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In high-end testing and manufacturing equipment, a trend exists whereby the traditional servo feed system with a

ball screw and rotary motor will gradually be replaced by a direct drive system. The precision motion system driven

by a permanent magnet linear synchronous motor (PMLSM) offers several advantages, including high speed, high

acceleration, and high positioning accuracy. However, the operating precision of the feed device will be affected by

the PMLSM robustness to nonlinear and uncertain disturbances, such as cogging force, friction, thermal effects,

residual vibration, and load disturbance.

Permanent Magnet Linear Synchronous Motor

1. Introduction

High-speed and high-precision feed devices, such as detection platforms, machine tools, precision operating

systems, and automatic assembly machines, are undergoing rapid development owing to the pressing needs for

high productivity and high-precision measurement and manufacturing . Traditional linear motion systems use

rotary motors and ball screws to achieve linear motion, but the performance of such a feed drive system is limited

by the rotation speed, inertia, backlash, and hysteresis . A feed system driven by a permanent magnet linear

synchronous motor (PMLSM), without intermediate mechanical transmission components, offers numerous

advantages in dynamic performance and positioning accuracy.

Accordingly, considering the elimination of intermediate transmission structures, PMLSMs also exhibit some

difficulties in structure optimization and controller design to achieve the performance of high speed/precision 

. A PMLSM is a typical nonlinear coupling system, and therefore, the motion accuracy is subject to adverse

factors such as thrust force ripple, friction, thermal effects, residual vibrations, and load disturbances. These effects

cannot be weakened by an intermediate structure but act on the mover directly. The stability and dynamic

characteristics of linear feed devices would be affected, and thus, the operating precision of the system would be

degraded.

Thrust ripple and friction are two major nonlinear disturbances acting upon PMLSMs, affecting the dynamic

characteristics and inducing vibrations . In terms of thrust ripple, it is position-determined and affected by the

slot–pole combination. Two main weakening techniques of this ripple are motor structure optimization and force

ripple compensation . Friction is a typical disturbance which is dependent on the operating speed. It is necessary

to analyze the mechanisms and adjust methods in consideration of the working conditions.
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The rapid temperature rise in PMLSMs is usually caused by massive power loss, as a high current density is

required for such a direct drive system to achieve large thrust and high speed. The temperature rise in a PMLSM

may lead to thermal errors and even demagnetization and winding insulation failure . Even with a cooling

system, local temperature rise is still inevitable, which will cause parameter variations of the PMLSM and degrade

the dynamic performance. Thus, it is essential to investigate the thermal behavior of linear motors and design a

controller to compensate for the influence induced by heat.

PMLSMs are characterized by low damping owing to the lack of an intermediate transmission mechanism and,

therefore, easily cause transient vibrations . With an unsuitable trajectory, the saltation of velocity leads to

discontinuities in acceleration and exhibition of infinite jerk . Combined with the requirement of high stiffness, a

high regulator coefficient of a controller will make the output of the controller change drastically, thereby causing

PMLSM overshoot and residual variation. In order to improve the dynamic performance and positional accuracy,

some research studies proposed trajectory planning algorithms, feed-forward and feedback control strategies, and

external dampers to improve the PMLSM’s performance.

Load disturbances are directly applied on the mover of a PMLSM and deteriorate the accuracy. Cable force and

machine cutting force are common load disturbances in PMLSM motion systems . Generally, load disturbances

are difficult to model due to the nonlinear and time-varying characteristics . To suppress load disturbances, in

one study, researchers applied a modeless vibration suppression method on a PMLSM motion system . In

another method, researchers traced the source and the formation of the load disturbances and then built

mathematical models such as a cutting force model, a chatting prediction model, and an electromechanical

coupling effect model .

