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Permanent magnet linear motors (PMLMs) are gaining increasing interest in ultra-precision and long stroke motion stage, such as
reticle and wafer stage of scanner for semiconductor lithography. However, the performances of PMLM are greatly affected by
inherent force ripple. A number of compensation methods have been studied to solve its influence to the system precision.
However, aiming at some application, the system characteristics limit the design of controller. In this paper, a new
compensation strategy based on the inverse model iterative learning control and robust disturbance observer is proposed to
suppress the influence of force ripple. The proposed compensation method makes fully use of not only achievable high tracking
accuracy of the inverse model iterative learning control but also the higher robustness and better iterative learning speed by
using robust disturbance observer. Simulation and experiments verify effectiveness and superiority of the proposed method.

1. Introduction

The linear motor originated in 1840, when Charles Wheat-
stone invented the first linear motor [1]. Today, with the
rapid development of technology such as material process-
ing and electronic technology, linear motor has entered a
new stage of vigorous development. Nowadays, it has become
an indispensable electric actuator in the industry field. The
PMLM has various advantages, such as high force density,
low heat loss, simple mechanical structure, long stroke,
and high accuracy. Therefore, the linear motor is widely
used in ultra-precision machining equipment. Among them,
the demand of ultra-precision motion platforms in IC
manufacturing industry is gradually increased. Obviously,
the PMLM has become the most widely used actuator in
semiconductor processes.

Different from rotary motors, linear motors do not require
coupling mechanisms such as gearboxes, chains, or screw
couplings. This feature greatly reduces the nonlinearity, flank

clearance, and frictional disturbances, especially under the
support of aerostatic bearing or magnetic bearing [2]. How-
ever, the advantages of using mechanical transmission have
disappeared either, such as its inherent ability to reduce
model uncertainty and external disturbance. The most
important and well-known nonlinear character of PMLM is
the force ripple [3], which is caused by the magnetic struc-
ture and depends on the position and velocity. From the
perspective of control, the force ripple is the key problem
affecting system performance. Hence, it is imminent to
solve this problem.

Nowadays, the force ripple suppression problem has
become the focus. The first one is to reduce the force ripple
from the design view by optimizing the motor structure.
Bianchi et al. compensated the force ripple by method of slid-
ing pole and verified the effectiveness of the method by
means of finite element analysis and experiments [4]. Jung
et al. suppressed the cogging force by optimizing the arrange-
ment of the permanent magnets and obtained the optimal
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length of the segmented permanent magnet model by three-
dimensional equivalent magnetic circuit network method,
which verified its applicability in the PMLM [5]. Chao pro-
posed a double-layer Halbach secondary structure for core-
less linear motor and verified the rationality of this motor
design by means of finite element simulation to optimize
the size parameters of the double-layer Halbach permanent
magnet array [6].

Although these methods are proved to be very effec-
tive, the improvement accuracy is limited. Moreover, in
some high-precision and high-speed applications, the
method of replacing the moving icon core with epoxy
resin material becomes worthless due to its lack of great
thrust. Therefore, it is extremely important to seek appro-
priate control strategy to reduce the influence of the force
ripple on system performance.

There are a lot of studies compensating the force ripple
by control strategy. Kim et al. designed a feedforward con-
troller to compensate force ripple in a coreless linear motor
using a T-type magnet array, and the experiment verified
its effectiveness [7]. Bascetta et al. identified the force ripple
model of brushless AC motors by frequency domain method
and performed direct compensation [8]. Zhu et al. extracted
and compensated the force ripple of the PMLM using the
vector control method [9]. Otten et al. combined feedback
control and neural network feedforward control based on
the simplified second-order model of linear motor, and the
results show that the online learning controller has great
application in tracking control tasks [10]. Tan et al. designed
a compound control structure in linear motor system,
including a simple feedforward part, a PID feedback part,
and an adaptive feedforward compensator. The computer
simulation and real-time experiments verified the effective-
ness of the proposed method in the application of high-
precision trajectory tracking [11]. Xu and Yao designed two
adaptive robust controllers and carried out experiments on
the linear motor with icon core [12]. Chen et al. proposed a
new method based on relay identification method to identify
parameters of force ripple and friction model in the linear
motor [13].

In addition, there are also a number of useful methods
for improving the performance of tracking control system,
which can also be used for suppressing the impact of force
ripple. Tseng et al. proposed a fuzzy control design method
for nonlinear systems with a guaranteed H∞ model refer-
ence tracking performance, and simulation example illus-
trated the design procedures and tracking performance of
the proposed method [14]. Tao et al. designed adaptive
laws for updating the controller parameters when both
the plant parameters and actuator-failure parameters are
unknown, and the simulation results showed that desired
system performance is achieved with the developed adap-
tive actuator failure compensation control designs [15].
Yin et al. developed a fractional-order sliding mode-based
extremum seeking controller for the optimization of nonlin-
ear systems, and simulation and experimental results show
that the method can have a faster convergence speed and a
smaller neighborhood around the optimal operational point
[16, 17]. Although the above methods can also effectively

improve tracking performance, they are too complex to apply
in practice. And the problem in linear motors is certain, that
is, the force ripple. So the most conventional means is to
reduce the effect of the force ripple via analysis of force rip-
ple’s characteristics and compensation strategy design.
Hence, the compensator design is considered in this paper.

