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Abstract 

 

The Double-sided Linear Switched Reluctance Machine (DLSRM) suffers from complex eccentricities in practical operations. 
A novel sensorless control method for a DLSRM with eccentricities is developed in this paper. The influences of eccentricities 
on the machine inductance characteristics and the estimated positions in sensorless control systems are discussed. A new position 
index, which is independent of eccentricities, is proposed according to an analysis of a DLSRM equivalent magnetic circuit. On 
the basis of this position index, the starting and low-velocity operation of eccentric DLSRMs are achieved. Experimental results 
obtained in the laboratory validate the proposed method. 
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I. INTRODUCTION 

Double-sided linear switched reluctance machines (DLSRMs) 
have been attracting the attention of a lot of researchers in 
recent years owing to their merits of non-normal forces and 
high thrust-to-mass ratio [1]-[4]. Like rotary SRMs, the 
position sensors in DLSRMs decrease the reliability and 
increase the cost of the drive system. Research on the 
sensorless control of SRMs has been developed for almost 
three decades. Many sensorless control methods have been 
proposed such as the current-waveform-based method [5], 
chopping-currents-slope-based method [6], inductance-model- 
based method [7]-[9], flux-linkage-based method [10], etc. 

For the starting and low-speed operation of SRMs, the 
voltage pulse injection method (VPIM) is the most-frequently 
used scheme [5], [8], [11]-[12]. In the VPIM, high-frequent 
voltage pulses are injected into idle phases, and position 
information can be obtained from the peak values of the 
response currents [11], the currents rising/falling time [5], the 
currents slope differences [8], etc. The detection principle of 
the VPIM is a one-to-one correspondence between machine 
characteristics such as inductances and the fluxes, and the 
rotor/mover relative positions. In [11], the mover positions of 

a single-sided LSRM are estimated according to the integrate 
values of the response currents in the VPIM. 

However, in a previous work [13], it was shown that the 
problem of the eccentricities is inevitable in the practical 
operation of DLSRMs due to the three factors. 

i) Manufacturing errors - manufacturing and laminating 
errors of the silicon steel sheets and the rails or guides.  

ii) Wear and tear of the guides or rails - after a long period 
of operation, there is wear and tear on the guides or rails, and 
the air gaps become unbalanced.  

iii) Assembling error - assembling errors of the guides or 
rails and the movers, especially for the long stroke situation. 
For the long stroke situation, the movers of the linear 
machine are always sectional. Then assembling errors and 
unbalanced air gaps become inevitable. 

The machine characteristics of DLSRM change with 
eccentricities, which increases the errors of the estimated 
positions and makes the sensorless control system unstable. 
Little attention has been paid to the sensorless control of 
DLSRMs with eccentricities. A new method of inductance 
estimation for LSRMs without eccentricity was proposed in 
[14] to improve the conventional sensorless control precision. 
[13] and [15] focused on unbalanced force reduction of 
eccentric DLSRMs. A novel position estimation method for 
DLSRMs without eccentricities was given in [12] according 
to the eddy-current effect. 

A sensorless control method of DLSRMs with different 
eccentricities is developed in this study. The main contribution 
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of this paper is to find a new position index, which is 
independent of eccentricities. On the basis of the position 
index, the starting and low-velocity operations of eccentric 
DLSRMs are achieved. 

The research in this paper focuses on the sensorless control 
of eccentric DLSRMs. This paper is organized as follows. 
The influences of eccentricities on a DLSRM sensorless 
control system are analyzed in Section II. A novel position 
index for DLSRMs with different eccentricities is proposed in 
Section III. A starting and low-velocity sensorless control 
method is carried out in Section IV. All of the methods are 
verified by prototype experimental results in Section V. 
Finally, some conclusions are summarized in Section VI. 

