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ABSTRACT Although a permanent magnetic synchronous linear motor driven system using 
nonsingular fast terminal (NFT) sliding mode control (SMC) has exhibited good robustness in 
system stability maintenance, it tends to suffer tracking accuracy reduction due to disturbance of 
thrust ripple derived from both nonlinear friction along the stroke and nonlinear magnetic circuit 
of the motor. A NFT-SMC based control scheme with synthetic nonlinear disturbance force 
compensation for the driven system is presented to enhance its tracking precision. A theoretical 
analysis of tracking accuracy reduction due to disturbance forces under the SMC control is 
conducted on the basis of a dynamics model and the sliding mode surface for the system. A 
synthetic model based on Stribeck model and Fourier series is adopted to recognize the behavior of 
the thrust ripple induced by the double nonlinear factors. The method for parameters determination 
in recognition of the synthetic model is given in light of the differences between the measured 
tracking errors and the theoretical counterparts under NFT-SMC. Then the modified NFT-SMC 
scheme with the recognition model as a compensator is designed to restrain the influence due to 
the disturbances. The feasibility of the control scheme is verified both in a simulation system and 
on an experimental platform. Comparative experimental results demonstrate good performance of 
the presented controller in tracking precision enhancement in contrast to both feed forward PID 
and some recent existing SMC methods. 

Keyword: Permanent magnetic synchronous linear motor · Nonsingular fast terminal sliding 
mode control · Nonlinear force compensation ·High-precision tracking control 
 

1 Introduction 

As linear feed motions in modern numerical equipment evolve towards high speed and high 
acceleration, a permanent magnetic synchronous linear motor driven system (PMSLM-sys) 
has been extensively applied in the industry [1]. In contrast to a traditional linear feed system 
driven by ball screw, the PMSLM-sys has exhibited advantages with higher precision as well 
as compact structure with none intermediate transmission linkages. However, due to none 
intermediate mechanism in the feed system, both internal nonlinearity of magnetic circuit of 
the motor and external nonlinear friction derived from the guide ways exert direct influence 
on the tracking response performance of the drive [2,3], thus reducing its driving precision 
performance and hindering its further extensive applications. With the aim to enhance of its 
tracking performance, it is necessary to consider the influence of these double nonlinear 
disturbances [4]. 

Since a PMSLM-sys is a sensitive complicated system with strong coupling and multiple 
variables, it is difficult for conventional PID to achieve high-performance tracking when the 
system operates in a condition with nonlinear disturbances. Thus control methods aiming to 
reduce tracking error in the feed motions have been received more and more interest. For 
instance, adaptive PID [5], fuzzy logic control [6] and sliding mode control (SMC) [7-12] 
have been employed in the drive systems. Recently, owning to strong robustness against 
system uncertainty and external disturbance, SMC has been paid increasing attention to 
enhance drive performances of the system. Altintas et al [8] contributed a discrete SMC 
scheme with adaptive disturbance restraint to improve the dynamic stiffness of the linear 
motor drive system. Zhao et al [9] designed sliding mode controllers in both velocity loop and 
drive current loop to promote the dynamic performance of the motor drive control system. 
Sun [10] presented an adaptive fractional order terminal SMC to guarantee robustness to 
uncertainties as well as high tracking accuracy in the linear motion. Li et al [11] designed a 
nonsingular fast terminal (NFT) SMC with a finite-time disturbance observer to enhance the 
tracking performance. Chen et al [12] presented an adaptive fractional order terminal SMC 
scheme to raise the motion precision of the linear motor driven system.  
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It is demonstrated in [13,14] that nonlinear disturbances in the motions driven by a 
permanent magnetic linear motor have a good many things to do with the tracking precision. 
Thus methods for tracking performance enhancement by restraining the disturbances have 
been paid more and more interest. Hirofumi et al [15] presented a control method with friction 
compensation along the stroke in the linear motions to improve the system dynamic 
performance. Kwanghyun et al [16] contributed a disturbance compensation control scheme 
via linear disturbance observer to dwindle the influence of cyclic disturbance to the tracking 
precision. Hirata et al [17] established control system for a linear motor driven shaking 
platform with compensation of dry friction-induced disturbance to suppress the influence of 
the disturbance. Liu et al [18] designed a PID based nonlinear control strategy with 
considering model for uncertainties and external disturbances to improve position tracking 
performance for the PMSLM-sys. Tomofumi et al [19] gave a disturbance compensator with 
double adjustable gains to restrain the quadrant glitch errors for linear motor driven feed 
system. Shao et al [20] brought forth an adaptive disturbance observer to compensate the 
influence of nonlinear factor in the linear motor driven positioner without considering 
maximal disturbance excitation. Xu et al [21] constructed a high-order super-twisting 
observer (HOSTO) to estimate the uncertainties in the PMSLM-driven motion with the 
designed NFT sliding mode controller to guarantee high tracking accuracy. 