Based on the aforementioned references, it was found
that the disturbance observer is a very common method to
compensate force ripple of linear motor. The basic idea of
disturbance observer is to estimate the real-time system dis-
turbance and output equivalent disturbance then conduct
compensation to the control output [18]. Hwang and Seok
designed Jacobian linearized observer for the hybrid stepper
linear motor to ensure that the state estimation converged
to the true value and designed an input-output feedback lin-
earization controller for the speed loop and position loop
[19]. Cho et al. proposed a periodic adaptive disturbance
observer to weaken the periodic disturbance in repeated
motions [20]. However, the traditional observer does not
use the previous system motion information, so that it could
not fully compensate for the spatial periodic force ripple,
which is common in many applications, such as lithography
machine, numerical control machine tool, and other high-
precision manufacturing equipment.

In recent years, iterative learning control (ILC) methods
have been widely used in practical engineering, such as
robotic arms, intelligent transportation systems, and bio-
medicine [21–23]. The iterative learning theory is applicable
to the controlled system with repetitive motion characteris-
tics. It memorizes and learns the factors that cause errors,
such as the uncertainties contained in the system. It uses
the deviation of the output trajectory and the input trajectory
to continuously correct the unsatisfactory control instruction
and improve the tracking performance [24]. A large part of
the PMLM force ripple is related to the position, which is
spatially periodic. Therefore, ILC is widely used in the com-
pensation of linear motor force ripple. Zhang combined
PID feedback control with iterative learning intelligent feed-
forward algorithm, which is applied to the PMLM to verify
the effectiveness of the method [24]. Mishra and Tomizuka
designed and analyzed the iterative learning controller based
on partial information for previous cycles to solve the repet-
itive error caused by phase-mismatch and force ripple [25].

Aiming at the practical problems of linear motor systems,
the paper presents a compensation structure combining
disturbance observer and ILC. It is expected that we can
use the previous motion information to improve the system
accuracy; at the same time, the disturbance observer is
adopted to speed up the iterative speed and deal with the
nonperiodic disturbances. However, it is difficult to achieve
high compensation accuracy for the design of conventional
disturbance observer is easy to be constrained by the con-
trolled object. Therefore, in this paper, a novel observer
with notch filter is used to suppress the resonant peak of
disturbance output gain caused by conventional distur-
bance observer. Consequently, the control performance is
improved comprehensively.

This paper is organized as follows. In Section 2, the prob-
lem description is presented. The method of IMILC-Robust

2 Complexity



DOB is illustrated in Section 3. And the effectiveness of the
proposed method is verified by experiments in Section 4.
Finally, Section 5 provides concluding remark of the paper.

2. Problem Description

The development of linear motor can be traced back to 1840,
and it has become an indispensable electric drive device in
today’s industrial field. The linear motor has the advantages
of high force density, low heat loss, simple mechanical struc-
ture, large stroke, high precision, and so on. Different from
rotary motors, linear motors do not require indirect coupling
mechanisms such as gearboxes, chains, or spiral couplings.
This feature greatly reduces the influence of nonlinearity,
side clearance, and friction disturbance in linear motor sys-
tem, especially after the air flotation support scheme is
adopted. However, the advantages of using mechanical actu-
ators also disappear, for example, their inherent ability to
reduce model uncertainty and to resist disturbance. Among
disturbances, the force ripple is one of the most adverse fac-
tors affecting the accuracy of the servo system, which is com-
posed by ripple disturbance, cogging effect, and end effect
[26, 27]. It would facilitate the compensator design by finding
out the mechanism of this disturbance.

Firstly, the generation principle of ripple disturbance is
studied. In the working process of linear motor, if the
three-phase currents passed into the primary winding are
exactly the same and symmetrical sinusoidal, namely three-
phase current amplitudes are equal and the phase difference
is 120°, the motor can generate an ideal thrust. In fact, the
output current obtained through the inverter contains some
high harmonics. Besides, due to the errors in machining
and assembly, there is a deviation between actual primary
winding spatial distribution and the designed values, which
will lead to asymmetrical three-phase currents. Therefore,
there is always a certain current harmonics during the oper-
ation of the motor, which is the root cause of the force ripple,
and this kind of disturbance is called ripple disturbance [28].

It is assumed that the linear motor is three sets, two poles
and the whole distance, regardless of the cogging effect or end
effect, and the secondary is infinitely long. Refer to [29], the
thrust of permanent magnet linear motor is

F = emaia + embib + emcic
V

= 3π
2pw F0 + F6 cos 6w + F12 cos 12w

+ F18 cos 18w +… ,

1

where w is angular frequency of the current (rad/s), ia, ib,
and ic are the three-phase currents passed into the primary
winding (A), p is the pole pitch of the motor (m), F0 is
the motor average thrust, and F6n n ≥ 1 is the ripple
amplitude of motor thrust.

From the above expression, it can be seen that there
is always a certain current harmonics during the operation
of the motor, which can be also called ripple disturbance. It

depends on both the input current and relative position
between the stator and the motor.

