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Integrated Uncertainty/Disturbance Compensation
With Second-Order Sliding-Mode Observer

for PMLSM-Driven Motion Stage
Rui Yang , Mingyi Wang , Liyi Li , Senior Member, IEEE, Yiming Zenggu, and Jialin Jiang

Abstract—The permanent magnet linear synchronous machine
driven motion stage for the semiconductor manufacturing
equipment and machine tools has the basic requirement of
high-dynamic response and high position accuracy. However, due
to the direct-drive structure, the effect of parameter uncertainty,
including the electrical and the mechanical one, and external
disturbance will be directly exerted to the stage. In this paper, an
integrated compensation scheme of the overall uncertainty and
disturbance is proposed based on the second-order sliding-mode
observer (SOSMO). First, an extended state model for considering
the disturbance dynamics is established for both the electrical
and the mechanical subsystems. To obtain high-dynamic current
performance, the predictive current control (PCC) is utilized to
design the current controller, and the SOSMO is integrated to com-
pensate the main problem of a parameter mismatch for the PCC.
Furthermore, the SOSMO is also configured to estimate the force
ripple, and then the observation term is applied in parallel to the
velocity controller. With this integrated scheme, the disturbance
of the motion stage can be simply and effectively compensated.
Experiments are demonstrated to show the effectiveness of the
integrated method on both the PCC and force ripple suppression.

Index Terms—Force ripple, permanent magnet linear syn-
chronous machines (PMLSMs), predictive current con-
trol (PCC), second-order sliding-mode observer (SOSMO),
uncertainty/disturbance.

I. INTRODUCTION

W ITH the increasing demand for the high-velocity/high-
precision linear motion systems, the permanent magnet

linear synchronous machines (PMLSMs) have been widely
applied to the precision applications [1], [2], such as the
semiconductor manufacturing equipment and the computer
numerical controlled machine tools. The superior advantages
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of high force density [3] and a direct-driven structure of the
PMLSMs contribute greatly to its rapid dynamic response.
However, compared with its rotary counterpart, the influence of
parameter uncertainty and external disturbance, including the
electrical/mechanical parameters and the external force ripple,
will also be directly exerted to the load [1]–[3]. Therefore, the
current dynamic response, the velocity smoothness, and the
position tracking accuracy will be deteriorated, and the external
disturbance may also cause mechanical vibration and acoustic
noises [4].

First, considering the high-dynamic response requirement,
rapid and accurate thrust output, namely high-dynamic and
high-precision current regulation is of great significance. The
direct thrust control strategies combined with the modern con-
trol theories have attracted wide attention recently [5], [6], but
its inherent high force ripple limits its application in precision
area. Among the various current control methods, the tradi-
tional proportional-integral (PI) control has the superior perfor-
mance of zero static current error and fixed switching frequency.
However, for the nonlinear, multivariable, and strong-coupled
PMLSM control systems together with unavoidable external dis-
turbance and internal parameter uncertainty, satisfying transient
response is difficult to be obtained due to the linear control struc-
ture of the PI controller and its imperfect decoupling capability
[7], [8].

As a model-based method, the deadbeat predictive current
control (PCC) has the advantages of high-dynamic response,
high precision of the static current, and fixed switching fre-
quency [9], [10]. However, its transient and steady-state current
performance or even the stability is highly dependent on the
estimation accuracy of the motor parameters in the controller
[10]. Therefore, how to compensate the effect of the parameter
uncertainty is the main work of literatures so as to maintain the
superior performance of the ideal PCC. The relative methods
can be categorized roughly into the following two types. Most
directly, the parameter identification strategies were utilized
to update the parameters of PCC in real time. However, the
rank-deficient feature of the d- and q-axis dynamic equations
makes it impossible to identify the three parameters (i.e., the
resistance, the inductance, and the flux) simultaneously [11].
Thus, many indirect methods were introduced to estimate the
three parameters iteratively [12], [13]. The problem exists in the
complex control structure [12] and the neglected influence of

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-6730-9008
https://orcid.org/0000-0002-6562-4530
https://orcid.org/0000-0002-0062-1742
https://orcid.org/0000-0003-1756-5019
mailto:hit_global advance �reakcnt @ne penalty -@M yangrui@163.com
mailto:hit_global advance �reakcnt @ne penalty -@M yangrui@163.com
mailto:mywang_hit@163.com
mailto:liliyi.hit@gmail.com
mailto:zengguyiming@163.com
mailto:zengguyiming@163.com
mailto:jjl_hit@163.com


2598 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

the resistance [13]. Indirectly, the effect of parameter un-
certainty and unmodeled dynamics were considered as
lumped disturbance first, and then the disturbance estima-
tion/observation methods combined with the feedforward
compensation were applied to suppress its influence, e.g., the
time delay control method [14], the adaptive method [15],
the Luenberger observer method [16], the extended Kalman
filter method [17], and the sliding-mode-observer method [9],
[18], [19]. The lumped disturbance is actually coupled with the
system states, i.e., the currents and the velocity, especially under
high-velocity/high-dynamic operation conditions. However,
the methods presented in [14]–[16] and [18] were implemented
based on the assumption that the disturbance was varying
slowly; thus, it was more or less inaccurate.