 

II. INFLUENCES OF ECCENTRICITIES ON  
SENSORLESS CONTROL SYSTEMS 

Fig. 1 shows the structure of the test DLSRM, the dimensions 
of which were presented in [13]. The eccentricity ε is defined 
as: 

       
(1)

where g is the designed thickness of the machine air-gap (in 
this research, g=1.5 mm), and gu and gd represent the 
thicknesses of the air-gaps on both sides of the mover (i.e. the 
upside air-gap thickness and the downside air-gap thickness). 
As shown in Fig. 1, when the mover has an upward displacement, 
the length of the upside air gap gu is smaller than that of the 
downside air gap gd. Then the eccentricity ε is negative. 
Similarly, when the mover has a downside displacement, the 
eccentricity ε is positive. The turns of the coil on each pole is 
160, and one phase winding contains four series coils. Take 
phase A as an example, the phase winding of phase A consists 
of the coils A1, A2, A3 and A4. The current directions in each 

coil are described by the symbols of ○×  and ○•  in Fig. 1. 

The phase unsaturated inductances at the different mover 
positions of an eccentric DLSRM are obtained by three- 
dimensional finite element analysis, as depicted in Fig. 2. 
This figure shows that the phase inductances increase with 
the eccentricities, especially at the overlap positions of the 
stator and mover poles. For a healthy DLSRM (without 
eccentricity, ε=0%) the maximum phase inductance is about 
237 mH, while for a DLSRM with 50% eccentricity, the 
value increases to 285 mH. The minimum phase inductance 
remained approximately constant. In the sensorless control 
system of a DLSRM, inductance profiles are usually utilized 
to estimate the mover positions. When the air-gap thicknesses 
gu and gd are unequal, i.e. the machine becomes eccentric, 
differences in the phase inductances between the healthy 
DLSRM and the eccentric DLSRM lead to evaluation errors 
of the mover positions. In the healthy DLSRM, a phase 
inductance value of 237 mH corresponds to the fully aligned 
position (i.e. mover position is 30 mm for the test DLSRM, as  

 
Fig. 1. Structure of the test DLSRM. 
 

 
Fig. 2. Inductance profiles of a DLSRM with different 
eccentricities. 
 
indicated by point P0 in Fig. 2). When the machine has an 
eccentricity of 50% (gu=0.75 mm, gd=2.25 mm), a phase 
inductance of 237 mH corresponds to a mover position of 22 
mm. That is, an air-gap deviation of 0.75 mm results in an 
estimated position error of 8 mm. Moreover, if the measured 
phase inductance is higher than the maximum inductance of 
the healthy machine, such as point P2 in Fig. 2, the higher 
inductance values are not in the mapping range, and the 
controller outputs an inaccurate evaluated mover position. 
Therefore, it is necessary to take eccentricity into 
consideration in the sensorless control of a DLSRM. 

 

III. NEW POSITION INDEX 

The proposed scheme is feasible for the sensorless control 
system of an eccentric DLSRM building a three-dimensional 
lookup-table of the phase inductance regarding the mover 
positions and eccentricities. The main disadvantage of this 
method is a large amount of necessary data in the lookup- 
table, which needs to be obtained by finite element analysis 
or prototype testing. There are heavy computations, tests and 
memory burdens in previously prepared lookup-tables. A new 
position index, which is independent of machine eccentricities, 
is proposed in this paper to simplify the sensorless control 
process of eccentric DLSRMs. 

A. Magnetic Circuit Analysis 

The simplified magnetic circuit of a DLSRM is presented 
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in Fig. 3, where the flux leakage and fringing flux are 
neglected. Rs, Rm, Ru and Rd represent the reluctances of the 
stator yoke, mover yoke, upside air-gap and downside air-gap, 
respectively. F1-F4 represent magnetomotive forces of coils 
B1-B4, respectively. If the current in coils B1 and B2 is iu, and 
the current in coils B3 and B4 is id, then F1=F2=Niu and 
F3=F4=Nid, where N is the number of coils B1-B4. The 
reluctance of the ferromagnetic material is small enough to be 
ignored when compared with the air-gaps. Therefore, the 
whole magnetic circuit can be simply solved by the two 
independent magnetic circuits, Circuit-1 and Circuit-2, shown 
in Fig. 3. 