Secondly, the cogging force is analyzed briefly. Figure 1
shows the generation mechanism of cogging force.

(1) When the mover tooth is completely above the stator
magnet, as Figure 1(a) shows, the magnetic flux
entering into the mover teeth can neutralize each
other in the motion direction, and the mover is not
disturbed by other forces

(2) When the mover tooth moves above the gap of the
magnetic steel, as shown in Figure 1(b), the compo-
nents of the magnetic flux entering into the mover
teeth in the moving direction cannot offset each
other. The disturbance force generated by the mag-
netic field is called the cogging force

Due to the existence of iron core, the linear motor cog-
ging effect exists at any position at any time, and it depends
on the position rather than current.

Refer to [30], the cogging torque can be expressed as

Te =
p2LkτcB

2
r

2πμ0 1/Lm + 1/Lg
〠

k=a,b,c
Esk x ,

Esk x =
d 1−K0 τc

− 1−K0 τc
Ak x dx

dx
,

2

where p is the motor pole pairs, Lk is the length of iron
core (m), τc is the average width of air gap in magnetic
steel area (m), Br is magnetic induction in radial direction
(T), μ0 is the magnetic permeability, Lm is the thickness of
the magnetic steel (m), Lg is the air gap length (m), and K0
is the notch factor.

From the above formula, it can be seen that the cogging
force is only position dependable, which means that it will
still exist without current. In addition, the expression of
cogging torque is too complicated to use for compensating
force ripple.

Similar to the mechanism of cogging force, the end effect
also resulted frommagnetic force caused by uneven magnetic
flux, which is shown in Figure 2.

The linear motor core cannot be continuous or infinitely
long, and it must have two side ends. Similarly, the magnetic
field that enters the edge of moving iron core is deformed and
it will generate a magnetic field force, making the core edge
unbalanced, which is called the end effect.

N

(a)

N

(b)

Figure 1: A schematic of the cogging force generation in linear
motor.

3Complexity



According to the above principle, it can be found that
the end effect is position dependable. Generally, it believed
that the moving iron core is long enough so that the force
on both ends of the core is not affected by each other,
which means that the coupling forces at both ends are
not considered [31]. Therefore, it can be considered that
the end forces are the sum of F+ and F−. Figure 3 shows
the one-sided end force.

The relationship between F+ and F− is

F− z=z′ = −F+ z=−z′, 3

where z′ is any position of permanent magnet.
Because the length of motor iron core is an integral of the

pole pitch, the relationship of F+ and F−s is

F− z=z′ = −F+ z=− z′+Δ ,

Δ = L + iτ,
4

where τ is the pole pitch (m) and L is the length of iron
core (m).

Expanding by Fourier series, the end force F+ and F− can
be expressed as

F+ = F0 + 〠
∞

n=1
Fsn sin

2nπ
τ

z + 〠
∞

n=1
Fcn cos

2nπ
τ

z,

F− = −F0 + 〠
∞

n=1
Fsn sin

2nπ
τ

z + Δ + 〠
∞

n=1
Fcn cos

2nπ
τ

z + Δ

5

It can be inferred from the above equation that the theo-
retical expression of end force is a periodic function that is
only related to the relative position between motor primary
and secondary, and the end effect exists at any moment of
the system.

However, since the expression of end force is too complex
and it cannot be directly applied to the control system, it is
necessary to design other schemes to improve the control
accuracy for the linear motor end effect problem.

From the above analysis, it is not hard to find that both
the motor input current and the relative position between
the stator and the motor can result in force ripple in the

linear motor system, whereas these factors are inherent in
the linear motor system when the motor structure cannot
be changed. And the expressions of ripple disturbance, cog-
ging force, and end force are too complicated and they
cannot be directly applied to the real-time control system.
It leads to that it is necessary to design other control strat-
egies to eliminate its impact on the system performance.
Even so, the above deriving results are meaningful because
they provide reference value for designing compensation
strategy hereinafter.

3. Method of IMILC-RDOB

Based on previous analysis, the paper proposes a control
strategy combining the inverse model iterative learning con-
trol (IMILC) and robust disturbance observer (RDOB) to
compensate for the influence of linear motor force ripple.
The structure diagram is shown in Figure 4.

Where P is the transfer function of control object, C is the
transfer function of feedback controller, CL is the transfer
function of iteration learning controller, Q̂ ⋅Qλ ⋅ P−1

n is the
transfer function of robust disturbance observer, Q̂ is the
transfer function of robust disturbance observer filter, r、y
are the system input and output, respectively, and d is the
system disturbance.

The robust disturbance observer can effectively alleviate
the contradiction between the disturbance suppression abil-
ity and antinoise ability that exists in conventional distur-
bance observer. Its input signal is the real-time actual
position, and it can compensate for nonperiodic and random
disturbances that appear in the system. But in the system
with a certain time delay, the compensation accuracy for
large and low frequency disturbances is limited because it
does not use the previous motion information. According
to the discussion in Section 1, the iterative learning compen-
sation strategy has a strong ability to compensate for periodic
force ripple. As a result, the compensation structure pro-
posed in the paper can not only handle the aperiodic and ran-
dom disturbances flexibly but also accurately compensate
large and low frequency disturbances. In the following, each
part of the compensation method is described in detail.
And at the end of this section, the compensation method pro-
posed in the paper is simulated and analyzed to verify the
validity and superiority.

