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Abstract—The magnetic characteristics of a linear switched
reluctance motor (LSRM) are important in its performance pre-
diction and verification. Owing to the complicated magnetic paths,
the measurement of the flux linkage for this type motor has drawn
many researchers’ attentions. In this paper, a new flux linkage
measurement method for LSRMs is proposed to obtain the flux
linkage characteristics of LSRMs using an online winding resis-
tance estimation technique. Both the theoretical derivation and the
actual implementation of the proposed method are addressed in
this paper. In comparison with the search coil scheme and the sta-
tic resistor scheme, experimental results confirm the validity and
accuracy of this method. In short, the proposed method is simple,
effective, and easy to be implemented. It is a practical solution for
flux linkage measurement of LSRMs and other motors.

Index Terms—Error analysis, flux linkage measurement, linear
switched reluctance motor (LSRM), online resistor estimation,
switched reluctance motor (SRM).

1. INTRODUCTION

N RECENT years, switched reluctance motors (SRMs) have

received considerable attention for industrial applications
due to their low cost, simple structures, ruggedness, and re-
liability in harsh environments and the capability of a wide
speed range [1], [2]. In addition to these advantages, linear
SRMs (LSRMs) can reduce the space requirement for their
installation because there is no extra mechanical component to
product linear motion, such as couplers and ball screws. These
reasons also make LSRM as an alternative choice for direct-
drive applications [3], [4].

The electromagnetic force generation of SRMs and LSRMs
is related to the flux linkage of phase windings. Because of
the doubly salient structure, the magnetic circuit of SRMs is
complicated and hard to predict its performances using tradi-
tional methods. The finite-element method (FEM) [5], [6] can
be used to study the flux linkage of LSRMs and perform opti-
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mization on motor design. However, the accuracy of the results
heavily depends on the skill of the user in choosing the mesh
elements and the availability of the magnetic characteristic
data of the different materials used. In addition, the method is
computational complex and time consuming. Generally, actual
measurement is easier to perform for design verification and
more direct to provide data for flux linkage modeling.

Existing measurement methods of the flux linkage can be
grouped into direct and indirect methods. Direct measurement
of the flux linkage is to employ magnetic sensors to measure
flux linkage inside the motor [7]. This method is seldom used
due to the inconvenience and high cost. On the other hand,
indirect methods [8]-[16] are more popular in that they are
simple, low cost, and easy to implement. Again, these methods
can be grouped as search coil methods [8], [9] and step voltage
methods [10]-[16].

For a step voltage scheme, a step voltage energizes a phase
winding, and the flux linkage in this phase winding is calculated
using the phase voltage and current values. This measurement
scheme can be implemented using either an analog integrator
[10], [11] or a digital integrator [12]-[16]. For this method,
the measurement accuracy is dependent on the winding resistor
value, which may vary with the test conditions such as the
circumstance temperature, current level, etc. To ensure good
accuracy, special methods are employed, such as matching an
exact power resistor [11] and online measurement of the wind-
ing resistance [16], where the winding resistance is calculated
by using the steady current.

For a search coil scheme [8], [9], a search coil is placed in a
phase winding, which is excited by an ac voltage source. The
flux linkage in this phase winding is calculated by integrating
the induced electromotive force (EMF) developed at the search
coil. This method avoids the resistor value-changing problem
and can provide relative good measurement accuracy. However,
the installation of search coils is often cumbersome and some-
times even impossible.

In this paper, a new method for flux linkage measurement
is proposed, and the winding resistor is estimated with online
fashion. By feeding an ac voltage to a phase winding, the flux
linkage is calculated using the phase voltage and current data.
This method is simple, effective, and easy to be implemented.
In comparison with the search coil method, experiment results
demonstrate that this method can achieve good measurement
accuracy.

The organization of this paper is as follows: Construction of
the LSRM and the proposed method are given in Section II.

0018-9456/$26.00 © 2009 IEEE
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Schematic of the LSRM.

Fig. 1.

Error analysis is presented in Section III. The experimental
setup and result analysis are stated in Sections IV and V,
respectively. Concluding remarks are made in Section VI.

