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ABSTRACT The inductance and flux of the winding segmented permanent magnet linear motor(WS-
PMLM) change sharply between segments area, so it is difficult to detect the position of the WS-PMLM.
In order to solve this problem, this paper presents a method for detecting the mover position of WS-PMLM
based on disturbance observer by the compound back EMF. In this paper, a mathematical model of the motor
considering the variation of electromagnetic parameters between segments is established and the expressions
of the back EMF in the segment and intersegment regions are obtained. Secondly, a method for detecting the
position ofWS-PMLM based on disturbance observer is proposed. Thirdly, a method to estimate the position
between segments is proposed by using the compound back EMF of two adjacent stator segments. Finally,
the correctness and effectiveness of the proposed methods are verified by simulation and experiment.

INDEX TERMS Winding segmented permanent magnet linear motor, sensorless, disturbance observer.

I. INTRODUCTION
Winding segmented permanent magnet linear motor is dif-
ferent from ordinary linear motor. Its mover is permanent
magnet, so it is not affected by cable drag and can improve
the reliability of the motor; The mass of the mover can be
small, and the high speed of the linear motor can be realized;
Therefore, the motor is suitable for linear motion with high
speed and high power. At present, it is widely used in some
occasions. However, the disadvantage of this motor is that
the stator is composed of winding coils, and its stator needs
a long wiring. At the same time, the wiring will be greatly
affected. Because only part of the stator and mover of the
motor are in contact, and the rest do not work, the efficiency
of the motor is greatly reduced. Therefore, the working mode
ofmulti section power supply is usually adopted. Usually, this
segmentation will increase the complexity of the circuit, and
it is difficult to maintain the stable position of the motor in
the inter segment area of the segmentation.

The WS-PMLM has the advantages of high thrust den-
sity, small power loss, long stroke, high speed, fast dynamic
response and low driving voltage, which has a lot of appli-
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cation prospect in rail transit, electromagnetic launch, new
energy and other fields [1]–[5]. However, the position sensor
in the WS-PMLM, especially in high-speed and long-stroke
applications, cannot be installed due to the cost, maintenance
difficulty, volume size and working environment. Therefore,
more and more research had been carried out on sensorless
control of the WS-PMLM [2]–[4].

In the conventional permanent magnet linear motor system
where the mover is the coil winding, the sensorless method
usually adopts the flux observer method, the model reference
adaptive method, the extended Kalman filter method, the
sliding mode observer method and so on [6]–[10].

The position and velocity of the mover are estimated by
all kinds of the observer method. However, the sensorless
control method is more challenging for the WS-PMLM. The
main reason is that the inductance and flux changed between
the segments and is coupled with different mover position
between the segments, which will also make a great effect
on the back EMF. Therefore, it is a difficult problem for
WS-PMLM to accurately and effectively estimate the posi-
tion of movers between segments area.

At present, some scholars have done some research on
the sensorless control of WS-PMLM. In the literature [15],
the relationship between the electromagnetic parameters and
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the secondary position during the primary and secondary
coupling transition of the SW-PMLSM is analyzed, a SW-
PMLSM high-efficiency V/f control method is proposed
which combines the advantages of traditional V/f control and
field-oriented control. Literature [12] introduces a general
mathematical modeling of the end-effect. Based on such
model, modified position observers are proposed for sen-
sorless control using pulsating or rotating voltage vectors.
In the literature [13], the main contribution of this paper is
to compensate for the angle error caused by the end effect
of the linear motor. A mathematical model considering the
end effect of the linear motor is constructed to quantitatively
analyze the relationship between the position estimation error
and the mover position, and the corresponding compensation
method is given, and a simplified integral controller is used
to estimate the motor position. Literature [14] proposes a
method to continuously estimate mover speed and position
even during transitions between segments. This method uses
an EMF observer for the mover’s current position and subse-
quent segments. Then, based on the observed EMF, a speed
and position observer is implemented for the mover.