3.1. Design of Inverse Model Iterative Learning Controller.
In order to achieve the faster convergence speed with sim-
pler control structure, the inverse model iterative learning
controller (IMILC) is selected. Refer to patent [32], if the ILC
law is the model inverse of feedback control closed-loop sys-
tem, it can achieve one step convergence theoretically,
namely that CL = L and L is

L = CP
1 + CP

−1
6

In fact, it is not physically possible to invert the feedback
control closed-loop system model. And the system noise may

N S

Figure 2: A schematic of the end effect generation in linear motor.
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result in instability. Therefore, it is improved to make the
iterative learning law be expressed as

CL =QL ⋅QL ⋅ L 7

The role ofQL is make the inverse model of feedback con-
trol system achievable. According to the control object and
feedback controller in the paper, a second-order filter is
selected and its expression is

QL s = 1
T2
Ls

2 + 2TLξLs + 1
, 8

while QL is a low-pass filter and its role is mainly to
weaken the unmodeled dynamics of the controlled object
and maintain the stability in the whole frequency band.

As a result, a first-order low-pass filter is chosen and its
transfer function is

QL s = 1
λLs + 1 9

Since the nonrepetitive interference and measurement
noise, a smaller learning gain K ILC is introduced to bal-
ance these adverse effects. Reducing the learning rate can
also lead to decrease in learning efficiency. Therefore, it
is necessary to increase iterative times to achieve ideal
tracking precision. The final inverse model iterative learn-
ing law is shown in Figure 5. And its expression is

CL = KILCQL ⋅QL ⋅ L 10

3.2. Design of Robust Disturbance Observer. The conven-
tional disturbance observer is modified in this section to

0 0

F+

F+ F−

F−
z′′

z′

z′

z′

Figure 3: A schematic of end force F+ and F− per edge.

Iterative learning
controller CL

Feedback
controller C

Filter

Plant P

Disturbance 
observer

r(S curve)

−

−

−

+

+ +

+

++ +

d

y

Figure 4: The structure of IMILC-RDOB.
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error ek
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Learning 
gain KILC
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filter
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ILC Correction 
value CL+ .

.

= Za

L
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Figure 5: The structure of inverse model iterative learning law.
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improve system performance while avoiding stimulating
system uncertainty. The structure of conventional distur-
bance observer (DOB) is simple, which only requires a
low-pass filter and an inverse model of the nominal model
[33]. Its structure is shown in Figure 6. The introduction
of filter Q is to handle the problem that conventional dis-
turbance observer need the model inverse; meanwhile, it
can filter out some measurement noise.

Pn is the system nominal model and Pn = Km ⋅ P. So
according to the system diagram, we have

uv = d + u″ ⋅ Km = 1 −Q d + Km ⋅ u′ 11

Considering that the filter must be matched with the
order of system inverse model and the order should be as

low as possible, the second-order low-pass filter is selected.
Its transfer function is

Q s = 1
Tq

2s2 + 2Tqξqs + 1
12

The filter break frequency is set as 60Hz. Analyzing the
frequency characteristics of 1 −Q , its transfer function is

1 −Q s =
2Tqξqs Tq/2ξq s + 1
Tq

2s2 + 2Tqξqs + 1
13

Figure 7 shows the Bode diagram of 1 −Q when
ξq varies.

Disturbance 
observer

Filter

Km Plant P
y

d

r (S Curve) Position 
controller C 

u0

u

−

−

−

+
+

+

+
+

u′ u″ uv

Figure 6: The structure of control system with conventional disturbance observer.
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Theoretically, the smaller the value of ξq is, the stronger
the suppression ability is and the higher the system track-
ing precision will be. Whereas, there is peak more than
0dB in the frequency characteristics of 1 −Q when the
value of ξq is too small, which will amplify the mechanical
resonance or plant uncertainty at the peak corresponding
frequency band. As a result, it is necessary to select appro-
priate filter parameters.

Considering the above requirements, a notch filter is
introduced to improve the 1 −Q in conventional distur-
bance observer, which can not only retain its strong distur-
bance suppression ability when ξq is small but also enhance
the system stability.

The transfer function of improved filter is Q̂, and there is

1 − Q̂ = 1 −Q GNF 14

The transfer function of notch filter GNF is

GNF s = T2
NF1s

2 + 2TNF1ξNF1s + 1
T2
NF2s

2 + 2TNF2ξNF2s + 1
15

First, the parameters of notch filter are designed, so that it
can make 1 − Q̂ keep better disturbance attenuation perfor-
mance when its frequency characteristics is under 0 dB.
Meanwhile, make sure that there is no peak above 0 dB.
Based on the above consideration, it is selected that TNF1 =
TNF2 = Tq, ξNF1 = ξq and makes the value of ξNF2 be much

larger than ξq, which can balance out the peak above 0 dB.
So the parameters are set as TNF1 = TNF2 = Tq = 1/2π × 60,
ξNF1 = ξq, and ξNF2 = 5 briefly. The Bode diagram of 1 − Q̂
is shown in Figure 8.

