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Abstract –Linear motors has been developed for factory automation, transportation 
applications, among other applications. As the trend toward compact sizes in micro 
electronic products progresses, the required motor drives in these applications need to be 
downsized with increased power densities. It appears that the winding of miniature linear 
motors is the most awkward part to be scaled down from conventional motor designs when 
miniaturizing. This paper presents an alternative design for slotless linear motors. A novel 
flexible printed circuit winding has been applied to obtain a simplified but qualified result. 
Having explained the prototyping and inspection, a discussion is given to examine the 
achievement of this study. 
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1. Introduction 
 

Most precision mechanical systems are driven by electro-

magnetic linear motors. The main benefits arising from the 

use of linear motor include high thrust density, low thermal 

losses and, most importantly, the high precision and 

accuracy achievable from the simplicity in mechanical 

structure [1]. Unlike a rotary motor, a linear motor requires 

no indirect coupling mechanisms and the greater speed 

achieved by linear motors is often desirable because it can 

lead to a higher throughput in manufacturing. This greatly 

reduces the effects of contact-type nonlinearities and 

disturbance such as backlash and frictional forces. 

Furthermore, due to the demands for the development of 

commercial products with miniature size and ingenious 

function, the slotless linear motor becomes one of the key 

solutions for providing sufficient power. In the 

development of small sized slotless linear motors, both the 

winding coil and magnet are very important components. In 

particular, it is not easy to manufacture and assemble the 

small coils into the desired compact linear motor. For this 

reason, fabrication of the coils on the flexible printed circuit 

board is a feasible solution [2].  

Fig. 1 shows the basic configuration of the investigated 

slotless linear motor. In most cases, the coil shape in 

slotless motor is square or trapezoidal as shown in Fig.2 (a), 

but such square or trapezoidal coils have more extraneous 

end-windings and may result in high copper loss. In this 

paper, a novel flexible printed circuit winding design for 

the slotless linear motors is proposed.  The winding 

configuration, including three rhomboidal coils and six 

triangular coils illustrated in Fig. 2(b), is adopted to achieve 

lower copper loss due to their reduced end-windings. In 

particular, the triangular coils can be applied to detect the 

commutation signals, i.e. being search coils (SC) [3], in 

addition to producing force. In other word, rhomboidal 

coils and triangular coils could be seen as independent 

windings, and therefore the motor has two operating modes 

by switching the winding connection.   

 
Fig.1. Configuration of the slotless linear motor 
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Fig.2. Winding structure on the motor mover 

 

Proper design criteria are also established by analytical 

method [4] in this paper and finite element analysis (FEA) 

[5] is applied to design the motor. The design targets are to 

minimize the surplus space of the motor and achieve the 

expectant thrust. Having explained the prototyping and 

inspection, a discussion is given to examine the 

achievement of this study. 

 

 

2. Motor Structural Design 
 

Prior to the design of a linear motor, certain 

specifications should be given according to the proposed 

application and limitations in space available. The effective 

parts of a linear motor are required to be smaller than 5 mm 

in thickness and the size should be 150 mm long and 22 

mm wide. Detailed specifications regarding the sizing 

constraints and applicable occasions are listed in Table I, 

including power requirement, main size, magnetic material, 

and number of poles, slots, phases, and so on.  

 

Table 1. Specifications of the developed motor 

Motor Parameters Value 

Rated Voltage [Volt] 10 

Travel distance [mm] 60 

Thrust constant [N/A] >0.5 

Width of effective parts in motor [mm] <25 

Thickness of effective parts in motor [mm] < 5 

Number of pole 26 

Number of rhomboidal/triangular coil set 3/6 

Residual flux density of PM [Tesla] 1.23 

Over the design process, the main issue is to minimize 

the surplus space of the motor and achieve the thrust 

constant (KF) to 0.5 N/A. In the design procedure, the thrust 

constant can be expressed as 

x
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= =          (1) 

where F denote the thrust and I is the phase current. Nphd is 

the number of phases energized simultaneously; kw is the 

winding factor; Bg is the air gap flux density; ns is the 

number of conductors per coil; w is the width of the motor. 

Here, the number of coil turns, thickness of stator yoke (ts), 

thickness of mover yoke (tr) and air gap and magnet length 

(g and lm) are chosen as the design variables. The 

equivalent magnetic circuit, as illustrated in Fig. 3, is 

applied to determine the air-gap flux density. The main flux 

Fg crosses the air gap and links the winding on the stator. 