Second, for the motion systems, both the mechanical parame-
ter uncertainty and the external force ripple exist in the mechan-
ical subsystem. The relative control methods for suppressing
their influence can also be classified into two categories. One
is improving the control strategies, such as the repetitive con-
trol [20], the iterative learning control [21], the adaptive robust
control [22], and the periodical adaptive disturbance observer
(DOB) [1]. These methods can effectively improve the position
tracking accuracy, but there exist disadvantages of consuming
more storage space or requiring a more complex control algo-
rithm. The idea of the other one is the same as the indirect
method for disturbance compensation of the PCC, i.e., obser-
vation first and then compensation. In [23], an adaptive force
ripple feedforward method based on its fundamental component
was proposed. However, the force ripple is nonlinear and non-
periodical about the position in reality [22], and thus it cannot
be accurately compensated. The simple DOB was utilized to es-
timate the detent force in [24] and [25] without considering its
characteristic, but the filter cutoff-frequency must be balanced
between the observation accuracy and the noise rejection capa-
bility, so the force ripple cannot be suppressed in all velocity
ranges. In [4] and [26], the Jacobian linear observer was de-
signed to estimate and compensate the force ripple, where the
fast convergence speed and accurate estimation can be obtained;
however, the high-frequency components and the nonlinear ex-
ternal disturbance cannot be included. Therefore, the force rip-
ple estimation results of the above-mentioned methods were not
accurate in all frequency ranges.

Instead of assuming that the disturbance is slowly varying,
Zhang et al. [9] and Guermouche et al. [27] proposed to model
the disturbance as an extended state, then the disturbance dy-
namic can also be considered. Recently, the higher order sliding
mode has attracted wide attention, of which the main advantages
lie in its chattering reduction effect, higher control accuracy, and
its maintained invariance feature to external disturbance [28],
[29]. Here, one of the main focuses of this paper is to combine
the method of the extended state [9], [27] with the second-order
sliding-mode observer (SOSMO) based on the supertwisting
algorithm presented in [28] and [29] to obtain more accurate
disturbance estimation. The other focus of this paper is the
design method for integrated uncertainty/disturbance observa-
tion and compensation with SOSMO, where the application of
SOSMO will be exploited further from the single current loop

to the overall velocity–current closed-loop, and then the overall
disturbance of the electrical and mechanical subsystems can be
suppressed simultaneously. A variable-gain adaptive method has
been proposed in our previously published paper [31], but the
main aim is inductance robustness improvement. Meanwhile,
the basic theories and the main motivations are different in this
paper.

The remainder of this paper is organized as follows. In
Section II, the system description is presented, and the problem
statement is discussed. The uncertainty/disturbance observation
and compensation method based on the SOSMO is introduced
in Section III. In Section IV, the validity of the proposed design
method is evaluated with experiments. Conclusions are given in
Section V.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

In this paper, the motion stage driven by the surface-mounted
PMLSM is investigated. For more accurate modeling of the
entire system, both the electrical and mechanical dynamics are
considered as follows.

A. Electrical Dynamics

In the synchronous rotating frame (dq-axis), the electrical dy-
namics of the PMLSM can be described with the voltage equa-
tions, where the basic motor parameters are needed. However,
from the point of practical application, the motor parameters
cannot be precisely measured online or even offline. Using the
nominal system parameters, the dynamics of the PMLSM con-
sidering both the disturbance caused by parameters variation
and unmodeled dynamics can be described as [12]

ud = Rsoid + Lso
d
dt id − π

τ pvLsoiq + fd

uq = Rsoiq + Lso
d
dt iq − π

τ pvLsoid + π
τ pvψf o + fq

}
(1)

where ud and uq are the applied d- and q-axis stator voltages,
respectively, id and iq are the d- and q-axis components of
the stator currents, respectively. Rs and Ls denotes the sta-
tor resistance and inductance, respectively. ψf represents the
permanent-magnet flux linkage. v is the linear velocity of the
mover, τ is the pole pitch, and p is the number of pole pairs.
The subscript “o” denotes the nominal values, and fd and fq
represent the lumped disturbances due to the parameters varia-
tion and the unmodeled dynamics, and they can be given by

fd = ΔRsid + ΔLs d
dt id − π

τ pvΔLsiq + εd

fq = ΔRsiq + ΔLs d
dt iq + π

τ pvΔLsid + π
τ pvΔψf + εq

}

(2)

where ΔR = Rs −Rso ,ΔL = Ls − Lso,Δψf = ψf − ψf o ,
and εd and εq are the lumped unmodeled dynamics of d- and
q-axis, respectively.