2. Thrust Ripple and Friction

Different from rotary motors, disturbances consisting of thrust ripple and friction decrease the PMLSM system

performance directly  due to the elimination of mechanical transmission . The worst result is that these

force ripples excite the mechanical resonances at a special velocity . Therefore, studying the compensation of

thrust ripple and friction is vital for PMLSMs. In this section, firstly, the causes of force ripple in PMLSMs are

introduced. Then, the motor structure analysis and parameters’ optimization for reducing force ripple are presented.

Lastly, the compensation strategies in control systems are compared and discussed.

2.1. Causes of Force Ripple and Friction

The disturbances in PMLSMs are caused by different aspects, including detent force, the harmonics of back-

electric motive force (EMF), and driving current.

Compared with that of rotary motors, the end effect force and cogging force of the PMLSM constitute the detent

force, and they are the major components of thrust ripple . The detent force is periodic  and is only

determined by the relative position between the stator and the mover of a motor . It is noted that the force ripple
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is an electromagnetic effect, which is related to the magnetic field and the phase currents. Moreover, the variations

in the magnetic flux density are amplified by the motor magnetic saturation and stator-winding resistance variations

.

Meanwhile, the current contains harmonic components, which will result in an inaccurate back-EMF model and

produce thrust ripple as well . Some structural design methods such as skewing , segmentation of a

magnet , and optimization of the magnet pole arc coefficient  can effectively suppress the detent force and

current harmonics. In terms of system control, approaches such as the dead-time elimination method for a pulse

width modulation (PWM)-controlled inverter/converter , harmonic injection , and adding a resonant controller

 are proposed to reduce the current harmonics. Simultaneously, friction is velocity-dependent and nonlinear ,

which is non-Lipschitz in the initial state . The disturbances mentioned above will largely degrade the

performance of PMLSM systems.

Numerous studies have attempted to compensate for thrust ripple and friction using two methods: structural

optimization methods and control compensation strategy .

2.2. Structural Optimization Methods

To date, structural optimization approaches have generally been divided into two types. The first approach is to

adjust the size of some critical structures, including modifying the shape of the permanent magnet (PM) 

, installing an auxiliary structure , optimizing the length of the stator , using fraction slots , and adjusting

the slot/plot combinations , which are promising for reducing detent force.

For instance, the detent force caused by the longitudinal end effects in PMLSMs is analyzed and minimized in .

First, the left/right-end forces are calculated according to an analytical model. Then, the optimal length of the

primary iron is obtained based on the phase difference of the left/right-end forces and a two-step iteration.

Furthermore, step-skewed auxiliary irons are added to the primary end to eliminate the second-order harmonics

and reduce other high-order harmonics as shown in Figure 1. Finally, some mirror PMs are added to the ends of

the secondary back iron as illustrated in Figure 2, and the resultant radial flux density is shown in Figure 3. It can

be seen that adding a mirror PM is even more effective in reducing the secondary end effect compared to the

results of other methods.
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Figure 1. Installation of auxiliary structure. (a) Three-dimensional view; (b) two-dimensional view. Reprinted with

permission from ref. . Copyright 2018 IEEE.

Figure 2. Minimization of the secondary end effect. (a) Adding an iron block; (b) adding a mirror permanent magnet

(PM). Reprinted with permission from ref. . Copyright 2018 IEEE.

Figure 3. Waveforms of radial flux density with different optimization methods. Reprinted with permission from ref.

. Copyright 2018 IEEE

Double-sided designs are popular for minimizing the detent force of PMLSMs . For example, a double-sided

long-stator-type PMLSM is presented in , as illustrated in Figure 4. The stator is made up of two groups of semi-

closed slot iron core, and the concentrated windings are facing each other. The mover side is composed of two

groups of permanent magnets mounted on the iron yoke surface. The results show that the structure of the 9-

slot/8-pole fractional slot pitch can reduce not only the back-EMF harmonics but also the amplitude of detent force.

It was proven that the fractional slot winding structure can effectively suppress the thrust fluctuation of the PMLSM

in .
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Figure 4. Structure of a double-sided long-stator-type permanent magnet linear synchronous motor (PMLSM).

