capture the trend of changing amplitude of the measured

Fig. 9. Online estimation of cogging forces (upper figure for algorithm C2
and lower figure for algorithm C3), Y -axis.

cogging forces, leading to an improved tracking performance,
as shown in Fig. 8.

V. CONCLUSION

In this paper, a new cogging force model capable of captur-
ing both the periodic and nonperiodic characteristics of cogging
forces has been proposed. The linearly parametrized form and
the computational efficiency of the localized B-spline functions
also lend the proposed model an ideal choice for online adaptive
cogging force compensation. Adaptive robust control algorithms
making full use of the proposed cogging force model are also de-
veloped for linear motor controls. The proposed algorithms have
been implemented on a linear-motor-driven two-axis commer-
cial industrial gantry system. Comparative experimental results
show that smaller tracking error and smoother constant-speed
motion are obtained using the ARC algorithm with the proposed
cogging force compensation than with periodic cogging force
compensation only, demonstrating the effectiveness of the pro-
posed algorithms in practical applications. It is noted that the
proposed model and control algorithm can be used for other
types of motor control systems as well.
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