In a summary of the above contributions, it is noted that the disturbance-restraining strategy 
for motions driven by a PMSLM plays important role in reduction of the tracking errors, and 
at the same time, SMC can contribute high robustness to uncertainties of the motions. Thus in 
terms of their respective operation characteristics for the PMSLM system, it can be derived 
that a reasonable combination of these double strategies can bring higher performance in 
control of the linear motions.  

The advantages of this combination with a designed observer into a NFT-SMC have indeed 
been described in literatures [11,21]. Nevertheless, as far as the finite-time disturbance 
observer presented in [11] or the HOSTO in [21] concerned, they are fundamentally nonlinear 
tracking error-based mathematic models to identify the dynamic disturbance generated in the 
linear motions. It is difficult for these error-based observers in a SMC to apply good-

performance compensation to both nonlinear magnetic circuit-induced thrust ripple and 
nonlinear speed-related stroke friction for high-precision tracking control, due to uneasy 
attainability of suitable parameters for the observers in the motions with unstable load or 
varied speed. In this work, a NFT-sliding model controller with a synthetic force 
compensation-based observer to restrain the impact of both nonlinear magnetic circuit 
induced thrust ripple and nonlinear speed-related stroke friction is proposed for high-precision 
tracking control of PMSLM-sys. The positive effect of disturbance restraint on tracking 
precision enhancement for the PMSLM-sys under NFT-SMC is theoretically analysed on the 
basis of a established dynamic model of the system. Synthetic modelling to disturbances 
derived from nonlinear friction of the stroke and nonlinear magnetic circuit of the motor is 
also carried out to provide a precise observer for the system under the sliding controller. 

The remainder of the paper is organized as follows. Section 2 is of theoretical analysis of 
the effect of disturbance restraint on the tracking precision for PMSLM system under NFT-

SMC. Section 3 presents a synthetic model for nonlinear magnetic circuit-induced thrust and 
nonlinear speed-related stroke friction. Section 4 describes the presented NFT sliding model 
controller combined with the synthetic model observer for high-precision tracking control of 
the PMSLM system as well as simulation verification for its feasibility. Section 5 deals with 
experiment validation and result analysis. Conclusions are finally presented in Section 6. 

2. Modeling to tracking error under SMC with 
disturbance force compensation 

In consideration of disturbance derived from nonlinear magnetic circuit-induced thrust 
ripple and nonlinear speed-related stroke friction, the dynamics of a PMSLM-sys can be 
expressed as [22]: 

    && &
f f e fric ripple

act act

C C C F F
p u p

Rm Rm m m

 
(1) 
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where act
p  is the actual position of the primary, f

C  and e
C  are respectively the force 

constant and the back electromotive force (EMF) constant, u  is the terminal voltage output 
from the drive controller, R  is the line to line resistance , m  is the primary mass, fric

F  is 
the nonlinear speed-related stroke friction and ripple

F  is the nonlinear magnetic circuit-
induced thrust ripple. 

