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Abstract—A permanent magnet linear synchronous motor 
(PMLSM) digital signal processor-based drive including both
sliding-mode controller and fuzzy deadzone estimator is 
developed to steer the mover position of the PMLSM. The 
sliding-mode controller with integral operation will provide 
properties of fast response and insensitive to parameter 
variations and external disturbance. By utilizing the concept of 
deadzone compensation to eliminate steady-state errors, the fuzzy 
deadzone estimator will overcome the problem resulting from the 
unknown upper bound of lumped uncertainty in sliding-mode 
control. Finally, the effectiveness of the proposed control schemes 
is demonstrated by experimental results of tracking square-wave 
and sinusoidal reference trajectories. 
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I. INTRODUCTION

As compared with the rotating permanent magnet 
synchronous motors (PMSMs), the permanent magnet linear 
synchronous motors (PMLSMs) are generally applied to the 
direct-drive mechanical systems to meet the ever increasing 
demands for higher contouring accuracy at high machine 
speeds. Many advantages are provided by PMLSM over its 
indirect counterpart, such as no backlash and less friction, high 
speed and high precision in long distance locations, a simple 
mechanical construction resulting in higher reliability and 
frame stiffness, and a high thrust force [1-6]. However, without 
using the conventional gears or ball screws, the PMLSM is 
easier to be affected by load disturbance, torque ripple, and 
parameter variations. Consequently, the design of a controller 
with force disturbance compensation is very important in 
PMLSM drives.  

A variable structure system not only is insensitive to 
parameter variations and external disturbance once it enters the 
sliding mode, but also has the property of a fast dynamic 
response. Therefore variable-structure control approaches have 
been employed in the position and speed control of linear servo 
systems [4, 7-13]. However, these applications with variable-
structure control are subject to difficulty to determine specific 
and reliable system uncertainty boundaries. As a result, the 
assumed magnitude of uncertainty boundaries is less than those 

in real applications such that the existence condition of the 
sliding mode is violated and control performance deteriorates 
severely. Using high gain control to improve disturbance 
rejection is the traditional solution. However, it produces 
unnecessary deviations from the switching surface and causes 
large chattering in the control system. The latter causes harmful 
effects such as current harmonics and acoustic noise in motor 
drive applications. Serious chattering can be reduced by using 
the boundary layer where the sign function is replaced by the
saturation function. However, it generates the steady state 
errors. The former may neither maintain the sliding mode nor 
keep the desired performance. Thus, the system performance 
will be deteriorated and the steady-state error will occur.  

Some of the previous studies investigated algorithms to 
overcome the bounds of the system uncertainty. In order to 
improve degraded responses due to uncertainties, a variable-
structure controller using a robust fuzzy neural network (RFNN) 
is investigated, in which the RFNN is utilized to estimate the 
real-time lumped uncertainty for the position control system [4]. 
Tian and Guo [10] employed both a sliding-mode tracking 
controller to ensure the system have fast tracking 
characteristics to the command and a H  controller to 
suppress the disturbances within the closed loop. Chen, Liu, 
and Ting [11] considered a robust integral sliding-mode 
controller for contouring control of biaxial systems to reduce 
the effects of the uncertainties. For a stage system levitated and 
driven by electric magnetic actuators, Jeon et al. [12] designed 
its sliding-mode position controller to reduce effects from 
movements and disturbances of other axis. The employment of 
neural networks with sliding mode control was investigated in 
the control of a linear drive with flexible transmission element 
[13].