II. PROPOSED METHOD
A. Construction of the LSRM

The proposed LSRM is a three-phase motor, and its design
schematic is shown in Fig. 1. This LSRM comprise two compo-
nents, which are known as the moving platform and the stator
track. A set of three-phase coils with the same dimensions is
installed on the moving platform. The three phase windings
are separated by 120 electrical degrees from each other. The
body of the moving platform is manufactured with aluminum,
so that the total weight of the moving platform is low and the
magnetic paths are decoupled. The moving platform is mounted
on two slider blocks, which are tightly fixed on the bottom of
the LSRM. This rugged mechanical structure can effectively
buffer extended vibration during its operation. The stator track
is fixed on the base of the LSRM. Both the stator track and the
core of the windings are laminated with 0.5-mm silicon-steel
plates. The electrical and mechanical parameters are listed in
Table L.

For the LSRM, any one of the three phases on the moving
platform is referred to be the aligned position, where its teeth
fully correspond to any teeth on the stator track. In this position,
the phase reluctance has the minimum value. A phase position
is referred to be the unaligned position, where the teeth of the
phase fully correspond to the slots of the stator track, and the
phase reluctance achieves its maximum value there (Table I).

B. Mathematical Model and Measurement Principle

For an LSRM, the voltage equation of a phase winding is
given as

o dA

vV="ri+ 7 (1)
where v, ¢, r, and A denote the terminal voltage, winding
current, winding resistance, and winding flux linkage,
respectively. The second term on the right-hand side of (1) is
referred to as the EMF. For a fixed position, the winding flux
linkage is a function of the winding inductance L and current.
Because of the saturation effect, the winding inductance is also
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TABLE I

MECHANICAL AND ELECTRICAL PARAMETERS OF THE LSRM
Max travel distance 300mm
Motor length (x;) 146mm
Phase separation (x;) 10mm
Pole width (y) 6mm
Pole pitch (y,) 12mm
Wind length 18mm
Wind width 25mm
Air gap width (z) 0.5mm
Mass of the moving platform 1.8Kg
Phase resistance 1.5Q
Aligned inductance 10.2mH
Unaligned inductance 7.8mH

a function of the winding current. Therefore, (1) can further be
rearranged as

di dL di
=ri+L— +i1——. 2
VEN R @
Under an ac voltage excitation, two assumptions for the

produced winding current can be posed.

1) The winding current is a periodic signal.
2) The winding current is continuous and differentiable.

These two assumptions can be verified from observing ex-
perimental results. When a periodic voltage source is applied
to a phase winding, it is reasonable that a periodic winding
current is produced, although it may contain harmonics. As
an inductance, the current in a phase winding is prone to
continuously change for a continuous voltage excitation.

For the online estimation of the winding resistor value,
extreme points of the winding current in each period could
be observed. The differential of the winding current along
time in these extreme points would be zero. Take a maximum
point i(7T") as an example. In this period, the winding current
increases before it attains the maximum point; hence, the dif-
ferential of the winding current along time is positive, as shown
in (3). However, the current decreases after it attains the maxi-
mum point; hence, the differential becomes negative, as shown
in (4). Furthermore, (5) should hold for ensuring continuous
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and differentiable winding current. Hence, the differential of the
winding current in the maximum point should be zero, as shown
in (6). The aforementioned equations are given as follows:

2%2>@ t<T. 3)
dil(tt) <0, t>1T. @)
tgrir“lf dili(tt) Ty dili(tt) ©)
d’;tt) . —0. (6)

By substituting (6) into (2), it can be found that the whole
terminal voltage is loaded across the winding resistor and that
there is no voltage in the winding inductance. Therefore, the
winding resistance at this time can be represented by

o(T)
i(T)

r(T) = (7
which is also valid for minimum points.

As the excitation period is rather short, the estimated winding
resistance could be treated as the resistor value in the following
period. This way, the estimated resistance can be used to
calculate flux linkage online and be updated in each period.
Therefore, the winding flux linkage can be represented as

A(t) = / (0(r) — r(7)i(r)) dr + A(0) ®)

where A\(0) denotes the flux linkage at time ¢ = 0. By calculat-
ing the initial value before the integration, it can be eliminated
by an offset removal program.

Finally, the EMF on the phase winding e can be re-
presented as

e(t) = v(t) —r(t)i(t). ©)

III. ERROR ANALYSIS

The measurement error of the flux linkage is investigated
from the measurement error of the terminal voltage, the mea-
surement error of the winding current, and the estimation error
of the winding resistor, in that the three error sources are
directly related to the flux linkage, as shown in (8).