From the literature onWS-PMLMsensorless control, it can
be seen that the sensorless control of theWS-PMLM requires
that the mover can be accurately estimated in the full stroke
area, especially in the transition region between segments.
A more accurate mathematical model and control model
within the full stroke are established, and a speed and position
estimationmethod with higher estimation accuracy and better
stability in the transition region between segments is found,
and a speed and position estimation method suitable for the
full travel is established.

Therefore, it is necessary to study the position estimation of
theWS-PMLM in the full stroke. Focusing on the relationship
between the estimated mover position and the motor param-
eters of different segments in the transition region between
segments, a method of using adjacent segment windings to
compound the flux linkage is proposed to solve the position
error caused by the simultaneous coupling of the mover and
the primary windings of different segments.

In this paper, the estimation of the mover position of WS-
PMLM is presented. Firstly, a mathematical model of the
WS-PMLM with the variation of electromagnetic parame-
ters between segments is established and the expressions
of the EMF in the segment and between segments are
derived. Secondly, a method for detecting the mover position
of WS-PMLM based on disturbance observer is proposed.
Thirdly, the mover position between segments is estimated
by the back EMF with two adjacent stator segments. Finally,
the correctness and effectiveness of the proposed method are
verified by simulation and experiment.

II. MATHEMATICAL MODEL OF WS-PMLM
The length of the secondary and each primary of the WS-
PMLM, as well as the gap between the primary sections,
can be determined according to the performance, cost and
reliability of the motor. In this paper, the primaryWS-PMLM

FIGURE 1. Structure of WS-PMLM.

with no gap between segments is used. The structure diagram
is shown in Figure 1. The primary winding is divided into
several segments, and the secondary length is less than the
primary length of each segment.

There are three relationships between the secondary and
primary windings in the WS-PMLM.

(1) The mover is not coupled with primary winding. There
is no energy conversion in this primary winding.

(2) The mover is completely coupled with the primary
winding (in the segments). The inductance and flux are con-
stant.

(3) The mover comes in or goes off the primary wind-
ing(between segments). The mover is coupled with different
primary windings at the same time, and the inductance and
flux change with the position of the mover.

The mathematical model of inductance and flux in the
WS-PMLM can be expressed as follows:

Ls (x)

=


Lsσ+Lm ·

x−(n−1)xs
xm

(n−1) xs<x≤(n−1) xs+xm
Lsσ + Lm (n− 1) xs + xm < x ≤ nxs
Lsσ + Lm − Lm ·

x−nxs
xm

nxs < x ≤ nxs + xm
Lsσ x > nxs + xm

(1)

ψ f (x)

=


ψf ·

x−(n−1)xs
xm

ej
π
τ
x (n−1) xs<x≤(n−1) xs+xm

ψf ej
π
τ
x (n− 1) xs + xm < x ≤ nxs(

ψf − ψf ·
x−nxs
xm

)
ej
π
τ
x nxs < x ≤ nxs + xm

0 x > nxs + xm
(2)

Where, n—Number of stator segments, Lm—magnetizing
inductance, Lsσ— leakage inductance, ψf— magnet flux
amplitude.

Compared with the conventional linear motor, the induc-
tance and fluxmodel of theWS-PMLMvaries with the mover
position. In order to simplify the mathematical model, the
inductance and flux linkage of the WS-PMLM are expressed
by LS (x) and ψ f (x) respectively.

The voltage equation of WS-PMLM in static system is as
follows

us = Rsis + Ls (x)
dis
dt
+ e (3)

According to Figure 1, when the mover is in the region
between the n-1 segment and the n segment, two different
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stator voltage equations is described in the WS-PMLM.

n− 1 segment


u1 = Rsi1 + L1s (x)

di1
dt
+ e1

e1 =
dψ1

dt
= j

πv
τ
ψ1 − v

ψ1 + ψ2

xm

(4)

n segment


u2 = Rsi2 + L2s (x)

di2
dt
+ e2

e2 =
dψ2

dt
= j

πv
τ
ψ2 + v

ψ1 + ψ2

xm

(5)

where, ψ1 =

(
ψf − ψf ·

xn
xm

)
ej
π
τ
x is flux in the n-1 seg-

ment winding, ψ2 = ψf

(
xn
xm

)
ej
π
τ
x is flux in the n segment

winding, xn is the distance between the mover and the n-th
segment, xn = x − (n− 1) xs.
ψ1 and ψ2 is substituted into the equations (4) and (5), the