According to (2), we can observe that the disturbance is cou-
pled with the system states, i.e., the currents idq and the velocity
v. Taking into account the desired and actual high-dynamic re-
sponse of the inner current loop and the special high-velocity
operation requirement of the PMLSMs, the time derivatives
of the disturbance cannot be simply assumed to be zero, i.e.,



YANG et al.: INTEGRATED UNCERTAINTY/DISTURBANCE COMPENSATION WITH SECOND-ORDER SLIDING-MODE OBSERVER 2599

ḟdq �= 0. Therefore, considering the disturbance dynamics is
necessary. Rearranging (1) in the state-space form, the current
dynamics of the motor can be represented as

i̇ = g0(i, v) + 1
L so

(u1 − f)

ḟ = h(i, v)

y1 = i

⎫⎪⎬
⎪⎭ (3)

where the variables i, the inputs u1 , the disturbance f , and the
nonlinear function g0(i, v) are defined as follows:

i = [ id iq ]T ,u1 = [ud uq ]T ,f = [ fd fq ]T

g0(i, v) =

[ −R s o
L s o

id + π
τ pviq

−R s o
L s o

iq − π
τ pvid − π

τ pv
ψf o

L s o

]

here, the expression h(i, v) denotes the relation among the
change rate of the disturbance and the system states, and y1
is the output of the electrical subsystem.

B. Mechanical Dynamics

Under the i∗d = 0 vector control strategy, the output thrust of
the surface-mounted PMLSM can be simply given as [1]

Fe(t) =
3π
2τ
pψf iq = Kf iq (4)

where Kf = 3π
2τ pψf denotes the thrust coefficient of the motor.

Similarly, using the nominal system parameters, the mechan-
ical dynamics of the PMLSM-driven motion stage with force
ripple and external disturbance can be given as

d
dt x = v

Mo
d
dt v = Feo − Fdis

}
(5)

where x is the position of the mover, M is the mass of all
the moving part, Feo(t) = Kfoiq is the desired nominal output
thrust, Fdis represents the total effect of parameter uncertainty
and external force, and it can be described as

Fdis = − ΔKf iq + ΔM d
dt v +Bv

+ Fr (x) + Fext(x, v) + εF (6)

where ΔKf = Kf −Kfo [which is equivalent to the flux vari-
ation Δψf = ψf − ψf o according to (4)], ΔM = M −Mo , B
is the viscous friction coefficient and can be neglected for the
air-bearing stage in this paper, Fext(x, v) represents the ex-
ternal force including the cable force and the load force, and
εF denotes the effect of the unmodeled mechanical dynamics,
Fr (x) is the ripple force of the linear motor comprises detent
force, the effect of flux and current distortions, and the influ-
ence of current offsets [25], and it can be modeled as a nonlinear
position-dependent periodical function with [22]

Fr (x) =
∞∑
n=1

fn (x) cos(nπτ x+ δn ) (7)

where fn (x) and δn are the amplitude and initial electrical angle
of the corresponding n th-order harmonic, respectively.

Instead of modeling each part of the mechanical disturbance,
the overall parameter uncertainty and external force are taken
as a lumped disturbance Fdis . For simplification, the system (5)
can be rearranged as a perturbed double-integrator with

ẋ = v

v̇ = u2 + ρd

ρ̇d = hρd

⎫⎪⎬
⎪⎭ (8)

where u2 = 1
Mo
Kf oiq , ρd = − 1

Mo
Fdis , and hρd are the control

input, the disturbance, and its derivative term, respectively.

C. Overall Systems

The mechanical and electrical subsystems are linked through
the electromagnetic thrust, while both the effective thrust and
the harmful disturbance are exerted to the moving part directly
without any buffer, since the transmission link is eliminated.
Combining (3) with (8), the entire motion system can be mod-
eled in an extended seven-order nonlinear state-space form as

ẋ = f (x,u1) (9)

where

x = [x v hρd id iq fd fq ]T

f (x,u1) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

v
1
Mo
Kf oiq − 1

Mo
Fdis

hρd

−R s o
L s o

id + π
τ pviq + 1

L s o
(ud − fd)

−R s o
L s o

iq − π
τ pvid − π

τ pv
ψf o

L s o
+ 1

L s o
(uq − fq )

hd(i, v)
hq (i, v)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

It can be observed from f(x,u1) that the principal factors
that deteriorate the nominal system dynamics are the side-effect
of the perturbed terms, i.e., Fdis of the mechanical subsystem
and fdq of the electrical part. The desired nominal performance
can be maintained only if the disturbance can be effectively
rejected.

Therefore, from the overall system point of view, the main
challenges to ensure high-dynamic/precision controls of the two
subsystems are similar, i.e., how to compensate the effect of
parameter uncertainty and external disturbance effectively. In
this paper, an integrated uncertainty/disturbance observation and
compensation design method with the SOSMO will be presented
in detail in the following section.

III. SOSMO-BASED UNCERTAINTY/DISTURBANCE

COMPENSATION

A. Disturbance Compensation for the PCC With SOSMO

Our first control objective here is to design a robust current
controller such that the current reference from the outer loop can
be tracked fast with zero static error in the presence of parameter
mismatch and unmodeled dynamics.
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1) Basic Theory of the PCC: Generally, to cope with the
delay effect as discussed in [14], the PCC is executed with two
steps in the discrete-time domain, i.e., to predict the current of
the next instant first and then to calculate the voltage commands
for the next control period.