From Figure 8, it can be found that there is harmonic
peak of 14 dB in the vicinity of 60Hz. It will depress the peak
in the mid-high frequency band and retains the ability of dis-
turbance attenuation for the low frequency band, which can
make sure not to motivate the plant uncertainty.

Therefore, the parameters are set as TNF1 = TNF2 = Tq

and ξNF1 = ξq in the following applications. Then, the modi-
fied filter’s transfer function is

Q̂ s = 1 − 1 −Q s ⋅GNF s =
2Tq ξNF2 − ξq s + 1
T2
q + 2TqξNF2s + 1

16

The structure diagram of improved disturbance observer,
namely the robust disturbance observer, is shown in Figure 9.

Among them, the filterQλ is to make the inverse model of
system nominal model realizable. Usually, the inverse model
is P−1

n =ms2 and then the part of Q̂ ⋅ P−1
n cannot be physically

realized. So the filter Qλ is introduced to solve this problem.
About the problem of type selection for the filter Qλ, there
are three main considerations.

(1) The main function of the filter Qλ is to make up for
the order of robust disturbance observer, which make
sure the robust disturbance observer be physically

−100

−80

−60

−40

−20

0

20

M
ag

ni
tu

de
 (d

B)

10−1 100 101 102 103 104
0

45

90

135

180

Ph
as

e (
de

g)

Bode diagram

Frequency (Hz)

(−1Q)
(−1Q)

^

Figure 8: Bode diagram of 1 − Q̂ .

7Complexity



realized. In consequence, the order of filter should be
as lower as possible

(2) Because the disturbance observer input is actual posi-
tion, noise is bound to be introduced into the system.
The filterQλ should have the ability to suppress high-
frequency noise

(3) Due to the large amount of uncertainty in the high
frequency band, the filter Qλ should avoid that the
plant uncertainty is motivated in the observer loop

Based on the above considerations, a first-order low-pass
filter is selected as the filter Qλ and its expression is

Qλ s = 1
λs + 1 17

3.3. Convergence Analysis. Convergence analysis is the core
problem of the iterative learning control, and this section will
provide convergence analysis of the above control structure.
According to Figure 4, it can be found that the system output
can be expressed as

y = KmCP
Q̂Qλ − Q̂ + 1 + KmCP

r + e + P Q̂ − 1
Q̂Qλ − Q̂ + 1 + KmCP

d,

18

where e is the output of iterative learning controller.
Therefore, the system error after (k + 1)th iterations is

ek+1 = r − yk+1 = r −
KmCP

Q̂Qλ − Q̂ + 1 + KmCP
r + ek+1

+ P Q̂ − 1
Q̂Qλ − Q̂ + 1 + KmCP

d

= 1 − KmCP
A

r −
B
A
d −

KmCP
A

ek+1,

A = Q̂Qλ − Q̂ + 1 + KmCP,
B = P Q̂ − 1

19

According to Figure 5, we have

ek+1 = ek + ek ⋅ CL,
e1 = 0

20

Therefore, ek+1 can also be expressed as

ek+1 =G 1 − KmCP
A

r −G
B
A
d − G

KmCP
A

ek,

G = 1 − KmCPCL

A

21

Therefore, it can be speculated that ek+1 is

ek+1 =Gk 1 − KmCP
A

r −Gk B
A
d −Gk KmCP

A
e1

=Gk 1 − KmCP
A

r −Gk B
A
d

22

The above result is only a corollary, so mathematical
induction is used to prove that the expression (22) is right.

When k = 0, the system error is

e1 = r − y1 = r −
KmCP
A

r + e1 + B
A
d

= 1 − KmCP
A

r −
B
A
d

23

So when k = 0, the expression (22) is right.
Next, k is set as (m − 1), and according to (22) em is

em =Gm−1 1 − KmCP
A

r −Gm−1 B
A
d 24

While according to the characteristics of system, em+1 can
be calculated.

−

−

−

+

+

+

+
+

Position
controller C

r (S Curve)

Filter Q̂
d

y
Km Plant P

Disturbance
observer

Figure 9: The structure of control system with robust disturbance observer.
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em+1 − em = r − ym+1 − r − ym = ym − ym+1

= KmCP
A

r + em + B
A
d

−
KmCP
A

r + em+1 + B
A
d

= KmCP
A

em − em+1

= KmCP
A

em − em + em ⋅ CL

= KmCPCL

A
em

25

Then, em+1 can be expressed as

em+1 = 1 − KmCPCL

A
em =G ⋅ em 26

Substituting (24) into (26), it follows that

em+1 = G ⋅ Gm−1 1 − KmCP
A

r −Gm−1 B
A
d

= Gm 1 − KmCP
A

r −Gm B
A
d

27

When k =m, (22) is equal to (27). By mathematical
induction, the expression (22) is right. And the convergence
condition is expressed as

1 − KmCPCL

A
< 1 28

According to parameter setting in simulation and exper-
iments, the Bode diagram of convergence condition can be
get as shown in Figure 10.