EMF can be expressed.

e1 = v
ψf

xm

√
1+

π2

τ 2
(xm − xn)2ej(

π
τ
x+ π2 −ϕ1)

e2 = v
ψf

xm

√
1+

π2

τ 2
x2ne

j( πτ x+
π
2 +ϕ2) (6)

where,ϕ1 = arctan
[
τ
/
π (xm − xn)

]
, ϕ2 = arctan (τ/πxn).

Assumed E (u) = vψfxm

√
1+ π2

τ 2
u2, (6) can be expressed.

e1 = E (xm − xn) ej(
π
τ
x+ π2 −ϕ1)

e2 = E (xn) ej(
π
τ
x+ π2 +ϕ2) (7)

From formula (7), the mover position and EMF in the WS-
PMLM are very different from linear motor. The following
conclusions can be drawn:

(1) In the area between segments, the angle of the back
EMF of each segment is no longer the leading mover electri-
cal angle π /2.
(2) The amplitude of the back EMF of the exit section and

the entry section is a function of the mover position and is
symmetrical about the center position between the sections.
When the position of the mover’s midpoint is at the junction
between segments, the position deviation is maximum, that
is, 1θr max = arctan

[
τ
/
π (xm/2)

]
.

(3) Compared with the intra-segment back EMF, not only
the amplitude is attenuated, but also the phase is deviated.

III. THE MOVER POSITION ESTIMATION OF WS-PMLM
BASED ON DISTURBANCE OBSERVER
From formula (7), it can be seen that the mover position and
back-EMF are the constant of the expression when the mover
is completely coupled with the primary winding, which can
be estimated by the state observer ways. However, between
the segment region, the mover position and back-EMF are a
function of the amplitude and phase, which can not be directly
used.

Try to Combining the two parts of the flux between differ-
ent segments in the formula (7), the composite flux can be

expressed as

ψ = ψ1 + ψ2 =

(
ψf − ψf ·

xn
xm

)
ej
π
τ
x
+ ψf

(
xn
xm

)
ej
π
τ
x

= ψf ej
π
τ
x (8)

It can be seen from formula (8) that although the flux of
each stator segment changes with the mover position, the
compound flux of the two stator segments remains constant.
Similarly, the compound back EMF in the inter-segment also
remains constant.

e = e1 + e2 = j
πv
τ

(
ψ1 + ψ2

)
= j

πv
τ
ψ =

πv
τ
ψf ej(

π
τ
x+ π2 )

(9)

The compound back EMF eliminates the mutual influence
of the magnetic flux generated by the mover in different
primary windings, and is the same as the expression of the
stator back EMF in the segment, and can be used for position
estimation between segments.

DESIGN OF DISTURBANCE OBSERVER
Considered the coupling effect between the mover and only a
certain primary winding, a disturbance observer is proposed
to estimate the mover position. In order to construct the
disturbance observer, the back EMF in formula (3) is regarded
as the disturbance, and it is assumed that the state equation
and output equation of the WS-PMLM system including the
back EMF state variables are as follows.

d
dt

[
is
e

]
=

[
A11 A12
0 0

] [
is
e

]
+

[
B1
0

]
us

is =
[
I 0

]
·

[
is
e

]
(10)

In the formula, I is unit array. A11 = − (Rs/Ls) I = a11I ,
A12 = − (1/Ls) I = a12I , B1 = (1/Ls) I = b1I .

Using the output deviation ĩs = îs − is, the disturbance
observer can be established
˙̂is = A11 îs + A12ê+ B1us + A11(is − îs) (11)
˙̂e = G

(
˙̂is − i̇s

)
= A12Gê+ A11Gis + B1Gus − Gi̇s (12)

In the formula, G——observer feedback gain matrix, G =
g1I ;ê——observe the inverse potential.
The observer error equation can be obtained from for-

mula (10) and formula (12)

˙̃e = ˙̂e− ė = A12Gẽ = −αẽ (13)

In the formula, ẽ——inverse potential observation
error,ẽ = ê− e, -α——observer pole, α = −a12g1 = g1/Ls.