Ignoring the leakage flux, i.e. the Fmr1 and Fmm, and 

solving the magnetic circuit [6], the air gap flux density Bg 

can thus be expressed as follows: 
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where Cf is the flux concentration factor; Br is the residual 

magnetic flux density of the permanent magnet and Pg, Pm, 

Pml are the permeance of the permanent magnet, air gap, 

and leakage, respectively. Furthermore, in order to prevent 

the steel material from saturating, flux density of the mover 

or stator yoke should be smaller than the saturated flux 

density Bmax. From the equivalent magnetic circuit, some 

behavior constraints are given as follows: 
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Where st  and bt  are the thickness of the stator and 

mover yoke, respectively. And w  is the width of the 

effective parts in motor.  
  

 
  

Fig.3. The magnetic circuit model for linear motor structure. 

 

After iterative calculations, the mechanical structure of 

the proposed motor was resolved, and the acceptable size 

parameters were found and are listed in Table II. Based on 

FEA, the foregoing design can therefore be verified in 
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detail and modified to give a satisfactory performance. The 

three-dimensional FEA, using ANSOFT/Maxwell software 

[5], is employed to calculate the values of Bg. Deferent lm 

and g would result in distinct flux density, and it is 

suggested that the stator and mover yoke should prevent 

saturation. From the flux density distribution given by FEA 

in Fig. 4, the maximum flux density in steady state is about 

1.75T, which is smaller than the saturated flux density 1.8T. 

Thus, less saturation occurs on the yokes. The average flux 

density in the air gap is about 0.54Tesla.  

For a three-phase motor, winding arrangements should 

be distributed as evenly and uniformly as possible around 

the circumference of the stator for each phase. In addition, 

each phase should be displaced by 120º electric angle, and 

the winding configuration should be balanced. On the other 

hand, the combinations of slot coils and poles must satisfy 

the following relationship: 

c

c m

N
3k

GCD( N ,N )
=               (4) 

where Nc is the number of winding coils, Nm is the number 

of magnetic poles, k is an integer number and GCD is the 

greatest common divisor. Since the coils should be 

distributed as evenly and uniformly and balanced by 120º 

electric angle, the winding configurations are then organized 

by the phase polarity. To demonstrate the effectiveness of 

the motor size, the turns of rhomboidal and triangular coils 

are decided to be 28 and 16. 

 

Table 2. Structural design results of the linear motor 

Motor Parameters Designed Value 

Thickness of effective parts in motor [mm] 4.2 

Width of effective parts in motor [mm] 22 

 Thickness of effective air gap [mm] 0.5 

Thickness of permanent magnet [mm] 1.2 

Thickness of stator yoke [mm] 2.0 

Thickness of mover yoke [mm] 0.8 

Thickness of winding [mm] 0.2 

Number of rhomboidal coil [turns] 28 

Number of triangular coil [turns] 16 

 

 
Fig. 4. Distribution of flux density determined by FEA. 

3. Winding Arrangement 
 

3.1 Two Windings Connections 

 

The force of a linear motor is in proportion to the 

supplied current, and theoretically the relationship between 

the generated thrust and speed is nearly a straight line for a 

fixed input voltage. For the case where the design requires a 

large thrust constant to achieve greater force (without 

supplying unduly high current), a high bus voltage is 

needed for high-speed operation. If the DC bus voltage of 

the inverter is limited, a smaller thrust constant is needed to 

achieve the required operating speeds. In other words, when 

high speed is required, KF should be adjusted to a smaller 

level, and the larger KF should be used for the high force 

mode. Constructing a motor with an adjustable KF could be 

one of solutions to this issue.  

For a PM motor, the thrust constant (KF) and the back-

EMF constant (KE) are theoretically equal [4]. Furthermore, 

different windings connections can contribute different flux 

linkage and then induce different back-EMF. In this study, 

three rhomboidal coils and six triangular coils are 

determined individually. It is obvious that changing the 

connections between the three rhomboidal coils and six 

triangular coils shown in Fig.5 results in a different value of 

back-EMF constant or thrust constant.  
 