From Figure 10, it can be seen that in the 0~160Hz fre-
quency band, the convergence of proposed method can be
guaranteed. When in more than 160Hz frequency band,
the left side of (28) will be a little bigger than 1, which have
little effect on system convergence. And the force ripple
mainly exists in the 0~120Hz frequency band in the actual
system. Therefore, the convergence of proposed algorithm
in the frequency band that we cared about can be guaranteed.
In summary, the proposed method can satisfy the conver-
gence condition.

3.4. Simulation of IMILC-RDOB. According to Figure 9, the
simulation model is built up. The controlled object uses the
linear motor nominal model, namely P s = 1/ms2. So the
position controller is designed as PI-lead correction. The
parameters of position controller are set as frequency width
h = 100, cutting frequency ωc = 60Hz, and PI-type control-
ler’s break frequency ωI = 20Hz. The parameters of inverse
model iterative learning controller are TL = 1/2π × 1000,
ξL = 0 7, λL = 1/2π × 60, and K ILC = 0 7. The parameters of
robust disturbance observer are Tq = TNF1 = TNF2 = 1/2π ×
60, ξq = ξNF1 = 0 1, ξNF2 = 5, and λ = 1/2π × 200.

The system input is a third-order S curve, and its
parameters are set as follows: the jerk is 500m/s3, the accel-
eration is 8m/s2, the velocity is 0.3m/s, and the displace-
ment is 0.2m. System disturbance is replaced by the sum of
a set of sine functions at different frequency, which ampli-
tude is 16 and frequency includes 40Hz, 60Hz, 80Hz, and
164Hz, respectively.

In addition, since there are lots of uncertainties beyond
100Hz, the components that simulate the uncertainty must
be added in the simulation in order to simulate the actual sit-
uation as much as possible. In consequence, a first-order res-
onance is introduced to simulate the real plant uncertainty
and its transfer function is

Gres s = T2
res1s

2 + 2Tres1ξres1s + 1
T2
res2s

2 + 2Tres2ξres2s + 1
, 29

where damping ratio is ξres1 = ξres1 = 0 01, and the break
frequency are T res1 = 1/2π × 120 and Tres2 = 1/2π × 160,
respectively.

The simulation results of the proposed compensation
method are shown in Figure 11. And the comparison results
of the proposed compensation method with only ILC and
only disturbance observer are shown in Figure 12. Table 1
shows the maximum tracking error in the uniform velocity
section under three compensation methods.

Considering the situation that system tracks the reference
signal in the uniform velocity section emphatically, the fol-
lowing conclusions can be drawn.

(1) From Figure 11, it can be seen that the simulation
results verify the effectiveness of the IMILC-RDOB
compensation method

(2) From Figure 12, the conclusion can be drawn that
among the three compensation methods, the
IMILC-RDOB has the strongest disturbance com-
pensation capability and the simulation results vali-
date its superiority

(3) After the same 7 iterations, the tracking precision
obtained by IMILC-RDOB is much higher than that
of the single application of IMILC, which indirectly
verified that the proposed method has faster itera-
tive speed

The above conclusions all indicate that the proposed
compensation method has better disturbance suppression
ability and has stronger robustness. And specific experimen-
tal verification will be carried out in the actual platform.

4. Experiment

4.1. Introduction of Experimental Platform

4.1.1. Overview of Experimental Platform. In this paper, the
long-stroke stage in the double wafer stage system of lithog-
raphy machine is used as the platform to verify performance
of the proposed compensation structure, which is shown in

9Complexity



Figure 13. The linear motor in the red dotted line box is the
motor used in the experiment.

The positive direction of X and Y in space is marked,
where the zero point of X-direction is at the center of the
guide rail. The linear encoder LIF471, with the measurement
resolution of 50nm, is used as the position sensor to provide
feedback signals to the closed-loop system. The control out-
put is computed by a motion control card according to the

feedback from linear encoder, then it is transmitted to the
motor driver through the optical fiber. In this experiment,
the sampling period is 200μs. The control cycle flow chart
is shown in Figure 14.

In the actual operating conditions, the motion of X-
direction motor is to track the step trajectory formed by
multiple S curves, whose parameters are set as same as the
above simulation.

−15

−10

−5

0

5

M
ag

ni
tu

de
 (d

B)

100 101 102 103 104
−30

0

30

60

Ph
as

e (
de

g)

Bode diagram

Frequency (Hz)

System: G1
Frequency (Hz): 162
Magnitude (dB): −0.0144

Figure 10: The Bode diagram of convergence condition expression.
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Besides, to analyze the tracking performance, two
indexes commonly used in the lithography machine should
be defined, which are MA and MSD, respectively [34]. Their
expressions are

MA t = 1
Te

t+Te/2

t−Te/2
e τ dτ, 30

MSD t = 1
Te

t+Te/2

t−Te/2
e τ −MA τ 2dτ, 31

where Te is the exposure time length (s) with expression
Te = s/v, s is the slit width (m), and v is the scanning speed
(m/s). In this experiment, the slit width is s = 10mm and
the scanning speed is v = 0 3m/s. From (30) and (31), it can
be seen that MA represents the uniformity of the motion
error, and MSD characterizes the accuracy rating of the
motion error.