Reprinted with permission from ref. . Copyright 2014 IEEE.

The method of utilizing of step-skewed magnets for thrust ripple reduction is widely used in PMLSM systems .

As illustrated in Figure 5 , skewed PMs with an optimal skewing length are designed to compensate for detent

force. The key innovation of the proposed PMLSM is that a skewed structure, as shown in Figure 6, is applied to

decrease several high-order harmonics; thus, the sine wave distortion rate of the motor detent force is suppressed.

The 2D finite element method (FEM) results show that the fourth-, sixth-, and eight-order harmonics of the optimal

skewed PM structure are 55.7%, 93%, and 79.5% lower than those of the rectangular PMs, respectively. In

comparison to the traditional structural optimization approaches, the method of reducing the high-frequency

components rather than the amplitude of the detent force is more convenient and suitable for the control system to

realize the minimal ripple.

Figure 5. Structure diagram of the proposed PMLSM with skewed PMs. Reprinted with permission from ref. .

Copyright 2015 IEEE
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Figure 6. (a) Three-dimensional view of the skewed PM; (b) view of the skewed PM in the y-direction. Reprinted

with permission from ref. . Copyright 2015 IEEE.

Furthermore, the peak-to-peak value of the detent force in PMLSMs is effectively weakened by changing the width

of the PM . In , chamfering also greatly reduced the detent force of PMLSM. All of the methods mentioned

above can be classified as designing the key structure of the motor.

The second method is to establish the complete and accurate analytical model first . Then, some optimization

algorithms are utilized to obtain the optimal motor parameters for minimizing the thrust ripple and friction 

.

Concretely, the function of complex relative air gap permeance was introduced by Zarko et al. in , and the

cogging torque was calculated by integrating the lateral forces that acted on the slot sides. However, this model

can only account for the slotting effect; the end detent force that is caused by the longitudinal end effect is

neglected.

In , Z. Q. Zhu et al. present the subdomain (SD) method to calculate the air gap field density accurately. It

divides the motor model into several regular domains; then, the analytical expression is simplified. Based on Zhu’s

method, an accurate analytical model for PMLSMs in 2D Cartesian coordinates was developed in . By adding

virtual slots and adopting relative air gap permeance, the end effect and slotting effect are taken into consideration,

respectively. Thus, the flux linkage, back-EMF, and detent force are calculated via the proposed method. Both the

FEM and prototype results show that the detent force is reduced by the optimization of the end teeth and slots

based on the presented model.

Although the abundance of structural optimization designs can attenuate the force ripple effectively, they are

frequently accompanied by complicated motor construction and high production costs. Therefore, control methods

to decrease the thrust ripple and friction are being researched extensively.
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2.3. Compensation Strategy in Control System

Feed-forward control plays a vital part in force ripple compensation , and the most common compensation

strategy in PMLSM systems is harmonic cancellation by using suitable feed-forward current profiling . As thrust

ripple is affected by the magnetic field and phase currents, the phase currents can produce a smooth force only

when the back-EMF waveforms are sinusoidal and balanced .

As illustrated in Figure 7, Mohamed proposed a current control approach with a simple adaptive internal model ,

which can estimate the compensation current easily. It is worth mentioning that the proposed model is independent

of the current controller, which can be augmented with different kinds of controllers. Evaluations revealed that the

presented method could produce very high attenuation at various frequency modes corresponding to the flux

harmonics in real time. However, the look-up-table and data-based methods occupy plenty of memory space and

sacrifice the compensation accuracy, respectively.

Figure 7. Overall block diagram for control scheme of Mohamed. Reprinted with permission from ref. . Copyright

2008 IEEE.

The methods of feed-forward control compensation for thrust ripple in PMLSMs are concretely reported in 

. In , a back-EMF compensation method is proposed to obtain a current control scheme independent of the

back-EMF variation. In , field-oriented control (FOC) is applied, and the components of thrust ripple are

extracted by FEM; then, the thrust ripple is compensated by controlling the q-axis current component. In , a

feed-forward compensator that can generate dither signals is designed to suppress the force ripple.