The total reluctance of Ru
tot and Rd

tot in Circuit-1 and 
Circuit-2 can be simply expressed as: 

     (2)

where d is the overlap distance between the stator and the 
mover pole (shown in Fig. 1), l is the stack length of the 
DLSRM, and μ0 is the vacuum permeability. 

Since the reluctances of Rs and Rm are much smaller than 
Ru and Rd, the total reluctance can be simplified as: 

   (3)

The coils B1 and B2 are connected in series as the winding 
in Circuit-1. Similarly, the winding in Circuit-2 is composed 
of the coils B3 and B4. The unsaturated self-inductance of the 
windings in Circuit-1 and Circuit-2 can be simply derived as: 

       

(4)

From (4), it can be observed that the inductances on both 
sides change with the eccentricities. A relationship exists 
between Lu and Ld as: 

       (5)

It can be found that air-gap shifting alters the phase 
inductances and the inductances of the windings in Circuit-1 
and Circuit-2. Nevertheless, the reciprocal sum of the two 
inductances Lu and Ld (defined as RL in this paper) is 
independent of eccentricities and has an inverse correlation 
with the overlap distance d. Therefore, a two-dimensional 
lookup-table or a fitting polynomial can be formed by 
building a mapping between RL and the overlap d. In addition, 
the computation, test and memory burden are all effectively  

 
Fig. 3. Equivalent magnetic circuit of a DLSRM. 

 

 
Fig. 4. Finite element model of a DLSRM. 

 

 
Fig. 5. Calculated RL values against positions of a DLSRM with 
different eccentricities. 

 

decreased in the sensorless control system of an eccentric 
DLSRM. 

B. Finite Element Analysis 

To verify the correctness of (5), the DLSRM inductances 
are calculated by the three-dimensional finite element method 
and measured by a machine prototype. A finite element 
analysis model of a DLSRM is shown in Fig. 4. Fig. 5 and 
Fig. 6 give the calculated and measured RL-eccentricities- 
position curves, respectively. The finite element calculation 
results shown in Fig. 5 illustrate that when the DLSRM 
eccentricities vary from 0% to 50%, the RL values are almost 
unchanged. In addition, the RL values have a monotonous 
relationship with the motor positions. The results of the 
prototype test shown in Fig. 6 also verify the analyses. The 
errors of the calculated and tested RL curves, which are mainly  
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Fig. 6. Measured RL values against positions of a DLSRM with 
different eccentricities. 

 

 
Fig. 7. Polynomial fitting results of the positions against RL. 
 
distributed at positions with lower inductances, are mainly 
caused by neglect of winding resistance voltage drops, 
prototype manufacturing errors, and B-H curve errors of the 
core material in the finite element model. 

Based on the proposed position index RL, the position 
mapping zone is determined according to the following factors. 
Pulses should be injected into the inductance drop zone of 
each phase. Overlap between the excitation currents and the 
injected pulse currents should be avoided. The position index 
curve in the mapping zone should have a large slope. For the 
test DLSRM in this paper, a mover position interval from 36 
mm to 56 mm is selected to achieve the position estimation 
according to the RL curves in Fig. 6 (the thick lines). The 
polynomial fitting method is carried out by least squares 
fitting to describe the characteristic relationship of RL and the 
mover positions, as shown in Fig. 7. The polynomial fitting 
function is given as: 

 (6)

where Pm is the mover position. 
 

IV. SENSORLESS CONTROL METHOD 

Fig. 8 gives a DLSRM three-phase RL curve, where the 
horizontal coordinate is the relative mover position of phase  

 
Fig. 8. Values of RL for the three phases of a DLSRM. 
 