The measurement error of the terminal voltage, the mea-
surement error of the winding current, and the estimation
error of the winding resistor are denoted by Awv, Ai, and Ar,
respectively, which are defined as follows:

Umea = U + Av (10)
Tmea =1 + A1 11
Test =T + AT (12)

where Vimea, tmea, and rest denote the measured terminal volt-
age, the measured winding current, and the estimated winding
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resistance, respectively. The measured winding flux linkage
Amea and the estimated EMF e can be expressed as

t

Amea(t) = /(Urylea(T) — Test (T)imea(T)) dr. (13)

0

Cest (t) = Umea(t) — Test (t)imea(t)~ (14)

The measurement error of the flux linkage can be obtained by
comparing the theoretical representation (8) with the measured
representation (13). Therefore, the measurement error of the
flux linkage A\ can be expressed as

AN(t) :/(AU(T) —Ar(r)Ai(r)—Ar(r)i(1) = Ai(7)r(r))dr.

0
(15)

In addition, the estimation error of the EMF Ae can be
expressed as
Ae(t)=Av(t)—Ar(t)Ai(t)— Ar(t)i(t)— Ai(t)r(t). (16)

The measurement error of the flux linkage is the integration
of the estimated EMF error. It can be seen that the estimation
accuracy of the EMF depends on the measurement error of
the terminal voltage, the measurement error of the winding
current, and the estimation error of the winding resistor. As
shown in the third term on the right-hand side of (16), the
estimation error would further be enlarged with the winding
current when the winding resistance is inaccurate. Apart from
choosing precise current and voltage sensors, the estimation
of the winding resistance is essential to ensure good overall
accuracy.

IV. EXPERIMENTAL CONFIGURATION
AND IMPLEMENTATION

The flux linkage measurement system is composed of an
LSRM with an encoder, a mechanical clamp, an ac voltage
excitation source, a measurement board, and a digital acqui-
sition system, as shown in Fig. 2. To provide comparison data,
a search coil is placed over the measured phase winding. The
mover of the LSRM is fixed to a particular position by the
clamp. A 2-kW autotransformer is applied to provide a 50-Hz
ac voltage excitation. The terminal voltage and winding current
are measured by two Hall Effect sensors. The two signals
and induced EMF from the search coil are inputted into the
measurement board to be amplified and filtered. These signals,
together with position information from the encoder, are col-
lected by the digital acquisition system of the dSPACE card.
The flux linkage and winding resistance are calculated online
in the dSPACE digital acquisition system. The measured data
are sampled at a frequency of 2 kHz, and the analog signals are
fed into three 16-bit analog-to-digital converter channels.

To measure the flux linkage of the phase winding, a proce-
dure is followed.

1) Calibrate the coefficients and offsets of the sensors and

measurement circuit.
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Fig. 2. Experimental setup for ac excitation flux linkage measurement of the LSRM. (a) Block diagram for the measurement scheme. (b) Photo of the actual

installation.

2) Adjust the position of the LSRM’s mover.

3) Adjust the autotransformer so that the desired maximum
current is reached.

4) Switch on the autotransformer to excite the measured
phase winding for a very short duration. Simultaneously,
capture and store the terminal voltage, winding current,
and induced EMF and calculate the flux linkage online.

5) Repeat steps 3 and 4 for different current levels.

6) Repeat steps 2-5 at different positions.

V. EXPERIMENTAL RESULTS

Several experimental results are presented in this section. In
the test, three schemes for the measurement of the flux linkage
and EMF are compared, including the search coil scheme, the
proposed scheme of online resistor estimation, and the static
resistor scheme. For the static resistor scheme, the winding
resistance is measured offline.

Figs. 3-5 show the waveforms of the terminal voltage, wind-
ing current, and induced EMF from the search coil when an
ac excitation voltage is applied to the measured phase winding
at the aligned position. The winding current and induced EMF
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Fig. 3. Terminal voltage measured from the phase winding.

profiles are continuous and periodic signals, although both of
them are nonsinusoidal. This is consistent with the assumptions
mentioned earlier in this paper. Furthermore, it can be observed
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Fig. 5. Induced EMF waveform from the search coil.

that the EMF is almost zero when the winding current attains
its extreme points. Again, this is consistent with the theoretical
derivative result of the algorithm of online resistor estimation.