In , the thrust ripple, which is caused by mismatched current waveforms and unbalanced amplifier gain or motor

phase, is reduced by optimizing the phase current waveform. The optimized current waveforms are implemented in

a motion controller, and the experimental results show that the tracking performance of the PMLSM is significantly

improved by using the proposed method.

[57]

[58]

[59][60][61]

[62]

[62]

[63][64][65]

[66][67] [63]

[64]

[65]

[66]



Permanent Magnet Linear Synchronous Motor | Encyclopedia.pub

https://encyclopedia.pub/entry/9184 8/22

Moreover, a data-driven variable-gain iterative feed-forward approach is presented in  to reduce stochastic

disturbance, and the robustness of model uncertainty is improved.

In order to meet the requirements of high stability and strong robustness in parameter variation, the adaptive robust

control algorithm is widely implemented in PMLSM systems. Bin Yao et al. conducted substantial digital motion

control strategies known as adaptive robust control (ARC) to compensate for major nonlinearities . In , a

discontinuous projection-based ARC controller was designed in particular, and the results indicated that the

proposed algorithm exhibits superior tracking performance and avoids the cost of offline identification. However, it

tends to compensate for only one or several types of disturbance simultaneously. Then, in , an ARC algorithm

that offers a complete, simultaneous compensation scheme was used for all major nonlinearities, including

coulomb friction, cogging force, and saturating electromagnetic field effect during large driving current. The

experimental results show that the proposed approach can achieve an effective overall tracking performance and

that it is more suitable for high-precision control.

Furthermore, relay feedback control , iterative learning control , and predictive control  can also

effectively suppress thrust ripple in PMLSMs, but the key issues are obtaining the specific motion states and

compensating for parameters’ variations .

According to the above discussions, thrust force and friction compensation have been extensively studied during

recent decades, and it is difficult to eliminate force ripple using a single method. Therefore, further investigations

may focus on the combination of both optimal motor designs and optimal control methods.

3. Thermal Effects

Thermal effects have a significant impact on the parameters and performance of PMLSMs. As temperature

variations lead to variations in the electrical parameters of PMLSMs and thermal errors, the overall performance,

such as dynamic response and precision, will be compromised. Moreover, the maximum temperature increase is

the limiting factor of the electric insulation grades in the design phase, and the lifetime of the stator winding has a

close relationship with thermal effects. It is necessary to investigate the thermal behavior of linear motors and

compensate for the influence induced by thermal effects. This section firstly introduces the heat sources of

PMLSMs, and then, different thermal analysis methods are presented and compared. Lastly, thermal compensation

methods for linear motor systems are discussed.

3.1. Heat Sources of Linear Motors

As PMLSMs feature high thrust density, high acceleration, and high speed, the main heat sources of PMLSMs

include electromagnetic loss (such as copper loss, iron loss, and eddy current loss) and friction . In

general, copper loss is a major part of the total loss, especially in high thrust operation mode with a high current

density. Copper loss has a close relationship with the temperature of the windings, as the resistance increases with
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temperature increase. However, iron loss is the dominant loss in high-frequency operation mode, of which

hysteresis loss and eddy current loss are the main components.

Heat source identification is important for the thermal effect management of PMLSMs. Based on the heat source

information, more effective measures could be taken to improve the PMLSM performance and working reliability.

3.2. Thermal Analysis of PMLSM

Thermal characteristic models of PMLSMs are essential for predicting temperature distribution. Compared with

rotating motors, thermal analysis of PMLSMs is more difficult due to the open structure, large modeling area (at

least half of the entire PMLSM), and complex working modes (reciprocating acceleration/deceleration operation,

intermittent duty, etc.) . In general, the methods for PMLSM thermal analysis can be summarized as the lumped

parameter thermal network (LPTN) and numerical modeling . Both methods are proven to be effective to

predict the temperature distribution.