On the other way, the performance of precise position 
control systems is typically limited by the non-analytic nature 
of the actuator nonlinearities, such as deadzone, friction, and 
backlash. Deadzone is a static nonlinearity that describes the 
insensitivity of the system to small signals. It represents a “loss 
of information” when the signal falls into the dead band and 
can cause limit cycles, tracking errors, steady-state error, etc 
[14]. Compared with a conventional estimator, a fuzzy 
inference mechanism uses prior expert knowledge to 
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accomplish the control object more efficiently. The fuzzy 
inference mechanism can construct the estimation model of the 
deadzone nonlinearity. Therefore, if we regard the steady-state 
error as the effect caused by deadzone, we may utilize the 
fuzzy deadzone estimator [15-17] after the sliding-mode 
controller to overcome the steady-state error resulted from 
system uncertainty. As a result, the problem on determining the 
bound of system uncertainties will be eliminated.  

This paper is organized as follows. Section II presents the 
PMLSM model. Using this model, the control strategy is 
described in section III. Sections IV and V give the 
experimental results and conclusions, respectively. 

II. MODELING PMLSM

For a PMLSM in the synchronous rotating reference frame, 
its mathematical model can be described as follows [1-6], 
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where ,, dd iv and ,,( qqd ivL and )qL respectively denote the d-
axis (q-axis) voltage, current, and inductance; sR  is the phase-
winding resistance; ev  is the electric linear velocity of the 
mover; max  is the permanent-magnet flux linkage;  is the 
pole pitch; and p denotes the differential operator. Moreover, 
the linear velocity is Pvv e / , where P is the number of 
primary pole pairs. The developed electromagnetic force is  

/])(3/2[ max qdqdqe iiLLiPF    (2) 

and the mover dynamic equation is  

Lmomoe FvDpvMF      (3) 

where moM  is the mass of the moving element system; moD is
the viscous friction and iron-loss coefficient; the subscript 
index “ o ” stands for nominal value; and LF  is the external 
force. With the implementation of field-oriented control and 
if 0di , the PMLSM servo drive can be simplified as:  

/3/2, maxPKiKF FqFe    (4) 

where FK  is the thrust coefficient. 

III. CONTROL STRATEGY

Considering a sliding-mode position control of a PMLSM 
drive shown in Fig. 1, the position error and velocity of the 
mover are defined as the state variables, 

vpdtxddtx )(,)( 2
*

1 ;   (5) 

where d and *d denote the measured position and position 
command. The system can be represented in the following 
compact state-space form: 
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If the frictional force and the uncertainties introduced by 
system parameters moM  and moD  are considered, 

mmommmom DDDMMM ,   (7) 

where “  ” symbol indicates uncertainty, the system will be 
modified as 
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where E(t) is so-called the lumped uncertainty [4, 9]. 

In order to have zero steady-state error, an integral 
switching surface is generally designed in the sliding-mode 
position controller [4, 9], 

t

oo dttS
0

)()()()( xKBACCx   (9) 

where K is a state-feedback gain matrix and C is chosen to 
satisfy 0oCB . Now a position control is proposed as [4, 9], 

))(()()( tSsignfttu fKx    (10) 

where )(sign is the sign function and ff  is chosen to 
overcome the uncertainties and the sliding condition 
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That is, the condition of fftE |)(|  satisfies the sliding 
condition. 

If the state trajectory of system (8) hits the switching 
surface, 0)()( tStS , then the equivalent dynamics of 
system (8) is governed by the following equation: 

xKBAx )( oop     (12) 

 Figure 1.  Sliding-mode position control of a PMLSM drive. 
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It is obvious that the position error )(1 tx  will converge to zero 
exponentially if the poles of system (12) are purposely located 
on the left-half plane. Thus, the system dynamics will behave 
as a state-feedback control system. Considering chattering 
reduction, the following saturation function with linear width 
of 2  will replace the sign function in (10), 
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However, there exist difficulties on sliding-mode control 
design on determination of the upper bound the 
uncertainties ff in (11). The bound of the uncertainties is so 
difficult to obtain in advance for practical applications that 
tracking error will exist in the controlled system. Therefore, 
based on the position error, a simple but efficient fuzzy 
deadzone estimator that is described in the aforementioned and 
shown in Fig. 2 will be proposed here. 