Fig. 6 shows the profile of the online estimated winding
resistance. Different from the static resistor measured offline,
the value of the online estimated resistor is updated in each
period, as previously mentioned in this paper.

Fig. 7 shows the comparison of the EMF waveforms obtained
by the three measurement schemes. The EMF waveform of the
proposed scheme matches that of the search coil scheme very
well, but the results of the static resistor scheme are a slightly
different from those of the other two waveforms. Fig. 8 plots
the EMF error profiles between the search coil scheme, the
proposed scheme, and the static scheme. It can be found that
the maximum EMF error between the search coil scheme and
the static scheme is almost five times of that between the search
coil scheme and the proposed scheme. This error profile shows
that the proposed scheme can obtain a good EMF estimation, as
compared with that measured from the search coil scheme.

Fig. 9 shows the comparison of the flux linkage waveforms
obtained by the three measurement schemes. The flux linkage

3573

0.565

0.56

0.555

e
o
>

0.545

Resistor (ohm)

0.54 | |
|
|

.

0.15

0.525
0.08

0.11 0.12 0.16

Time (sec)

0.09 0.1 0.13 0.14

Fig. 6. Online estimated winding resistance profile.

T T
search coil
online resistor estimation
static resistor

0.16

Time (sec)

Fig. 7. Comparison of the EMF waveforms among the search coil method,
the online resistor estimation method, and the static resistor method.

T T T T T T
3 — between search coil and online resistor estimation |_|
——— between search coil and static resistor
2 4 ‘ hl
/ \ / \ i\ /" \
1 \" Y | \\ / \ | \
< J \ / “\ j \\ /J \/\
= ‘ A
% 0 AL/A‘}(_\/ \\I\\ ) W\] A A//)\ WVAA\}‘ N AVPW V/\\T )\
> AT RN VLT
= . \ i i\ /
i 1 \‘ M \ | \ J r
\ 1T
/ |/ \y \ [ |
o\ |/ b L) |
K Al
Ul V/ \
-3
0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Time (sec)
Fig. 8. EMEF error profiles between the search coil method and the online

resistor estimation method and between the search coil method and the static
resistor method.



3574

T T I
i search coil .
fffff online resistor estimation

static resistor b

PR WY W N

Flux linkage (Wb)

o
R
T

0.13
Time (sec)

Fig. 9. Comparison of the flux linkage waveforms among the search coil
method, the online resistor estimation method, and the static resistor method.

x 1078
8 T T T T T
between search coil and online resistor estimation

between search coil and static resistor

Flux linkage error (Wb)

-2

4

0.08 0.09 0.1 0.11 0.12

Time (sec)

0.13

Fig. 10. Flux linkage error profiles between the search coil method and the
online resistor estimation method and between the search coil method and the
static resistor method.

waveform of the proposed scheme matches that of the search
coil scheme well, but the results of the static resistor scheme
are different from those of the other two waveforms. Fig. 10
plots the flux linkage errors between the search coil scheme,
the proposed scheme, and the static scheme. The maximum flux
linkage error between the search coil scheme and the proposed
scheme is below 1.5 mWb, whereas the maximum flux linkage
error between the search coil scheme and the static scheme is
above 5 mWb. The latter is more than three times of the former.

Fig. 11 illustrates the hysteresis loops constructed by using
the data from the three measurement schemes. It can be seen
that the hysteresis loop of the proposed scheme is almost
superposed with that of the search coil scheme, whereas the
hysteresis loop is clearly bigger than the other two loops. It
agrees with the contrastive results of the EMF and flux linkage,
as shown in Figs. 7 and 9.
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VI. CONCLUSION

In this paper, a new measurement method for flux linkage
has been proposed. By using an online estimation technique of
the winding resistor value, the flux linkage characteristics of the
LSRM have been obtained. Both the theoretical derivation and
the actual implementation of the proposed method have been
addressed, respectively.

In comparison with the search coil scheme and the static
resistor scheme, experimental results confirm the validity of
this method and demonstrate the accuracy in practical measure-
ments. The proposed method is simple, effective, and easy to
be implemented. It is also a practical solution for flux linkage
measurement of LSRMs and other motors.
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