With the sum of fric
F  and ripple

F  defined as compound disturbance force dist
F , the 

dynamic model of PMSLM-sys can be modified as, 

   && &
f f e dist

act act

C C C F
p u p

Rm Rm m

 
(2) 

It can be observed from this model that in the case of the motions with a basically constant 
velocity, the acceleration &&

act
p  is mainly related to the terminal voltage u and the compound 

disturbance force dist
F .  

When NFT-SMC is applied as the basic control scheme for position control of a linear 
motor driven system, the nonsingular fast terminal sliding mode surface s for the controller is 
expressed as: 

 

1 2

1

2

1 1

/

/

 

 



   
 
 

pos pos vels e e e

p q

g h
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where pos
e  and vel

e  are respectively the position error and velocity error of the motor. With 
 R  and  R , the co-efficiencies p , q , g , h  are odd integer numbers, which 
satisfies the conditions of 1 / 2 g h  and / /p q g h . Both of the errors in the equation 
can be respectively expressed as, 

 
 

   & &

pos des act

vel des act

e p p

e p p

 
(4) 

where des
p  is the desired position, also the reference value of the control system. 

To suppress inherent chatter on the motion stage under sliding mode control when the 
system is close to a stable situation, the control system utilizes position error-related 
exponential approach law, which is expressed as, 

 sign( )  &
pos poss e s k e s  (5) 

where  , k  are parameters of the exponential approach law with 0, 0  k . 
To indicate the system performance in stability, Lyapunov function L  is defined as:  

 
1

2

2
L = s

 
(6) 

Substitution of Eq.(3) into Eq.(6) derives the result, 

 lim


 
s

L  (7) 

Derivative to Eq.(6) gives new relationship, 

     & &
pos posL ss s e k e s  (8) 

It is noted that there exists 0L  and 0&L  in the case of 0s . Thus, according to 
Lyapunov stability theorem (LST), the condition, 

t
lim 0



pos

e , can be satisfied in term of the 
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law provided in Eq.(5). 
Suppose there exists L  satisfying the condition, 

 
1/2 ( )   &L L R  (9) 

Integral of time to the Eq.(9) generates the equation: 

 
1/20

d  
&t L

t t
L

 
(10) 

Solving to the equation can acquire the result: 

 
1/2 1/21

( ) (0)
2
  L t t L

 
(11) 

Modification to this equation generates the new form related to stability-approaching time t.  

 
1/22 (0)


 

L
t

 
(12) 

In accordance with LST, it can be observed that L  can reach a convergence value in a 
finite duration of time t . As a result, the designed sliding surface satisfies the condition of 
LST. Thus it can conclude that the control system with the sliding mode can converge to a 
stable situation in a finite duration of time. 

Solving the simultaneous equations consisting of Eq.(2), Eq.(3), Eq.(4) and Eq.(5), can 
obtain a new form of u : 

 1 2( = )
f

Rm
u u u
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(13) 

where 

°
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1
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(15) 

                             where °distF  is theoretical disturbance force of PMSLM-sys. 
To highlight the influence of disturbance force in the control, the all items related to 

magnetic circuit parameters are expressed as 'M  and the all items related to SMC algorithm 
parameters are defined as p

a , 

 '    &&
vee f l

des

C C e
p

Rm
M

 
(16) 
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(17) 

Then, the Eq.(13) can be abbreviated as: 

 
°

( ' )   dist

f

pu M a
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C m
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(18) 

Substituting Eq.(18) into Eq.(2) generates new form of acceleration: 



 

5 

 
°

 


&&
dist di

p

st

act

F F
M ap

m

 
(19) 

where '  &
f e

act

C C
M M p

Rm
. 