In the first step: the sampled states (i.e., the currents and
velocity) and the known voltage commands of the present period
are utilized to predict the currents for the next (k + 1)th instant
according to (3) as

î(k + 1) = i(k) + g0(i(k), v(k))Ts

+ Ts
L s o

(u1(k) − f̂(k|k + 1)) (10)

where Ts is the sampling period (equals to the control period in
this paper) of the current closed-loop.

In the second step: the voltage commands for the next
(k + 1)th period are calculated with (3) and (10) as

u1(k + 1) = L s o
Ts

[iref (k + 2) − î(k + 1)]

+ Lsog0 (̂i(k + 1), v̂(k + 1)) + f̂(k + 1|k + 2)
(11)

where v̂(k + 1) is the estimated velocity of the (k + 1)th instant,
iref (k + 2) is the reference current of the (k + 2)th instant,
f̂(k + 1|k + 2) and f̂(k|k + 1) are the observed disturbances
of the (k + 1)th and kth current-control periods, respectively.

Considering that the mechanical dynamics is generally much
slower than the current dynamics, the velocity can be simply
assumed varying linearly among the two-consecutive current-
control periods (200 μs in this paper), i.e.,

v̂(k + 1) ≈ 2v(k) − v(k − 1). (12)

In the cascaded velocity and current closed-loop control
scheme, the reference currents iref (k + 2) are the controller
output of the velocity controller and cannot be obtained in ad-
vance. Although the Lagrange interpolation method can be used
to estimate iref (k + 2) [17], we define

iref (k + 2) .= i∗(k) (13)

in this paper for simplicity. According to the analysis in [15],
[16], and [18], as the disturbance is fully compensated, the cur-
rent reference will be fully tracked/sensed after a two-control-
periods delay. Therefore, the definition (13) is naturally rea-
sonable, that is, the reference i∗(k) will be fully sensed at the
(k + 2)th instant, i.e., i(k + 2) = i∗(k) = iref (k + 2).

However, the above ideal tracking performance can only be
realized as the parameters in (10) and (11) are completely ac-
curate. Therefore, how to handle the problem of parameter mis-
match effectively and so as to maintain the superior performance
of the PCC is one of the main focuses of this paper.

2) Proposed SOSMO Method: Based on the motivation of
modeling the disturbance as an extended state in [9] and [27]
and combining with the second-order supertwisting algorithm
(STA) proposed by Levant [28], the current estimation dynamics

both considering the disturbance dynamics can be developed as

˙̂i = g0(i, v) + 1
L s o

(u1 − f̂) + z11

˙̂
f = z12

⎫⎬
⎭ (14)

where z11 and z12 are the correction terms.
Define the current and disturbance estimation errors as

ei = i − î

ef = f − f̂

}
(15)

then the correction terms in (14) can be designed as

z11 = α1 |ei|1/2sgn(ei)

z12 = α2sgn(ei)

}
(16)

where α1 > 0 and α2 > 0 are the gains to be designed.
Next, by subtracting (3) from (14), the error dynamics can be

deduced as

ėi = −z11 − 1
L s o

ef

ėf = −z12 − h(i, v)

}
. (17)

In practical, it is reasonable to assume that the change rate
of the disturbance is bounded, i.e., |h(i, v)| < Δ0 . Then, if the
gains are designed as α1 = 1.5

√
Δ0 and α2 = 1.1Δ0 , both the

errors ei and ef will converge to zero in finite-time simultane-
ously. The detailed proof of the finite-time stability characteris-
tic of the above error dynamics (17) can be found in [28]–[30],
and they are introduced in the Appendix. Thus, as the errors
(15) converge to zeros, the estimated states will approximate to
their actual values, i.e., î → i, f̂ → f .

Therefore, according to (14), the more exact current predic-
tion of (10) is modified as

î(k + 1) = i(k) + Tsg0(i(k), v(k))

+ Ts
L s o

(u1(k) − f̂(k|k + 1)) + Tsz11(k) (18)

and the disturbance f̂(k + 1|k + 2) can be estimated with

f̂(k + 1|k + 2) = f̂(k|k + 1) + z12(k)Ts. (19)

After that, combining with (12), (13), (18), and (19), the more
accurate voltage commands calculation of (11) is deduced as

u1(k + 1) = L s o
Ts

[iref (k + 2) − î(k + 1)]

+ Lsog0 (̂i(k + 1), v̂(k + 1))

+ f̂(k + 1|k + 2) − Lsoz11(k + 1) (20)

where z11(k + 1) is described as

z11(k + 1) = α1 |ei(k + 1)|1/2sgn(ei(k + 1)) (21)

ei(k + 1) = i(k + 1) − î(k + 1). (22)

Although the value of i(k + 1) is not known at present, it can
be replaced with the reference one of the (k − 1)th instant as
discussed in (13), so (22) can be estimated as

ei(k + 1) = i∗(k − 1) − î(k + 1). (23)
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Fig. 1. Discrete diagram of the proposed robust PCC based on the SOSMO.