TABLE I 
STARTING ORDER OF A DLSRM 

Regions 
Order of 

RA, RB, RC 
Excited 
phases 

Injected 
phases 

R1 RB>RC≥RA  A, B C 

R2 RC≥RB>RA  B C 

R3 RC>RA≥RB  B, C A 

R4 RA≥RC>RB C A 

R5 RA>RB≥RC A, C B 

R6 RB≥RA>RC A B 

 
B. The RL curves of phase A, phase B and phase C differ by 
20 mm with respect to each other. The whole mover position 
cycle can be divided into 6 regions by the three RL curves of 
the three phases, which are R1 (0 mm~10 mm), R2 (10 
mm~20 mm), R3 (20 mm~30 mm), R4 (30 mm~40 mm), R5 
(40 mm~50 mm) and R6 (50 mm~60 mm). The RL values of 
phase A, phase B and phase C are labeled as RA, RB and RC, 
respectively. 

To start the DLSRM, voltage pulses are injected in all 
three phases and the RL values are detected. By comparing the 
RL values of the three phases, the excited phases and the pulse 
injected phases are determined by the rules listed in Table I. 
After starting the DLSRM, the continuous mover position 
information can be obtained through (6), where the RL values 
are measured based on the current pulses of the injected 
phases. The inductance estimation of the coils (Lu and Ld) in 
the test DLSRM have been presented in detail in [14] as 
follows: 

   (7) 

where Us is the DC power supply voltage, and are 

the voltage drop of the switch and the diode, respectively, 

is the energizing interval, is the de-energizing 

interval, and is the peak value of the measured response 
current. 

The power converter proposed in [15] was utilized in this 
study to measure the inductances of Lu and Ld at the same 
time, as shown in Fig. 9. Take phase A as an example. If phase  
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Fig. 9. Structure of a power converter. 

 

 
Fig. 10. Diagram of the control system for the sensorless control 
of an eccentric DLSRM. 
 
A is the injected phase, the switches SA1, SA2 and SA0 should 
be turn on/off at the same time at a high frequency. The 
switches SA0 and SA1 are controlled to turn on/off coil Au in 
phase A. Similarly, SA0 and SA2 are related to coil Ad. The 
power converter can also be explored in terms of the 
unbalanced forces reduction of a DLSRM, as described in 
[15]. A control block diagram of the whole system is shown 
in Fig. 10. 

Fig. 11 illustrates a flow chart of the sensorless starting and 
low-velocity operation control of an eccentric DLSRM. Take 
phase A as an example. The main procedures of the sensorless 
control algorithm are as follows. 

1) For starting the DLSRM, high frequent voltage pulses (5 
kHZ in this paper) are injected into three phases at the same 
time. Then the coils inductances in Circuit-1 and Circuit-2 
(i.e. Lu and Ld) are estimated via (7). 

2) Calculate the RL value via (5). Then decide the excited 
phases and the injected phases via Table I. 

3) Hysteresis loop control is used in the excited phases, as 
described in [15], and high frequent voltage pulses are 
injected into the injected phases. 

4) Calculate the RL value of the injected phases via (5). 
Then calculate the mover position Pm via (6). 

5) Judge whether the excited phase is in the turn-on 
interval (xoff≥Pm≥xon). If the mover position of the excited 
phase is in the turn-on interval, turn on the corresponding 
excited phases. Otherwise, turn off the phases. 

6) Judge whether the injected phase is in the mapping zone 
(36 mm-56 mm in this paper). If the value of Pm is out of the 
mapping zone (i.e. Pm>56 mm), change the injected phase to 
another phase. 

 
Fig. 11. Flow chart of the starting and low-velocity operation for 
an eccentric DLSRM. 

 

V. VERIFICATION AND RESULT ANALYSIS 

To verify the proposed method, a prototype experiment 
platform was designed. Photographs of the platform are 
shown in Fig. 12. In the platform, a linear encoder is used to 
obtain the actual mover positions, and a magnetic powder 
brake is chosen to load the DLSRM. A TI TMS320F28335 
DSP acts as the controller. The air-gap thicknesses can be 
regulated from 0 to 5 mm by adjusting position nuts. 