The nominal values of X-direction linear motor parame-
ters are shown in Table 2.

4.1.2. Experimental Parameter Setting. For position loop con-
troller, the plant model contains not only the linear motor
but also the driver. To obtain a model with enough accuracy,
the frequency sweep experiment is designed and the result is
shown in Figure 15.

It should be noted that the signal noise ratio of high
frequency band is relatively low; the obtained actual plant
frequency characteristics have been covered by noise. As a
result, only the data in low and middle frequency band of
the frequency sweep experiment are available, shown as
second-order inertial component. This result could be ana-
lyzed as follows: First, the low signal noise ratio at low fre-
quency band cannot fully reflect the characteristics of
system. Next, because the control output in low frequency
band is small, the motor control is affected greatly by the
force ripple, as well as cable tension and air-film friction.
Due to the greatly changed position, the system character-
istics in low frequency band are mainly expressed by the
force ripple.

Synthesizing the above analysis, the data of middle fre-
quency band are selected to build up the plant model. Fitting
with double integral link model, its transfer function is

Grigid s = 1
ms2

, 32

wherem is the entire mass of motor mover. Since the driving
magnification is also taken into account in the experiment, in
fact, its value is m = 20 × movermass , the more smooth
and accurate frequency points are selected to calculate its
value and we have m = 529 5177.

Using classical automatic control theory, a reasonable
PI-lead correction controller is designed for the above motor
model, and its transfer function is

C s = 1 9962 × 105s2 + 3 2611 × 107s + 9 4570 × 109
2 6526 × 10‐4s2 + s

33

Table 1: Maximum tracking error in the uniform velocity section
under three compensation methods.

Method IMILC-RDOB IMILC DOB

Max error (μm) 0.9520 3.5866 115.0290
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Figure 12: Comparison of the three compensation methods.
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Theoretically, the closed-loop bandwidth of control sys-
tem can reach 91.3Hz, and the actual closed-loop bandwidth
obtained by frequency sweep experiment is approximately
81.37Hz. The reason why the actual closed-loop bandwidth

is slightly lower than the theoretical value mainly resulted
from the large number of mechanical resonance and uncer-
tainties, which lie nearby 100Hz. In consequence, the PI-
lead correction controller with the above parameters will be
adopted in the future work.

The theoretical formula of force ripple is usually too com-
plicated to derive available model. As a result, in order to rea-
sonably select the break frequency of robust disturbance
observer’s filter, the force ripple data must be obtained
through experiments. And then, the frequency analysis
should be performed. On the basis of the above requirements
and the existing experimental facilities, the data acquisition
experiment is designed.

Since the cogging force is only related to motor position,
the uniform velocity method for force measurement is
designed, shown in Figure 16. The principle of the method
is to obtain the controller output at each sampling point
under uniform velocity, which is the opposite number of
the cogging force at the corresponding position. Because

Wafer stage

Y Motor

X Motor

X

Y

Figure 13: The overview of the experimental platform.

Linear encoder Voltage signal
Data acquisition

card VME Bus

Optical fiber cable

Current signal Power amplifier
card

Motion control card

FPGA Module

DSP Module

Linear 
motor

Figure 14: The control cycle flow chart.

Table 2: The parameters of X-direction linear motor.

Parameters (25°C) Symbols Units Values

Phase resistance Rh Ω 2.41

Phase inductance Lh mH 18

Thrust coefficient Kht N/A 93

Phase back-EMF coefficient Khe V/m/s 76

Peak current Ih max A 15

Peak thrust Fh max N 1200

Pole pitch τ mm 24
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the motor is air-floating, there is no external disturbance the-
oretically. So the controller output under the uniform veloc-
ity is the opposite of the cogging force.

The cogging force with the position −0.1m to +0.1m is
shown in Figure 17. The statistical values of the cogging force
data are shown in Table 3. The velocity of motor is 0.025m/s
in the data acquisition experiment.

FFT analysis is performed on the cogging force data and
the frequency characteristics diagram is shown in Figure 18.

The fundamental frequency of the force ripple is approx-
imately f = v/τ = 0 025m/s/0 012m = 2 0833Hz, where τ is
the motor pole pitch. According to the cogging force fre-
quency characteristics, it can be seen that it includes funda-
mental frequency and harmonics with order of 2, 3, and 6.
Among them, the peak of fundamental frequency is larger,
so the filter break frequency should be at least twice of this
frequency. For the S curve which uniform velocity is 0.3m/
s, the fundamental frequency in the force ripple is about
25Hz. Combining with the situation that the closed-loop
bandwidth under the designed PI-lead correction controller
is 81.37Hz, the break frequency of the low-pass filter in the
robust disturbance observer is selected as Tq = 1/2π × 60.
Thus, the frequency components of the force ripple within
the bandwidth can be filtered out.