Therefore, accurate disturbance estimation can be obtained
with (19), and then the accurate compensation for the PCC with
(18) and (20) can be implemented.

In the real digital drive with the voltage-source inverter (VSI)
based on the space-vector pulsewidth modulation (SVPWM)
scheme, the saturation effect of the VSI should also be consid-
ered and then the actual voltage applied to the motor is given
as [17]

u1,ref =

{
u1,ref (k + 1) uref (k + 1) ≤ Udc/

√
3

Ud c /
√

3
u r e f (k+1) u1,ref (k + 1) uref (k + 1) > Udc/

√
3

(24)

with

uref (k + 1) = ||u1,ref (k + 1)||

=
√
u2
d,ref (k + 1) + u2

q ,ref (k + 1)

in which Udc is the dc-link voltage of the VSI.
Meanwhile, there is difference between the measured posi-

tion at the kth instant and actual one at the (k + 1)th control
period especially in a high-velocity operation. According to the
basic assumption in (12), the voltage command can be further
corrected as [14]

u∗
1 , r e f

= u1,refe
j (2.5θ(k)−1.5θ(k−1)) (25)

where θ = xπ/τ is the equivalent electrical angle.
By this time, the robust PCC against parameter mismatch and

unmodeled dynamics can be realized with (12), (13), (16), (18)–
(21), (23)–(25). The discrete control diagram of the proposed
robust PCC is depicted in Fig. 1. As the disturbance being
fully compensated in finite time, the high bandwidth and strong-
robust inner current loop can be obtained, and then the current
dynamics can be neglected for the outer-loop design.

B. Force Ripple Compensation With SOSMO

Generally, only the position encoder is installed for the motion
systems. The velocity is not measurable but can be estimated
from the differentiation of the position signal. For filtering out
the high-frequency noises due to the quantization errors and the
sampling noises, a simple first-order low-pass filter (LPF) is
designed.

And then the velocity can be considered as an equivalent mea-
sured state, the velocity dynamic in system (8) can be simplified
as a perturbed integrator with

v̇ = u2 + ρd

ρ̇d = hρd

}
(26)

where u2 = 1
Mo
Kf oiq , ρd = − 1

Mo
Fdis , and hρd are the control

input, the disturbance, and its derivative, respectively.
To observe the disturbance ρd exactly in finite time, it is also

necessary to model it as an extended state. According to (26),
the velocity estimation dynamics can be extended as [28]

˙̂v = u2 + ρ̂d + z21

ρ̇d = z22

}
(27)

where z21 and z22 are the correction terms.
Define the velocity and disturbance estimation errors as

ev = v − v̂

eρd = ρd − ρ̂d

}
(28)

then the correction terms can be designed as

z21 = β1 |ev |1/2sgn(ev )

z22 = β2sgn(ev )

}
(29)

in which β1 > 0 and β2 > 0 are the gains to be designed.
Then, the estimation error dynamics can be deduced by sub-

tracting (26) from (27) as

ėv = −z21 + eρd

ėρd = −z22 + hρd

}
. (30)

Similarly, it is reasonable to assume that the change rate of
disturbance ρ̇d is bounded, i.e., |ρ̇d | < Δ1 . Then, if the gains
are designed as β1 = 1.5

√
Δ1 and β2 = 1.1Δ1 , both the errors

ev and eρd will converge to zero in finite-time simultaneously.
The detailed proof of the finite-time stability characteristic of
the above error dynamics (30) can also be found in [28]–[30],
and they are introduced in the Appendix. Thus, when the above
errors converge to zeros, the estimated states will approximate
to their actual values, i.e., v̂ → v, and ρ̂d → ρd , respectively.

Therefore, the velocity of the kth instant v̂(k) and the dis-
turbance of the next velocity-control period ρ̂d(k|k + 1) can be
estimated from (27) and (29) as follows:

v̂(k) = v(k − 1)

+ [u2(k − 1) + ρ̂d(k − 1|k) + z21(k − 1)]Ts
(31)

ρ̂d(k|k + 1) = ρ̂d(k − 1|k) + z22(k)Ts (32)

where ρ̂d(k − 1|k) is the estimated mechanical disturbance in
the present period. Next, according to (4) and (26), the equiv-
alent q-axis current for compensating the disturbance of the
mechanical subsystem can be deduced as

iqc(k) = ρ̂d(k|k + 1)Mo/Kfo. (33)

The overall structure including the velocity-closed-loop con-
trol and the disturbance compensation is depicted in Fig. 2.
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Fig. 2. Discrete implementation diagram of the velocity closed-loop control
with disturbance estimation and compensation.

TABLE I
MAIN PARAMETERS OF THE TESTED PMLSM

IV. EXPERIMENTAL EVALUATION

A. Experimental Setup

To verify the validity of the proposed method, as depicted
in Fig. 3, an air-bearing test platform driven with the surface-
mounted PMLSM was built. The main parameters of the tested
PMLSM is shown in Table I.