The fuzzy control system is a knowledge-based system 
constructed from a collection of IF-THEN rules. The fuzzy 
control consists of FI (fuzzification interface), DML (decision 
making logic), KLB (knowledge base), and DFI 
(defuzzification interface), shown in Fig. 3 where eG and 

oG are scaling factors. There are nine linguistic variables, PVB 
(positive very big), PB (positive big), PM (positive medium), 
PS (positive small), ZE (zero), NS (negative small), NM 
(negative medium), NB (negative big), and NVB (negative 
very big) used in the paper. The triangle-shape membership 
function for fuzzy input and output is shown in Fig. 4. Nine 
fuzzy control rules are in following form: 

IF e is )(xf  THEN CI is )(xf     (14) 

where )(xf , e, and CI stand for linguistic variable, position 
error, and fuzzy output, respectively. The expression of 
defuzzification adopts middle of center method and is given as 
follows, 
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where ,, mm c  and uf_ represent the output of membership 
function, adjusting parameter, and the output of defuzzification, 
respectively. 

Deadzone is a static nonlinearity that describes the 
insensitivity of the system to small signals. It represents a “loss 
of information” when the signal falls into the dead band and 
can cause limit cycles, tracking errors, etc. The nonlinear 
relation between input û  and output )ˆ(uT of a non-symmetric 
deadzone, shown in Fig. 5, is given by 
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Thus the input and output of the deadzone in the control system 
are the sliding-mode control and the q-axis current command, 
and the dead band is adjusted by fuzzy output f_u.

IV. EXPERIMENTAL RESULTS

Fig. 1 shows the block diagram of the sliding-mode 
controlled position system of the PMLSM, where its 
parameters are listed in Table 1. The phase currents sensed by 
hall-effect transducers close the current loop, and the measured 
speed and position data from an attached linear encoder with a 
resolution of 5 m  are fed back. DSP TMS320F2407 realizes 
the blocks of PI (proportional-integral) control, Park, Clarke, 
inverse Park, and inverse Clarke transformations, ADC, sine 
and cosine, and SVPWM (space vector pulse-width 
modulation). The PI control is used to obtain zero steady-state 
error of d-axis current for completing decoupling condition. 
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Figure 2. Sliding-mode position control of a PMLSM drive with fuzzy 
deadzone estimator. 

Figure 3. Block diagram of fuzzy control. 
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Figure 4. Triangular membership function. 
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Figure 5. Deadzone nonlinearity. 

1055



       SMC 2009 

The design objective is to control the mover to move 
periodically according to referencing trajectories when the 
system suffers from parameter uncertainties and disturbance. 
Firstly, state feedback matrix K is simply chosen to be [16 -2] 
such that the sliding mode equivalent system (12) has 
eigenvalues of about -8 and -92. Secondly, the constant matrix 
C is chosen to be [50 50] to satisfy 0oCB . In addition, the 
saturation function in (13) has layer width of 100 and the 
parameter 10 . Thirdly, the uncertainty bound is considered 
to be 100ff . Respective iron disks weighing 0, 1.5 and 3.5 
kg as loading are used to evaluate the performance of the 
designed sliding-mode controlled system. The 10-to-15 cm 
square and sinusoidal wave commands with 1 second duration 
are used to test responsiveness and the tracking ability of the 
designed control system. The experimental results are depicted 
in Figs. 6-9. For the square-wave command (blue line), Figs. 6-
8 demonstrate related responses (green lines) with respective 
loading of 0, 1.5 and 3.5 kg. The greater loading, the greater the 
steady-state error happens at position of 10 cm. In addition, for 
a 1 Hz sinusoidal command at the condition of no load, Fig. 9 
presents the experimental results of (a) mover position (dashed 
line) and (b) mover position error. 