4.2. Experiments. In this section, the experiments of the above
compensation method will be performed. The parameters of
the robust disturbance observer are Tq = TNF1 = TNF2 = 1/2
π × 60, ξq = ξNF1 = 0 01, ξNF2 = 5, and λ = 1/2π × 200, respec-
tively. The parameters of the inverse model iterative learning
feedforward controller are TL = 1/2π × 1000, ξL = 0 7, λL =
1/2π × 60, and K ILC = 0 7. And other conditions are the
same as the simulation’s conditions. The tracking errors are
shown in Figure 19 and the kth maximum tracking errors
in the uniform velocity section are shown in Table 4.

It can be seen from the diagram that the system tracking
performance is improved greatly after the introduction of
iterative learning feedforward, and the effectiveness of the
method has been verified. In the same case, the comparison
among IMILC-RDOB, IMILC, and DOB is conducted.
Tracking error comparison diagram of the three compensa-
tion methods is shown in Figure 20. FFT analysis of tracking
error of the three compensation methods is shown in
Figure 21. MA and MSD comparison diagrams of the three
compensation methods are shown in Figure 22. The iterative
speed comparison diagram between IMILC-RDOB and
IMILC is shown in Figure 23. Various indexes of uniform
velocity section of the three compensation methods are
shown in Table 5. It is worth noting that, according to the
reason mentioned in the previous chapter, when the damp-
ing ratio of conventional disturbance observer is selected to
be smaller, the characteristics will arouse the resonance

oscillation in the system. Therefore, in the experiments, the
damping ratio of conventional disturbance observer is
selected as ξqDOB = 0 5.

The above results are analyzed and the conclusions can
be drawn.

(1) Firstly, according to Figure 20 and experimental
data from Table 5, the maximum tracking error of
uniform velocity section is analyzed. The IMILC-
RDOB compensation method can improve the sys-
tem tracking precision and reduce the times of
iterations. After 10 iterations, the tracking precision
using the IMILC-RDOB method can reach 0.30μm,
which is only 6 times of the sensor resolution. Com-
pared with only using iterative learning compensa-
tion, it increases by 33.33%. And it increases by
95.56% compared with disturbance observer

(2) Secondly, the maximumMA of uniform velocity sec-
tion is analyzed. According to experimental data
from Table 5, after 10 iterations, the index of MA
using IMILC-RDOB can reach 0.0265μm, which
increases by 89.32% compared with iterative learning
compensation and by 99.19% compared with distur-
bance observer

(3) Thirdly, the maximum MSD of uniform velocity
section is analyzed. It can be seen from Figure 23
and Table 5 that, after 10 iterations, the index of
MSD using IMILC-RDOB can reach 0.1497μm,
which increases by 39.95% compared with iterative
learning compensation and by 95.28% compared
with disturbance observer

(4) Next, the settling time is considered. After 10 itera-
tions, the settling time using the IMILC-RDOB
method is 10.4ms, which increases 82.31% compared
with iterative learning compensation. Although the
conventional disturbance observer seems to have a
shorter settling time, it has no real value because of
its large tracking error

(5) Finally, Figure 23 and experimental data show that the
IMILC-RDOB compensation method has higher con-
vergence speed and convergence accuracy than the
inversemodel iterative learning compensationmethod.
The proposed method can effectively compensate the
force ripple in a certain frequency band and ensure that
the system resonance not be motivated

The experimental results can fully verify the effective-
ness of the IMILC-RDOB compensation method. At the
same time, the comparison with DOB and IMILC proved
that the proposed method has extreme superiority in terms
of convergence speed, tracking precision, settling time, MA,
and MSD.

5. Conclusion

Since the force ripple of linear motor presents periodicity
in space and there are also nonperiodic disturbance in time,

Table 3: The statistics of cogging force data.

Data Minimum Maximum Average Variance

Input (m) −0.1000 0.1000 0 0.0033

Output (N) −7.6685 16.1804 3.9452 27.8808
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it is impossible to obtain high control precision and stability
by ILC only. The conventional disturbance observer is lim-
ited by the system structure in practical application so that
it cannot compensate the influence of force ripple either. In
view of their characteristics, the conventional disturbance
observer was modified and combined with the inverse model
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Figure 18: The cogging force frequency characteristic.
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Figure 19: The tracking error curve using IMILC-RDOB.

Table 4: The maximum tracking error using IMILC-RDOB.

k 1 2 3 4 5

Error (μm) 1.40 1.10 0.75 0.65 0.50

k 6 7 8 9 10

Error (μm) 0.50 0.40 0.35 0.40 0.30
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iterative learning feedforward method. Based on that, the
paper proposed a novel control strategy for force ripple sup-
pression. The effectiveness of the proposed method is vali-
dated by simulation and experiments, respectively. The
results show that the proposed method can shorten the iter-
ation period and settling time while improving the system
tracking precision, reflecting the practical value of the pro-
posed method. However, there are also some shortcomings
in the paper. It is known from the experimental parameter

setting that the robust disturbance observer cannot handle
third and above harmonic components of force ripple.
Because of lack of inhibiting ability for middle- and high-
frequency force ripple components, the proposed robust dis-
turbance observer cannot compensate force ripple
completely. Therefore, for solving the above problem, there
are still lots of work to be done in the future. (The modeling
data used to support the findings of this study are available
from the corresponding author upon request.)
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Figure 20: Tracking error comparison of the three compensation methods.
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