Substitution of Eq.(19) into Eq.(4) gives a new formula to express the position error: 

 
°

( )d
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(20) 

It can be observed from Eq.(20) that the tracking accuracy of the linear motor based on 
NFT-SMC is related to the deviation between the theoretical disturbance force °distF  and the 
actual compound disturbance force dist

F . It can be concluded that in the case that the 
deviation becomes smaller the disturbance force will have less influence on the tracking 
accuracy. It can be noted that if a precise theoretical disturbance force model is applied into 
NFT-SMC as an observer to compensate the actual disturbance, the tracking accuracy of the 
motion will be enhanced. Since the disturbance sources are predominantly from nonlinear 
force of motion friction and non-uniform magnetic circuit, it is necessary to build a precise 
model to recognize the synthetic nonlinear disturbance force (SNDF) to dwindle the tracking 
error in the linear motions. 

3 Modeling for synthetic nonlinear disturbance 
force 

3.1 Modeling for PMSLM-sys under NFT-SMC. 

It is known that the thrust of a linear motor in the motions is derived from the excited 
traveling magnetic force of the primary part. Thus the end effect and the cogging effect in the 
motor generate nonlinear thrust ripple, resulting in position tracking error in the motion [23-

25]. On another hand, the mover-connected sliding table is supported on the lubricant-covered 
linear guides. The motion of the table exhibits relative slide on the guide ways. As a result, 
nonlinear friction derived from the sliding movement with the lubrication condition need to 
be considered [26-28] in design of control system for high tracking precision. Fig.1 illustrates 
these situations of double nonlinear force components as disturbance existing in the PMSLM-

sys. 
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Fig. 1 Nonlinear thrust ripple and nonlinear friction existing in a PMSLM-sys 

With these disturbance forces, modeling to an ideal linear motor driven system under 
NFT-SMC can be illustrated in Fig.2. It is indicated that in the system, an ideal linear motor 
under NFT-SMC compounded with components for nonlinear magnetic circuit induced 
thrust ripple and nonlinear friction generates displacement act

p  as position feedback for the 
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control system with des
p  as control reference. The compounded components are defined as 

synthetic nonlinear disturbance force exerting on the ideal motor with the current-shift thrust 
output from the servo driver. 

Nonlinear 

Friction

Synthetic Nonlinear  

Disturbance Force

 PMSLM

 Thrust 

Ripple

 Controller

(NFT-SMC)

Servo 

Driver

Linear 

Encoder

Thrust
 f
C

 des
p

 act
p

 
Fig. 2 Modeling for PMSLM-sys under NFT-SMC with nonlinear synthetic disturbance force 

3.2 Modeling for SNDF 

3.2.1 Theoretical model of SNDF  

It is indicated in Literatures [29-31] that there exists a mathematical relationship between 
magnetic circuit-induced thrust ripple and relative position of the primary within one 
magnetic pitch. Since the relationship is with nonlinearity and periodicity characteristics, 
Fourier series with specified N orders are applied to express the thrust ripple. As a result, the 
thrust ripple is expressed as: 

 
1

[ cos( ) sin( )] 


 
N

ripple n act n act

n

F a n p b n p
 

(21) 

where n
a , n

b  are parameters of the Fourier series. 
In terms of [32,33], friction characteristics under lubrication conditions related to the 

velocity of the primary exhibit two forms in the motion, viscous friction and Coulomb friction. 
Combined these two forms of friction characteristics, the nonlinear friction force can be 
expressed as: 

 
/

( +( ) )sign( )


  
&

& &
s

act sP v

fric c s c act v actF f f f e p f p
 (22) 

where v
f  is viscous friction coefficient, c

f  is Coulomb friction coefficient, s
f  is static 

friction coefficient, s
v  is critical velocity and 

s
  is an empirical parameter, generally 

between 0.5~2. 
The functional behavior of the combined nonlinear friction related to the motion velocity 

can be plotted as shown in Fig.3. It is illustrated that when the primary moves with low 
velocity, the friction is in viscous form with mixed lubrication condition, in which the friction 
decreases with an increase of velocity. In the case that the velocity is higher than lubrication-

shifting velocity value, the primary enters into full-film lubrication conditions, in which the 
friction rises with an increase of velocity. Distributions of the friction in different conditions 
demonstrate that the relationship between friction and velocity exhibits nonlinearity in the 
PMSLM-sys. 