The motor was driven with a full digital power amplifier based
on the 32-bit floating-point DSP TMS320F28335. The ampli-
fier adopted a three-phase VSI with three sets of insulated-gate
bipolar-transistors under the bus voltage of 100 V, which is
converted from a single-phase rectifier supplied with a voltage
regulator. The sampling frequency of the velocity and the cur-
rent loop was equal to the switching frequency (5 kHz) in this
paper. The currents of phase windings were measured through
two LEM current sensors with high accuracy of ±0.2%. For
eliminating the effect of commutation spikes, the synchronous
sampling technique with symmetric SVPWM was configured.
To reduce the noises of sampled currents, both the repeated
sampling handling in a software algorithm and the second-order
Butterworth LPF in hardware circuits design were used. Then,
the internal 12-bit A/D converter of the DSP was utilized to
convert the currents to the digital values. The mover position
was measured through a high-resolution (0.1 μm) linear scale,
and the velocity was simply estimated with the backward differ-
entiation method. The cutoff frequency was designed as 100 Hz.
The interested variables were transmitted to the host computer
with LabVIEW through the CAN transceiver and then were
plotted again in the MATLAB. The simplified block diagram of
the overall system is shown in Fig. 4.

B. Evaluation Results

Fig. 5 shows the square-wave current response of the PCC
under nominal parameters with and without considering the
delay compensation with (10) and (11); it can be noted that the
oscillation and overshoot problem is effectively eliminated as
the two-step strategy is used.

1) SOSMO for the PCC: First, the SOSMO is implemented
with the PCC to test its compensation effect as the parameter
mismatch exists between the controller and the actual plant in
the single current closed-loop. The gains of (16) are designed as
α1 = 5, α2 = 1500 for considering both the convergence speed
and the chattering effect, which deviates from its standard design
caused by the discrete implementation. Fig. 6 shows the square-
wave current response of the PCC with/without the SOSMO
as only the resistance mismatch (Rs = 2Rso) exists. Accord-
ing to (2), the disturbance of the q-axis due to the resistance
mismatch can be estimated with fq ≈ ΔRsiq in the steady state.
It can be seen from Fig. 6(a) that the static current error main-
tains without the disturbance compensation. Combined with the
SOSMO, the current error is eliminated after 7 ms, and the esti-
mated q-axis disturbance voltage f̂q converges to its theoretical
value (≈ 1 A∗Rso = 6.5 V) gradually, as shown at the bottom
of Fig. 6(b).

As only the inductance mismatch (Ls = 0.3Lso) exists, the
dynamic response speed of the q-axis current is largely reduced,
as shown in Fig. 7(a). When considering the disturbance com-
pensation with the SOSMO, as depicted in Fig. 7(b), the re-
sponse of the q-axis current is accelerated with the settling time
decreasing from 5 ms to about 3.4 ms. Thus, compared with the
adaptive method [31], the SOSMO method can also maintain
large inductance robustness range. Meanwhile, the observed
disturbance approaches to zero as expected of (2) in the steady
state, as shown at the bottom of Fig. 7(b), due to that the distur-
bance of q-axis can be estimated with fq ≈ ΔLs d

dt iq during the
transient process. According to (2), the inductance mismatch
will also lead to the d-axis disturbance, which is dominantly
relative to the mover velocity and the q-axis current. Under this
single current closed-loop, the effect of inductance mismatch
on the d-axis current tracking error is not large enough to be ob-
served. Nevertheless, the corresponding results will be shown
in Fig. 8 under higher velocity and higher q-axis current.

To further verify the compensation effect of the SOSMO for
the PCC, the condition that all the three parameters vary from
their nominal one (e.g., Rs = 2Rso, Ls = 0.3Lso, ψf = 2ψf o )
is also tested in the velocity closed-loop. The gains of the ve-
locity PI-controller were designed as kp = 5, ki = 0.015, where
the controller structure is GP I = kp + ki/s. The velocity com-
mand is designed as a trapezoidal wave with a high acceleration
of 4 m/s2 and a high velocity of 0.4 m/s.

Without considering the disturbance compensation, there ex-
ists static current error of the q- and d-axis both in the accelera-
tion/deceleration and constant velocity phase, as shown in Fig. 8.
As the mover accelerates gradually, as illustrated in Fig. 8(a),
the actual q-axis current increases gradually due to that the ef-
fect of flux mismatch is coupled with the velocity according to
(2). For the same reason, both the resistance and flux mismatch
lead to the static current error of the q-axis when the velocity
is constant. The nonzero q-axis current command is caused by
the cable force, which is equal to an external light load. Si-
multaneously, according to (2), the d-axis disturbance can also
be estimated with fd ≈ − π

τ pvΔLsiq . During the acceleration
phase, the disturbance will contribute to the increasing d-axis
current, which is proportional to the mover velocity. Then, in
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Fig. 3. Air-bearing test-platform driven with surface-mounted PMLSM.

Fig. 4. Schematic diagram of the velocity and current double-closed-loop
control system for the PMLSM.