 
 

Fig. 5. Connections between three rhomboidal and six  

triangular coils.(single phase). 
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Type I (high force mode) is to serialize the three 

rhomboidal and six triangular coils per phase, and Type II 

(high speed mode) is to cut off the triangular coils. Figure 6 

shows the simulated back-EMF waveforms of different 

windings determined by FEA. It was found that the peak 

back-EMF of Type I is 630 mV at a speed of 2.04 m×sec-1, 

which gave a back-EMF constant of 0.618 V/(m×sec-1); in 

other words, the thrust constant should be near to 0.618 

N/A. As to Type II, the peak back-EMF is 385mV and 

corresponding back-EMF constant is 0.378 V/(m×sec-1). 

Note that the back-EMF constant was calculated from its 

peak amplitude and the moving speed. However, only Type 

I configuration satisfies the design requirement. When the 

input phase current is 1.2A, the steady-state force curves 

can be found. Figure 7 shows the thrust waveforms of 

different windings determined by FEA.  

 

 
 

Fig. 6. The simulated back-EMF waveforms of different  

windings. 

 
Fig.7. Thrust waveforms of different windings determined  

by FEA. 

 

3.2 Windings with commutation signals 

 

In general, there are two methods usually used to the 

localized flux density measurement in magnetic field, 

needle probe technique (NPT) [7] and SC. A pair of 

needles is electrically contacted with the surface of the 

specimen when using NPT. The voltage drop results from 

eddy currents which cause resistance of the specimen . 

Because NPT has to touch the tested object, it is unsuitable 

for motor position detecting. The SC is the most common 

solution for the measurement of magnetic flux. Its 

functioning is based on Faraday’s law, which states that 

EMF voltage induced in the coil VSC is proportional to the 

rate of change of flux. In other words, the SC voltage is 

proper to reflect the variation of pole direction of magnet.  

In this paper, this feature can be applied to gain 

commutation signals and then provide the corresponding 

position signals for the motor inverter. When the motor is 

on high speed mode (Type II), the triangular coils (sub-

phase) could be switched into an independent circuit as 

shown in Fig.8 .  Fig.9 shows the simulated voltage 

waveform induced by triangular coils. 
  

 
  

Fig. 8. Triangular coils could be switched into an  

independent circuit and detect the position signals. 
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Fig.9. The voltage waveform induced by triangular coils. 

 

4. Flexible Printed Circuit Windings 
 

Fig. 10 shows the FPCB winding layout for the slotless 

linear motors. Due to its slim structure, two double-layer 

rhomboidal PCB windings are applied. Rhomboidal and 

triangular coils per phase are 28 turns has 16 turns. Each 

phase resistance is measured up to 4.6W. The phase current 

can be used to examine the winding. The experimental tests 

in the prototype motor have shown that a phase current 

which is higher than 2A will cause a potential winding 

burn-out. Applying Type I (high force mode), the open-

circuit back-EMF waveforms measured at 66Hz are found 

as seen in Fig. 11. The mover is driven and lifted using 

another machine. The result shows a 120º electric phase 

difference between any two of the three phase windings. 

This confirms the correctness of the winding connection. 

The peak value of back-EMF is 0.338 V which means that 

the back-EMF constant is 0.633 V/(m×sec-1). This is 2.5 % 

higher than the simulated result but still within the 

parameters of the design goal. Note that the differences are 

likely to be due to mechanical tolerances and differences 

between the simulated and fabricated cases; there may also 

be material variance. In other words, the FPCB slotless 

winding could be applied to the linear motor application 

successfully. 
 

 
Fig. 10. Photograph of the prototyped PCB winding. 

 
 

Fig. 11. The measured back-EMF waveforms using Type I  

windings. 

 

5. Conclusion 
 

Linear motors have been developed for factory 

automation, transportation applications, among other 

applications. It appears that the winding of the miniature 

linear motor is the most awkward part to be scaled down 

from a conventional motor design when miniaturizing. This 

paper presents an alternative design for the slotless linear 

motors. Proper design criteria are established in this paper 

and the feasibility of such a motor design is validated by 

FEA. A novel flexible printed circuit winding, including 

three rhomboidal coils and six triangular coils has been 

developed. Different windings connections are also used to 

gain different back-EMF and thrust. In particular, the 

triangular coils can be applied to detect the commutation 

signals. A prototype FPCB winding is fabricated and tested. 

From the measured results, it can be concluded that the 

proposed winding is a promising solution to slotless linear 

motor design problems. 
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