An integration of thrust ripple model of Eq.(21) and nonlinear friction model of Eq.(22) 
produces a synthetic model to describe the nonlinear disturbance force, which expressed as: 

° /

1

( +( ) )sign( ) [ cos( ) sin( )]
s

act s

N
P v

dist c s c act v act n act n act

n

F f f f e p f p a n p b n p
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Fig. 3 Nonlinear friction distribution in terms of motion velocity 

3.2.2 Model parameters determination  

It is difficult to directly acquire the nonlinear friction and the magnetic circuit-induced 
thrust ripple respectively in the linear motion only by means of experiments. Thus a method 
for model parameters determination is indispensable to guarantee universal applicability of 
the SNDF model for a PMSLM-sys. 

It is assumed that two ideal motions in opposite directions with an identical-magnitude 
velocity *

v , within a similar position range *
p  as shown in Fig.4. It illustrates the forces 

applied on the primary in two situations respectively of positive motion and negative motion.  

Primary

Positive Motion

Negative Motion

Primary

 1tF

 1ripple
F

 
*

v
 1fric
F

 2fric
F

 2ripple
F

 
*

v
 2t
F

 

Fig. 4 Forces applied on the primary in the motions with opposite direction 

In the figure, 1tF  and 2t
F  are respectively the drive current-linked thrusts applied on the 

primary of the positive and reversal directions. 1fric
F  and 2fric

F  are respectively the frictions, 
and 1ripple

F  and 2ripple
F  the thrust ripples applied on the primary in the motions with opposite 

direction. According to the theorem of synthetic forces in balance in uniform motions, the 
applied forces on the primary in the double opposite directions exhibit the relationships 
described by the equations, 

 
1 1 1

2 2 2

( ) ( )+ ( ) 0

( )+ ( )+ ( ) 0

 
 

t fric ripple

t fric ripple

F t F t F t

F t F t F t

 
(24) 

In a linear calculation space, the average form of each forces in Eq.(24) associated with 
time t also satisfies the relationship established by the equation. In accordance with the rule 
indicated in Eq.(21) that the thrust ripple is only related to the position of primary, average 
values of the thrust ripple in the two opposite directions exhibit to be identical within a similar 
motion displacement of *

p . As a result, Eq.(24) can be converted as: 

 1 2 1 2( )+ ( ) ( )+ ( )fric fric t tF t F t F t F t  (25) 

where the overbars on the variables indicate the average value of the corresponding variables. 
Furthermore, It can be derived from Eq.(22) that the nonlinear frictions in uniform linear 
motions are invariable. Therefore, there exists following relationships: 
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 * 1 2 1 2= ( )= ( )= ( )= ( )
actfric p v fric fric fric fricF F t F t F t F t&

 (26) 

Simplification to the simultaneous equations consisting of Eq.(25) and Eq.(26) can give an 
equation as: 

 1 2
*

( )+ ( )
=

2act

t t

fric p v

F t F t
F &

 
(27) 

This simplified equation indicates that the nonlinear friction applied on the primary at a 
velocity *

v  can be calculated in terms of the average value of velocity-related drive thrusts 
of the two opposite motions. Therefore, in the light of the available data composed of drive 
thrusts at different velocities, the parameters of the nonlinear friction-describing model of 
Eq.(22) can be determined using least square fitting method to obtain the relationships 
between the frictions and velocities.  

To determine the parameters for the thrust ripple model, substituting Eq.(27) into Eq.(24) 
gives the thrust ripple: 

 1 1 *( ) ( )+   &actripple t fric p vF t F t F  (28) 

It can be observed from Eq.(28) that the difference between the parameter-determined 
nonlinear friction and the drive thrust at a velocity *

v  can derive thrust ripple. A linear 
integration of time t  to this equation with the velocity can give the relations between the 
thrust ripple and the primary position *

p . Therefore, on the results derived from subtraction of 
the acquired drive thrust with the available nonlinear friction in terms of different positions, 
the parameters of the model describing the thrust ripple in Eq.(21), can be determined using 
least square fitting method. 