Fig. 5. Square-wave current response of the PCC with and without considering
delay compensation.

the constant velocity phase, the higher velocity and the little
q-axis current will also lead to the static error. The difference
between the acceleration and deceleration phases is caused by
the different characteristics of the cable force.

When the SOSMO is configured, the current error is elim-
inated in all the three phases [see Fig. 8(b)]. The bottom one
of Fig. 8(b) shows the estimated disturbance. As for the q-axis,
at the initial moment of the acceleration phase [e.g., A→B in
Fig. 8(b)], f̂q steps to about 14 V caused by the effect of re-
sistance mismatch (Rs = 2Rso) and the step current response
(about 2.1 A), which is almost equal to the theoretical value
13.65 V (2.1A∗Rso = 13.65 V). As the mover moves with a
constant velocity [e.g., D→E in Fig. 8(b)], the correctness of
f̂q can also be verified with the velocity and the flux difference.
Simultaneously, the correctness of f̂d can also be evaluated
with (2).

Therefore, the validity of the SOSMO can be verified both
in the current and velocity closed-loops as the three parameters
vary from its nominal values. For limited page, the experimental
results with underestimated resistance/flux and overestimated
inductance are not listed here.

Fig. 6. Square-wave current response of the PCC. (a) Without distur-
bance compensation. (b) With the SOSMO as only the resistance mismatch
(Rs = 2Rso) exists and the estimated q-axis disturbance.

Fig. 7. Square-wave current response of the PCC. (a) Without distur-
bance compensation. (b) With the SOSMO as only the inductance mismatch
(Ls = 0.3Lso) exists and the estimated q-axis disturbance.

2) SOSMO for the Force Ripple Compensation: Second, the
SOSMO is also designed here to observe the force ripple. At
a high velocity, the effect of force ripple on the velocity fluc-
tuation will be deteriorated due to the inertia-filter role of the
mechanical subsystem. Thus, the velocity command is designed
here as a trapezoidal wave with a low acceleration of 0.2 m/s2
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Fig. 8. (a) Trapezoidal-wave velocity response and the corresponding current
command and its response. (b) Estimated disturbance of the q- and d-axis, where
the mismatch (Rs = 2Rso, Ls = 0.3Lso, ψf = 2ψf o ) exists.

Fig. 9. (a) Simulated trapezoidal-wave velocity response. (b) Corresponding
q-axis current command and its response without the force ripple compensation.

and a low velocity of 0.02 m/s to clearly evaluate the effective-
ness of the proposed method. The SOSMO gains of (29) are
designed as β1 = 5, β2 = 15, which deviates from its standard
design caused by the discrete implementation. For verifying
the correctness of the force ripple estimation, the finite-element
analysis results are first modeled in the simulation model un-
der Simulink@MATLAB using the curve-fitting method, and
as shown in our previous work [26], the detent force can be
presented as

Fd = 2.29 sin
(
x
τ π

)
+ 6.27 sin

(
2xτ π

)
+ 1.01 sin

(
4xτ π

)
+ 0.6 sin

(
8xτ π

)
[N ]

where only the main harmonic components are considered.

Fig. 10. (a) Simulated trapezoidal-wave velocity response. (b) Corresponding
q-axis current command and its response with the force ripple compensation.
(c) Observed force ripple.

Fig. 11. (a) Trapezoidal-wave velocity response. (b) Corresponding q-axis
current command and its response without the force ripple compensation.

Fig. 9 shows the simulated velocity and q-axis current re-
sponse as the SOSMO is not configured. It can be noted from
Fig. 9(a) that there exists periodical velocity fluctuation that is
consistent with the characteristic of the detent force. Simultane-
ously, the current command ripple, as shown in Fig. 9(b), also
indicates the effect of detent force on the velocity.

As the compensation current (33) is injected, the velocity
ripple has been reduced effectively, as depicted in Fig. 10(a),
and the almost constant current command of Fig. 10(b) in the
constant velocity phase also reflects the validity of the method.
The estimated disturbance is approximately consistent with the
modeled detent force.

Then, to further evaluate the effectiveness of the SOSMO on
the remaining force ripple, the proposed method is also designed
in the real digital system. As the force ripple is not considered,
there exists obvious velocity fluctuation (±5%), as shown with
the magnified picture in Fig. 11(a). The actual velocity ripple
can also be indirectly reflected with the ripple of the velocity
controller output, i.e., i∗q in Fig. 11(b). In general, to demonstrate
the effect of force ripple on the velocity clearly, a lower velocity
controller bandwidth should be designed. However, considering
the velocity response performance, the velocity controller was
designed with a medium bandwidth, that is to say, the closed-
loop control can also suppress the force ripple to some extent.
Nevertheless, the effectiveness of the SOSMO on the force rip-
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Fig. 12. (a) Trapezoidal-wave velocity response. (b) Corresponding q-
axis current command and its response with the force ripple compensation.
(c) Observed force ripple.

Fig. 13. Trapezoidal-wave velocity response and the corresponding q-axis cur-
rent command and its response (a) without compensation and (b) with compensa-
tion for both the parameter mismatch (Rs = 5Rso, Ls = 0.3Lso, ψf = 5ψf o )
and the force ripple.

ple suppression can also be verified, as shown in Fig. 12 and
described as follows.