To satisfy the state observer stability condition, the error of
the back EMF satisfies the following condition: For any initial
condition ẽ (0), there is lim

t→∞
ẽ (t) = 0. Using the Lyapunov

Law, and according to the back-EMF error equation, the
Lyapunov function is defined as:

V =
1
2
ẽ2α +

1
2
ẽ2β (14)

51244 VOLUME 10, 2022



J. Liu et al.: Study on Position Estimation Method of WS-PMLM

FIGURE 2. Schematic diagram of disturbance observer.

FIGURE 3. The mover estimation between segments.

FIGURE 4. The waveform of the compound EMF.

where, ẽα and ẽβ are the EMF in the αβ-axis. The derivation
of the Lyapunov function is

V̇ = ẽα · ˙̃eα + ẽβ · ˙̃eβ = −
g1
Ls

(
ẽ2α + ẽ

2
β

)
(15)

To ensure the stability of the observer, let feedback gain
g1 > 0. Then V̇ is negative definite. According to the
Lyapunov Law, the designed disturbance observer is stable.

However, the constructed disturbance observer equa-
tion (13) contains the derivative term of current, which will
bring great noise in practical application. Therefore, it is
necessary to improve the observer equation and introduce
new state variables

ξ̂ = ê+ Gis
˙̂
ξ = ˙̂e+ Gi̇s (16)

Substitute into equation (13), it can be obtained:

˙̂
ξ = A12Gξ̂ + B1Gus + G (A11 − A12G) is
ê = ξ̂ − Gis (17)

Formula (16) is the enhanced disturbance observer equa-
tion, which eliminates the derivative term of the current and
ismore suitable for practical applications. It is shown in Fig.2.

So the mover position and back-EMF are the constant of
the expressionwhen themover is completely coupledwith the

TABLE 1. The parameter in the simulation of servo system.

FIGURE 5. The mover estimation application between segments.

primary winding, which can be estimated by the disturbance
observer above. However, between the segment region, the
mover position and back-EMF are a function of the amplitude
and phase, which can not be directly used.

Note that the compound EMF and the compound flux link-
age are unchanged in formula 8 and formula 9. The compound
EMF could be used to estimate the mover position estimation
between segment area. The principle block diagram of the
position estimation between segments using the compound
back EMF is shown in Figure 3. Between segment area, the
back EMF of the two adjacent winding segments are esti-
mated separately, and the two back EMF are combined, and
the mover position is estimated by the disturbance observer
from the compound back EMF.

The compound back-EMF waveform between segments is
shown in Figure 4.

IV. SIMULATION
In order to verify the mover position estimation method pro-
posed by compound back EMF between segment windings,
a simulation model is built. The parameters of the motor are
shown in Table 1.

The application of the mover position estimation is given
in the fig.5 between segments. The observed compound back
EMF between the segments is shown in figure 6, the mover
is in the I segment winding at 0∼0.18s, at this time only the
observed back EMF of the I segment winding. The mover is
at 0.18s∼0.32s, in the inter-segment area, both the segment
I and the segment II have observed back EMF. The mover is
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FIGURE 6. The back EMF estimation.

in the inner segment of the stator segment II at 0.32s∼0.5s.
At this time, only the observed back EMF of segment II is
available.

It can be seen that there is no position deviation between
the compound back EMF and the observed back EMF in the
segment, which is consistent with the theoretical analysis,
so the compound back EMF can be used to estimate the
position between the segments.

A comparison was made between the mover position esti-
mation based on the compound back EMF and the back EMF
of each individual segment winding between segments. The
simulation results are shown in Figure 7.

In Figure 7, the mover is in the I segment winding
at 0∼0.18s, the mover is in the II segment winding at
0.32s∼0.5s, and the mover is at 0.18s∼0.32s between the
segments. It can be seen that when the back EMF induced
by the each segment winding is used to estimate the mover
position, the maximum position estimation error is 0.146rad,
which is 8.36◦.