With the above presented discussions, the parameters for the SNDF model described in 
Eq.(23) can be determined by means of measuring the drive thrusts of the uniform motions in 
two opposite directions within a specific sufficient displacement at different velocities. In 
accordance with magnetically driving principle, the output drive thrust associated with these 
two disturbance forces is proportional to the drive current from the servo controller. In 
summary, the parameters determination is implemented by means of the drive thrusts derived 
from indirect calculation of experimentally-acquired drive currents of the motor. 

3.2.3 Inspection method for model recognition accuracy  

Since the accuracy of the SNDF model exerts a significant influence on high-precision 
tracking control according to Eq.(20), it is necessary to inspect the recognition accuracy of the 
SNDF model as an observer in a sliding mode controller. 

When the system is out of compensation to the synthetic disturbance force, the theoretical 
disturbance term °distF  in Eq.(20) considered to be equal to zero gives the actual tracking 
error expressed as: 

 ( )d   dist

p pos des M a
F

e p t
m

 
(29) 

In the case that the SNDF model is substituted for the nonlinear synthetic disturbance 
forces in the system model illustrated in Fig.2, the theoretical tracking error *

pos
e  in the 

motion can be expressed as: 

 
°

* ( )d  
dist

po ps des M a
F

e p t
m

 
(30) 

Subtraction of Eq.(30) with Eq.(29) obtains the deviation,  pos
e , also the difference 

between the actual tracking error and the theoretical tracking error.  
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Suppose the motor parameter-correlated item M  and the algorithm parameter-correlated 
item p

a  in Eq.(20) are in good recognition to the control system for an actual PMSLM. 
Then,  pos

e  can be simplified as: 

 °1
( )d  distpos diste = F F t

m

 
(31) 

It is important to note from the equation that  pos
e  associates with the deviation between 

the synthetic disturbance force °distF  derived from the SNDF model and the actual 
disturbance force dist

F . As a result, the recognition accuracy contributed by the SNDF model 
can be verified by the results from differentiating between theoretical tracking error *

pos
e  and 

the actual tracking error pos
e . It is evident that the smaller of  pos

e  is, the better of the 
identification performance of the SNDF model is. 

4 Control strategy design with disturbance 
compensator 

4.1 Design of control strategy 

A NFT-SMC based controller with incorporating the recognized SNDF model into 
PMSLM-sys as a compensation component is designed to decrease the deviation between 
°

distF  and dist
F . This controller is defined as SNDFSMC for simplifying following 

descriptions, which is illustrated in Fig.5, 
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SNDFSMC
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distF

actp

actp

1

1filT s

1

1iT s

 
Fig. 5 Design of controller with SNDFSMC for PMSLM-sys 

It is illustrated in the figure that i
T  and fil

T  are respectively the time constant of the servo 

amplifier and the thrust command filter. The nonlinear disturbance force °distF  estimated by 
the SNDF model of Eq.(23) is fed back into the SNDFSMC as a compensation to reduce the 
disturbance force-induced tracking error in the control. 

4.2 Simulation verification of control strategy 

To verify the feasibility of the proposed SNDFSMC, a simulation model supporting 
different control schemes for PMSLM-sys is constructed based on the presented dynamics of 
PMSLM as shown in Fig. 6. In the model, the component named alternative control scheme 
for loading a candidate control method as a controller generates a control voltage u  in terms 
of the feedback signal, the reference signal and their derivatives, as an input to the component 
of dynamics of PMSLM expressed by Eq.(2). The output derived from the SNDF model is 
treated as synthetic disturbance force in the simulation. 
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Fig. 6 Simulation model of PMSLM-sys for different alternative control schemes 

To further validate the performance of SNDFSMC in dwindling the position tracking error, 
comparative experiments are carried out with respectively taking feed forward PID, NFT-

SMC, HSMC and SNDFSMC as control scheme in the simulations with the same reference 
tracking signal defined by the function, f=10sin(8/9πt)(mm). Fig.7 shows the tracking errors 
respectively generated by these four control schemes. The control results indicate that the 
maximum tracking errors derived from feed forward PID, NFT-SMC, HSMC and SNDFSMC 
are respectively 32μm, 17μm, 13μm and 8μm. 