As depicted in Fig. 12(a), while the compensation current
(33) is added, the velocity is greatly smoothed and the velocity
fluctuation is reduced to about ±0.6%, which is just about 12%
of the results in Fig. 11(a). Although it can be noted that the
q-axis current response seems to be similar with/without uti-
lizing the SOSMO, there exists little difference that cannot be
clearly identified due to the lower compensation current, which
was caused by the higher thrust coefficient and lower force
ripple, and the inevitably existing current sampling noises. The
validity can also be reflected with the smooth current command
of the velocity controller, i.e., i∗q in Fig. 12(b). The relation be-
tween the current command, the actual current response, and
the compensation current is iq = i∗q + iqc , which can also be
observed from the antiphase relation among the compensated
current in Fig. 12(a) and the force ripple in Fig. 12(b). Fig. 12(c)
shows the estimated force ripple, and it can be noted that it

mainly comprises the position-dependent periodical component
and the slowly varying part, which can be seen as thrust ripple
and cable force, respectively.

Therefore, according to the simulation and experimental re-
sults, the SOSMO can estimate the main detent force and the
remaining force ripple including the cable force and the effect
of mechanical parameter variation and then the effect of force
ripple on the velocity fluctuation can be effectively suppressed.

3) SOSMO for the Overall System Disturbance Compensa-
tion: Third, the SOSMO is utilized here to observe both the
disturbance of parameter mismatch and the force ripple. To
clearly show the compensation effect of SOSMO on both the
PCC and the force ripple, the velocity is designed same as
Fig. 11, but the parameters in the controller vary to (Rs =
5Rso, Ls = 0.3Lso, and ψf = 5ψf o). As shown in Fig. 13(b),
the velocity fluctuation is also reduced greatly compared with
Fig. 12(a), where the parameter of the PCC is nominal. The
bottom one of Fig. 13(a) depicts the current command and its
response without compensation, where the constant error exists
compared with Fig. 12(b). The approximately same current re-
sponse of the bottom one of Fig. 13(b) compared with Fig. 12(b)
verifies that the effect of parameter mismatch on the PCC is al-
most eliminated. The little difference of velocity ripple between
Fig. 13(a) and Fig. 11(a) is caused by the effect of flux mismatch
with a constant velocity.

Therefore, with the SOSMO, the effect of parameter mis-
match on the PCC and the force ripple on the velocity response
can be effectively compensated.

V. CONCLUSION

In this paper, an integrated disturbance/uncertainty com-
pensation method for the PMLSM-driven stage based on the
SOSMO was proposed. An extended state model was estab-
lished for considering the disturbance dynamics due to the
parameter mismatch and external force ripple. This modifica-
tion eliminates the assumption that the disturbance is slowly
varying, and then more accurate disturbance can be estimated.
The SOSMO can estimate both the disturbance of parame-
ter mismatch and the external force ripple, and then the su-
perior performance of PCC was maintained and the velocity
fluctuation was reduced. Hence, the uncertainty/disturbance
of the overall system was compensated simultaneously, and
then the high-dynamic and low-fluctuation velocity response
was obtained. Experimental results under the cascaded veloc-
ity/current double-closed-loop with electrical parameter mis-
match and force ripple have both verified its effectiveness. In
the future, the detailed parameter design for the SOSMO and
the effect of mechanical parameter mismatch will be further
studied.

APPENDIX

The STA can be presented as [28]

ẋ1 = −k1 |x1 |1/2sgn(x1) + x2 + ρ1(x, t)

ẋ2 = −k2sgn(x1) + ρ2(x, t) (34)
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where x1 and x2 are the scalar state variables, k1 and k2 are the
gains to be designed, and ρ1 and ρ2 are the perturbation terms.
Supposed that the perturbation terms of system (34) are globally
bounded with

ρ1(x, t) = 0, |ρ2(x, t)| < L (35)

where the constant L > 0.
Select the vector ζT = [ ζ1 ζ2 ]T = [ |x1 |1/2sgn(x1) x2 ], and

then its derivatives can be given by

ζ̇ =
1
|ζ1 |Aζ,A =

[
− 1

2 k1
1
2

−k2 0

]
(36)

where |ζ1 | = |x1 |1/2 . As presented in [30, Th. 2], for any posi-
tive constant L, there exist gains k1 , k2 > 0 such that the origin
x = 0 is a robust and globally finite-time stable equilibrium
point. Moreover, there exists a positive and symmetric definite
matrix P such that V (x) = ζT Pζ is a quadratic, strict, and
robust Lyapunov function for the perturbed system, satisfying

V̇ = −|x1 |−1/2ζT QRζ (37)

almost everywhere, whereQR is symmetric and positive definite
matrix and fulfillAT P + PA = −QR . Furthermore, the system
state starting atx0 will converge to the equilibrium point (x = 0)
in a finite time smaller than

T0 =
2λmax{P}

λ
1/2
min{P}λmin{QR}

V 1/2(x0). (38)
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