First, the air gap is adjusted to make the DLSRM 
eccentricity 0% (gu=gd=1.5 mm), the dc power supply voltage 
24 V is supplied, the turn-on position is 0 mm, and the turn- 
off position is 22 mm. Fig. 13(a) shows result of the measured  
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 (a) (b) 
Fig. 12. Photographs. (a) DLSRM prototype. (b) Control system hardware platform. 

 

   
 (a) (b) (c) 

Fig. 13. Position estimation results of a DLSRM with different eccentricities (velocity: 0.15 m/s). (a) ε=0%. (b) ε=20%. (c) ε=40%. 

 

   
 (a) (b) (c) 

Fig. 14. Position estimation results of a DLSRM with different eccentricities (velocity: 0.30 m/s). (a) ε=0%. (b) ε=20%. (c) ε=40%. 

 

   
 (a) (b) (c) 

Fig. 15. Position estimation results of a DLSRM with different eccentricities (velocity: 0.45 m/s). (a) ε=0%. (b) ε=20%. (c) ε=40%. 
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TABLE II 
ERRORS OF THE EXPERIMENTAL RESULTS 

Eccentricity 
(%) 

Velocity 
(m/s) 

Maximum 
error 
(mm)

Average 
error 
(mm) 

RMS 
error 
(mm)

0 
0.15 1.47 -0.25 0.32 
0.30 2.63 -0.75 1.12
0.45 5.34 -1.33 2.59

20 
0.15 1.42 -0.26 0.43 
0.30 2.70 -0.81 1.22
0.45 5.52 -1.47 2.86

40 
0.15 1.55 -0.33 0.42 
0.30 2.75 -0.80 1.20
0.45 5.75 -1.55 2.95

 
and estimated positions of the machine with an eccentricity of 
0% and a mover velocity of about 0.15 m/s. Then the 
eccentricity of the prototype is adjusted to 20% and 40% and 
the corresponding prototype test results are given in Fig. 13(b) 
and Fig. 13(c). 

In addition, the power supply voltage, turn-on position and 
turn-off position are kept unchanged and the motor load is 
reduced so that the velocity of the DLSRM reaches 0.30 m/s. 
Fig. 14 gives test results of the DLSRM prototype under 
different eccentricities. Fig. 15 shows results of the DLSRM 
in the case of a 0.45 m/s velocity. Table II shows errors of the 
measured results of the DLSRM sensorless control with 
different eccentricities under three kinds of velocities. 

The following conclusions can be drawn from Table II. 
(1) At the same velocity, a change of the eccentricity has 

little effect on the DLSRM position estimation. This means 
that the DLSRM position estimation method proposed in this 
paper is effective. 

(2) With an increase of the mover velocity, the error of the 
DLSRM position estimation is increased. The main reason 
for this error is the same as the other position estimation 
methods based on VPIM, that is the effective number of 
injected pulses is decreased when the velocity becomes 
higher, and the neglect of the machine back-EMF. 

 

VI. CONCLUSIONS 

This paper proposes a novel sensorless control method for 
a DLSRM with different eccentricities. The key conclusions 
of this paper are as follows. 

(1) A new position index, which is independent of machine 
eccentricities, is proposed for sensorless control systems 
through analyses of the magnetic circuit and finite element 
model. When compared with the position-eccentricity- 
inductance lookup-table, the new position index simplifies 
the computation and test process, and decreases the memory 
requirement of the controller chip. 

(2) Based on the proposed position index, the starting and 
the low-velocity operation methods of DLSRMs with different 
eccentricities are designed. DLSRMs with different eccentricities 
(ε=0%, ε=20%, and ε=40%) are set to verify the proposed 

methods in the experiments. The test results show that 
changes of eccentricities have little influence on the proposed 
sensorless control of DLSRMs. 

(3) The proposed sensorless control method is based on 
voltage pulse injection. The error increases with the mover 
velocity. Therefore, the proposed method is only suitable for 
DLSRMs at the starting and low-velocity operations. 
Sensorless control methods for a DLSRM with eccentricities 
at higher-velocities will be studied in the near future. 
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