The LPTN method uses simplified areas with lumped parameters to represent the complex structures . The

LPTN method is characterized by its efficiency, as it relies on an analytical model to determine the temperature

distribution. The more detailed the thermal network is, the more accurately it can predict the temperature

distribution. When it comes to simple structures, the temperatures predicted using the LPTN method have been

found to be in good agreement with numerical simulation results. However, it does take effort to establish accurate

models. Further validation and modification through simulation or experimental measurements are needed to make

the LPTN method applicable to various motors under different working conditions. Numerical methods, which

include finite element analysis (FEA) and computational fluid dynamics (CFD), are strong and valid tools to predict

more accurate temperature distributions, even for motors with complex structures. However, they are rather time-

consuming and have high computational costs .

Many publications have reported thermal analyses of PMLSMs using the LPTN method. Tessarolo et al. derived an

accurate 3D thermal model of a PMLSM through the LPTN approach, as shown in Figure 8. They proposed

computationally efficient techniques that can solve the model analytically based on some simplified hypotheses.

The analytical results and experimental measurements have good agreement, which validates the proposed

method .
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Figure 8. Three-dimensional thermal network including heat sink nodes. Reprinted with permission from ref. .

Copyright 2015 IEEE.

Chow et al. analyzed the thermal deformation of a precision carriage driven by a PMLSM, as shown in Figure 9.

They claimed that the joule heat from the motor coils was the main heat source. Furthermore, by comparing the

experimental and simulation results, they concluded that thermal boundary conditions were important for accurate

estimation of the thermal deformation . Using knowledge of the coil arrangement types, as illustrated in Figure

10, they established a three-dimensional model and adopted the finite difference method to calculate the heat

conducted to the carriage . The theoretical calculations were verified with experiments using different current

loads. With this method, a temperature prediction model could be obtained with sufficient accuracy.
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Figure 9. Assembled single-axis stage with a linear motor (LM) and roller bearings for straightness measurements.

Reprinted with permission from ref. . Copyright 2012 Elsevier Ltd.

Figure 10. (a) Line of symmetry shown to reduce number of elements and (b) structure of elements for reduced

model of motor coils. Reprinted with permission from ref. . Copyright 2015 Elsevier Ltd.

Liu et al. proposed a simplified 3D fluid model to calculate the fluid field of a PMLSM. On the premise of sufficient

calculation accuracy, this method reduced the computation time and provided improved practicability. Without

considering the inner structure of the mover, the mesh number of the simplified fluid model was significantly

reduced, as shown in Figure 11. The thermal simulation results from the electromagnetic-fluid-thermal coupled field

are consistent with the experimental results and the error is less than 10%. Moreover, the computation time could

be reduced from nearly 110 h to less than 85 h .
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Figure 11. Analysis flow chart of the three-dimensional (3D) electromagnetic-fluid-thermal (EM-FT) coupled field.

Reprinted with permission from ref. . Copyright 2015 Elsevier Ltd.

Lu et al. concluded that the temperature increase was a major problem limiting the LM performance. They noted

that the thermal analysis of water-cooled PMLSMs was poorly documented. Thus, they investigated the thermal

performance of a water-cooled 14-pole and 12-slot PMLSM under continuous duty, short-time duty, and intermittent

duty. A one-dimensional thermal resistance network analysis model, as shown in Figure 12, and a two-dimensional

FEA model were constructed to obtain the temperature distribution. Thereafter, the impact of the temperature

increase on the motor thrust force, efficiency, and power factor was studied through experiments and simulations

. Furthermore, the water flow rate could be optimized according to the demands .
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Figure 12. Lumped parameter thermal network (LPTN) model of a PMLSM. (a) Simplified motor structure. (b)

Simplified thermal resistance network. Reprinted with permission from ref. . Copyright 2015 IEEE.