In order to eliminate the effect of bound value of the 
lumped uncertainty, a simple fuzzy deadzone estimator is 
added in the sliding-mode system, shown in Fig. 2 where the 
designed current controlled loop in Fig. 1 is simplified as a 
first-order low-pass filter with the bandwidth of c [18]. Based 
on the results in Figs. 6-9, the nominal parameter values of the 
deadzone in Fig. 5 are set to be 50d  and 100d , and 
the fuzzy output uf _ is shown in Fig. 4. Figs. 10-12 
demonstrate related square-wave responses (green lines) with 
respective loading of 0, 1.5 and 3.5 kg. The control effort of the 
case of 3.5-kg loading is depicted in Fig. 13. It is obvious that 
the degraded responses are improved while compared with 
those in Figs. 6-8. 

For tracking ability test, Figs. 14(a), 15(a) and 15(b) present 
1Hz sinusoidal responses (dashed lines) under the 
corresponding loads of 0 kg, 1.5 kg, and 3.5 kg. In addition, 
Figs. 14(b)-(c) show the error, control effort, and uncertainty at 
no loading, respectively. Even greater chattering occurs in Fig. 
14(c) due to large uncertainty upper bound, the system 
controlled by the proposed algorithm still shows very small 
tracking error in Fig. 14(b). 

V. CONCLUSIONS

We have proposed a DSP-based PMLSM drive that can 
cope with the position control of respective square-wave and 
sinusoidal commands. The sliding-mode control has been first 
designed to deal with parameter variations and external 
disturbance. Then a very simple but efficient algorithm, fuzzy 
deadzone estimation, has been employed to deal with the 
inappropriate selection of the lumped uncertainty bound that 
yields steady-state errors shown in the experimental results. As 
a result, the controlled system has demonstrated the 
effectiveness of the proposed control schemes. 
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Figure 6. Experimental results for the sliding-mode control system for a square-
wave command at the condition of no load. 

Figure 7. Experimental results for the sliding-mode control system for a square-
wave command at the condition of 1.5-kg load. 

Figure 8. Experimental results for the sliding-mode control system for a square-
wave command at the condition of 3.5-kg load. 

Figure 9. Experimental results for the sliding-mode control system for a 
sinusoidal command (solid line) at the condition of no load.  

(a) Mover position, (b) Mover position error. 

1056



       SMC 2009 

Figure 10. Experimental results for the sliding-mode control system with fuzzy 
deazone estimation for a square-wave command at the condition of no load. 

Figure 11. Experimental results for the sliding-mode control system with fuzzy 
deazone estimation for a square-wave command at the condition of 1.5-kg load. 

Figure 12. Experimental results for the sliding-mode control system with fuzzy 
deazone estimation for a square-wave command at the condition of 3.5-kg load. 

Figure 13. Control effort of the sliding-mode control system with fuzzy 
deazone estimation for a square-wave command at the condition of 3.5-kg load. 

Figure 14. Experimental results for the sliding-mode control system with 
fuzzy deadzone compensation for a sinusoidal command (solid line) at the 
condition of no load. (a) Mover position response (dashed line), (b) Mover 

position error, (c) Control effort, (d) Associated uncertainty. 

Figure 15. Experimental responses (dashed lines) for the sliding-mode control 
system with fuzzy deadzone compensation for a sinusoidal command (solid 
line).
(a) Mover position at the condition of 1.5-kg load,  
(b) Mover position at the condition of 3.5-kg load. 

TABLE I. PARAMETERS OF PMLSM

Continuous 
force 

Fc 76 N Length of mover lf 206 mm 

Rated current Ic 4 
A(rms)

Length of stator ls 384 mm 

Max. force Fp 182.4 N Pole pitch 16 mm 
Force constant KF 19 N/A Back emf 

constant 
Kv 18

V/(m/sec) 
Mover mass Mmo 0.42 kg Winding 

resistance 
Rs 4.5

Friction coeff. Dmo 4.12 
kg/s 

Winding 
inductance 

Ls 0.9 mH 
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