And the back EMF by the respective winding is used to
estimate the position, there will be a large estimation error.
However, the compound back EMF is used to estimate the
mover position between the segments, the position error is
basically the same as mover all inside in the primary winding.
The position estimation error is less than 0.015rad, that is, the
mover position estimation based on the compound back-EMF
can effectively eliminate the position estimation deviation

FIGURE 7. Position estimation based on the different back EMF.

FIGURE 8. The experiment platform in the WS-PMLM drive.

between segments and improve the accuracy of mover posi-
tion estimation.

V. EXPERIMENT
In order to verify the effectiveness of the compound back
EMF observation based on the disturbance observer, mover
position estimation between the segments, an experimental
platform for the WS-PMLM is built. The WS-PMLM is
divided into two segments, which can be controlled at the
same time. The experimental platform is shown in Figure 8.
The magnetic grid sensor is equipped in the WS-PMLM to
obtain the actual position and speed and compare it with the
estimated position and speed.
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FIGURE 9. The back EMF by the disturbance observer.

The DSP and FPGA can be used in the drive. The distur-
bance observer, mover position estimation and speed & cur-
rent closed-loop are applied in the DSP. While, the FPGA is
used to perform fault protection, high-speed I/O, and receive
AD signals. In this way, the data processing and computing
capabilities of the DSP can be used to implement the control
algorithm, and the high-speed parallel processing capabilities
and high reliability of the FPGA can be used to provide fault
protection for the drive.

In the experiment, the speed command is 0.582m/s, that
is, the mover frequency is 5Hz (the pole pitch is 58.2mm),
and the value of the feedback gain g1=37.8. The amplitude
of the observed back EMF within the section is about 30V.
Themover runs to the inter-section area, and themagnitude of
the observed back EMF gradually decreases until the mover
completely exits from section 1.

The observed back-EMF waveform is shown in Figure 9.
When the observed back EMF decreases to 0; Figure 9 b)

FIGURE 10. The mover position estimation in different method.

TABLE 2. The mover position error in the different ways.

is the observation back EMF in section 2. The amplitude of
the observed back EMF gradually increases when the mover
enters the section 2, and themover is completely coupled with
the section 2 to observe the back EMF amplitude. Fig. 9c)
shows the waveform of the compound back EMF between
the segments. It can be seen from the figure that the com-
pound back-EMF observation method based on the distur-
bance observer can also obtain better performance between
segments, which is suitable for the sensorless control of the
WS-PMLM.

Figure 10 is the waveform of the mover position esti-
mation by the compound back EMF and traditional back
EMF between segments. It can be seen that mover position
estimation by using compound back EMF between segments
has better performance and has smaller position error. In order
to compare the error of the two position estimation methods
more clearly, it will be shown as table 2.
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In Table 2, points 1 and 2 are located in the area of the
segment, and points 3 to 5 are located in the area between
the segments. It can be seen that the estimation errors of
the two methods for the area within the segment are not
much different; the inter-segment area uses the compound
back EMF. The estimated error has basically no change
compared with the intra-segment area error. The maximum
position error is 1.55mm, and the corresponding angle error
is 4.8◦; the error of the single-segment back EMF estima-
tion in the inter-segment area is greatly increased compared
with the intra-segment area error. The maximum position
error is 6.54mm, and the corresponding angle error is 20.3◦.
Compared with the estimation of the single-segment back
EMF, the position estimation error of the synthetic back EMF
is greatly reduced, which is consistent with the theoretical
analysis, which verifies the effectiveness of the inter-segment
position estimation method based on the synthetic back EMF.

VI. CONCLUSION
In this paper, a mathematical model of the WS-PMLM con-
sidering the transition region between segments is established
in the full stroke, and the variation of the mover position with
the back EMF and flux linkage of the respective segments
in the transition region between segments is obtained. Dis-
turbance observer based on compound EMF method for the
WS-PMLM is presented to estimate the mover position. The
simulation and experiment is shown that the compound EMF
is effectiveness in the sensorless drive. Finally, the correct-
ness and effectiveness of the proposed method are verified
by simulation and experiment.
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