Zhang et al. demonstrated that PMLSMs are suitable for use in ultra-precision positioning, computerized numerical

control machine tools, and other processing fields. They proposed an ironless linear synchronous motor with a

cooling system, as illustrated in Figure 13. The analytical model of the PMLSM was formulated in 2D Cartesian

coordinates. The analytical solution for the flux density in the cooling jacket was established based on the

separation of variables method with appropriate boundary conditions. The eddy current braking force induced in

the cooling system and the influence of the motor parameters on the eddy current braking force were investigated

and validated using the FEM. These authors built a prototype and validated the no-load back-EMF and static thrust

by means of experimental results, as shown in Figure 14 .

Figure 13. Novel ironless linear synchronous motor with cooling system. Reprinted with permission from ref. .

Copyright 2016 MDPI.
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Figure 14. Test platform for linear synchronous motor. Reprinted with permission from ref. . Copyright 2016

MDPI.

3.3. Controller Design to Compensate

As temperature variations have significant impacts on the parameter accuracy of PMLSMs, such as the winding

resistance and the magnetic properties of PMs, controller design with robustness to parameter uncertainty and

thermal error modeling are the two main research aspects to compensate for the thermal effects.

Yan et al. addressed the multi-parameter online identification of a long-mover PMLSM based on the extended

Kalman filter. The flux linkage and stator resistance were simultaneously identified . Tavallaei et al. designed a

robust controller that enables prolonged motion control of a single control input ultrasonic motor (USM) system.

The temperature variations significantly affect the dynamic characteristics of the motor and change the resonance

frequency of the piezoelectric material. They adopted a Lyapunov function redesign (LFR) robust controller to deal

with the uncertainties of the system while ensuring an acceptable performance and stability . Dülk et al.

developed a method for estimating the electrical resistance of the coil in a single-coil linear solenoid actuator which

is subject to pulse width modulation (PWM) drive conditions .

In addition, the PMLSM is one of the heat sources which can cause thermal errors in the direct-driven linear feed

systems. In ultra-precision machines, thermal errors have a dominant influence on precision as they are related to

more than half of the total errors . Many studies focus on thermal error compensation in the linear feed

system.

Lin et al. analyzed the influence of thermal dynamic hysteresis on the direct feed axis. Based on one-dimensional

heat conduction and thermal expansion theory modeling, an error compensation method of the thermal dynamic
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characteristic is proposed . Sun et al. optimized the design of important machine parts from the perspective of

thermodynamics to improve the thermal performance of an ultra-precision machine tool. They conducted FEM to

identify the weak points . Zou et al. presented a thermo-mechanical model to quantify the dynamic error of a

high-precision worktable in which both the internal heat sources and environmental thermal fluctuations were

considered. The presented model provided a solution for ordinary workshops in environments where the

temperature is not controlled to compensate for the thermal errors of the moving units . Lei et al. presented a

data-driven modeling method of the thermal error–temperature relationship for the dual-drive ball-screw feed axis.

With the low cost and easily accessible unlabeled temperature data under various operation conditions, a co-

training semi-supervised support vector machine for the regression method was adopted. The thermal error model

was validated through experiments and outperformed the genetic algorithm support vector machines for regression

in compensation .

In conclusion, the thermal behavior of PMLSMs requires further investigation. For the reduction in heat sources,

future work may focus on optimal motor designs considering both the thrust density and efficiency. As the

temperature increase is inevitable, forced cooling and insulation techniques are necessary to reduce the impact on

the accuracy. The temperature field under certain operation conditions can be predicted using thermal analysis with

the LPTN and numerical methods. Moreover, the prediction accuracy can be improved by adopting the improved

3D multi-physical field method with accurate boundary conditions. The simulations should be validated by

experiments, including the measurement of the temperature field and thermal deformations. Temperature variations

will significantly affect the parameters and dynamic characteristics of the PMLSMs, and robust controllers and

thermal error compensation methods for linear motor systems may be combined with the data-driven methods to

further mitigate the overall thermal effects.
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