 The obtained high tracking accuracy in the simulation indicates the feasibility of the 
presented control strategy. It can also be concluded from these comparative results that the 
proposed SNDFSMC performs the best performance in position tracking control over the 
other three counterparts in the simulations. 
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Fig. 7 Tracking error comparisons under different control schemes in simulations 

5 Experimental validations 

5.1 Experimental system 

Performance validations are further carried out on a domestic experimental platform, which 
is illustrated in Fig.8. In the platform, a SWL-PL10C type PMSLM with a control system is 
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adopted with the applied parameters listed in Tab.1. In the control system, Power-PMAC 
controller is employed as the main controller for programming with Elmo HAR-A12/100I 
servo driver and Renishaw RTL incremental grating scale is introduced to acquire the 
displacement feedback. 

Primary

Secondary

Controller
Servo

Driver

Linear 

Encoder

Power 

Supply

 

Fig. 8 Experimental platform of linear motor driven system 

Table 1 SWL-PL10C linear motor parameters 

Parameter Unit Value 

Force constant V/A 41.42 

Back electromotive force V/(m/s) 13.95 

Resistance Ω 3.28 

Primary mass kg 8.19 

Servo cycle Hz 2258.00 

Full stroke range m 0.40 

Time constant of the servo amplifier ms 0.10 

Time constant of the thrust command filter ms 0.30 

5.2 Parameter determination and validation for SNDF model 

5.2.1 Parameter determination for SNDF model 

To determine the parameters of SNDF model of the experimental platform, the linear motor 
of moves respectively at uniform different velocities with 3mm/s interval addition from 
5mm/s to 125mm/s in each motions. The drive thrusts are derived from calculations in terms 
of the drive current acquired from the servo controller along with its force constant f

C .In the 
light of Eq.(27) and Eq.(28), velocity-related nonlinear friction and position-related thrust 
ripple are derived from the calculated drive thrusts. Then the parameters of nonlinear friction 
model and magnetic circuit-induced thrust ripple model with eight orders are determined 
using least square fitting method. The parameters of the models are respectively listed in 
Tab.2 and Tab.3 as the fitting results. Substituting the parameters of Tab.2 and Tab.3 into 
Eq.(23) determines the SNDF model for this experimental driven system. 

 

Table 2 Obtained values of the parameters for velocity-dependent nonlinear friction 

Parameter Unit Value 𝑓𝑐 N 17.143 𝑓𝑠 N 20.070 𝑓𝑣 Pas 117.907 𝑣𝑠 m/sec 0.008 

 s  - 1.500 
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Table 3 Coefficients of the parameters with the eight orders 
n  1 2 3 4 5 6 7 8 

na  -0.033 0.308 -1.144 1.234 -0.0419 0.338 -0.380 -1.204 

nb  0.027 0.036 0.813 0.108 0.152 0.454 0.191 0.509 

5.2.2 SNDF model accuracy inspection 

To validate the recognition performance of SNDF model, experiments are respectively 
carried out both on the experimental platform and in the simulation system with similar 
reference tracking signal of 10sin(2πt)(mm) under NFT-SMC without force compensation. 
The resultant tracking errors are shown in Fig.9(a), in which the both results are nearly in 
similar distribution in one signal cycle. This result can demonstrate that the theoretical model 
exhibits good performance in recognition of the experimental system. Fig.9(b) further 
illustrates the specific tracking error differential values between the experimental results and 
the simulation counterparts. It is indicated that the maximal difference is no more than 5μm in 
the amplitude with 9.57% relative deviation ratio in the average. It can be concluded from this 
results and in term of Eq.(31) that parameters of the SNDF model has been determined in 
recognition of the actual synthetic disturbance force in the motions. 
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Fig. 9 Comparison of tracking errors between experimental and theoretical validations 

5.3 Performance validation 

To validate the performance of the presented SNDFSMC in tracking control, comparative 
experiments are respectively carried out on the experimental platform with four designed 
groups of identical-frequency sinusoidal and cosine type signals as reference tracking signals. 
Feed forward PID, NFT-SMC, HSMC and SNDFSMC are considered in the comparative 
experiments with the applied parameters listed in Tab.4. The combinations of frequency and 
amplitude of the reference tracking signals are listed in Tab.5. 

Table 4 Parameters for the comparative control schemes  

Control strategy Applied values of the corresponding parameters 

PID 
59959.543Kp , 0.008Ki , 1347056.900Kd ,  

1347056.900Kvff , 1231511.169Kaff , 958.000Kfff  

NFT-SMC 6  , 2  , 1 1.989  , 2 1.932  , 
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198.222  , 126.718k  

HSMC 
6  , 2  , 1 1.989  , 2 1.932  , 

198.222  , 126.718k  

SNDFSMC 
6  , 2  , 1 1.989  , 2 1.932  , 

198.222  , 126.718k  

 

Table 5 Groups of competitive experiments 

Since a synthesis of a sinusoid signal and a cosine signal with identical frequency can be 
seen as a circular contour, the control results derived from the comparative control schemes 
are illustrated in Fig.10(a)-(d) for the four groups of different reference combined signals. It 
can be observed from these comparative results that the maximal tracking error as quadrant 
glitch increases with the frequency rise at phase angles of quadrant shift. It is also indicated 
that the presented SNDFSMC can achieve the best tracking performance over the other 
existing control counterparts, with comparative 4.9μm, 5.1μm, 6.7μm and 9.1μm of the 
maximal tracking error response to the different reference signals. 
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Fig. 10 Comparative tracking errors of different circular motions 

In further evaluations of the comparative performance, tracking errors in mean square error 
(TEMSE) is employed for comparisons. The TEMSE is calculated in light of the expression,  

1
( ( ) )

TEMSE 


  I

pos posi
e i e

I
, 

Group No. a b c d 

Frequency(Hz) 0.2 0.2 1.0 1.0 

Amplitude(mm) 10 15 10 15 
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where I is the gross sample number. pos
e  is the mean value of whole tracking errors. 

The comparative results in terms of TEMSE are shown in Fig.11. It is demonstrated that the 
TEMSEs derived from the SNDFSMC-based control system for different reference signals 
exhibit the lowest values with all of them no higher than 3μm. The average TEMSEs of the 
presented scheme calculated on all groups results respectively decrease 55.5%, 32.3% and 
14.9% in contrast of the feed forward PID, NFT-SMC and HSMC. Consequently, it can be 
concluded form these experimental results that the presented control strategy with disturbance 
force compensation achieve higher performance in the tracking control than the other three 
control counterparts. 
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Fig. 11 Comparisons of different control schemes in terms of TEMSE 

6 Conclusions 

An analysis of the mechanism of tracking accuracy reduction derived from disturbance 

forces under NFT-SMC in a PMSLM-sys is carried out on the basis of a dynamic model and 

the sliding mode surface for the system. Considering the influences of nonlinear friction and 

magnetic circuit-induced thrust ripple, a synthetic nonlinear disturbance force model is 

adopted to recognize the double nonlinear disturbances in the linear motions. A parameter 

determining method for the model is presented in light of the differences between the 
measured tracking errors and the theoretical counterparts under NFT-SMC for universal 

applicability as well as an inspection method for the model accuracy. As a contribution, a 

NFT-SMC strategy combined with output of the recognition model as compensation is 

established to restrain the influence due to the nonlinear disturbances of PMSLM-sys. It is 

concluded from simulation and comparative experimental results that the proposed method 
performs good performance for high-precision tracking control of PMSLM-sys in contrast to 
some existing control counterparts. 
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