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Optimal Design of Detection Coil of Relative Position Detection
Sensor for High Speed Maglev Train

Abstract. The relative position detection sensor for high speed maglev train obtains precise relative position messages for traction system by
detecting the changing coil inductance along the long stator. In this paper, the finite element analysis soft Maxwell 3D is utilized to study the
performance of coils with different shapes, and a planar rounded-square spiral coil with an excellent performance is proposed. And then, the
influences of the geometric parameters on the performance of the coil are studied, based on which the optimal geometric parameters are
determined.

Streszczenie W szybkiej kolei magnetycznej typu maglev informacje o doktadnym wzglednym potozeniu pociggu w stosunku do systemu
trakcyjnego zapewnia czujnik wzglednego pofozenia Dziata on na zasadzie detekcji zmian indukcyjno$ci cewki wzdtuz dfugiego statora. W
opracowaniu przeprowadzono analize wiasnosci cewek o réznych ksztattach wykorzystujgc uproszczone 3-wymiarowe réwnanie Maxwella (soft
Maxwell3D). Doskonate parametry uzyskano dla  pfaskiej cewki z kolisto-kwadratowg spiralg. Nastepnie zbadano wpfyw parametrow
geometrycznych na wiasno$ci cewki i ustalono optymalne wymiary. Projekt optymalizacji cewki detekcyjnej wzglednego czujnika potozenia w

szybkiej kolei magnetycznej Maglev
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Introduction

High speed maglev train is driven by linear synchronous
motor[1,2]. The rotor is the suspension electromagnet, and
the long stator inlaid with 3-phase windings has a tooth-slot
structure [1,3] and is made of laminated silicon steel with
large permeability, as shown in Fig. 1.
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Fig.1. Diagrammatic sketch of high speed maglev train
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The relative position detection sensor is a contactless
position detection sensor, which is installed under the bogie
and facing the long stator tooth-slot structure. When the
sensor is moving above the teeth and slots, the equivalent
magnetic resistance varies periodically, and accordingly the
inductance of the detection coils vary periodically. By
detecting the varying coil inductance, the information about
position, direction and speed can be gained for the
operation and control system [3], as shown in Fig.2.
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Fig.2. Diagrammatic sketch of the detection coil and the long stator
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The detection coils are one of the key units of the reltive
position detection sensor, and have significant influence on
the performance of the sensor.

The planar spiral coils are widely applied in
communication, detection and other engineering fields. The
theoretical modeling of the planar spiral coils has been
published in microelectronics literatures [4-6], where only
the coils in free space or above defect-free substrates are

treated. So the modelings are not applicable for the
detection sensor where the coils are surrounded with
different mediums.

The analytical modeling and the equivalent circuit
modeling of the coil impedance in eddy-current NDE are
respectively investigated in literatures [7-10]. For the
relative position detection sensor, the stator is made of
laminated silicon steel with large permeability in which the
eddy current induced can be neglected, so the modelings of
coil in eddy-current NDE mentioned above are not
applicable.

The current relative position detection sensors for high
speed maglev train mostly adopt the planar square spiral
coils as the detection coils[11,12]. In this paper, finite
element analysis soft Maxwell 3D is utilized to study the
performance of coils with different shapes. Based on the
comparison results, a new coil shape with an excellent
performance is proposed. Then the influences of the
geometric parameters on the performance of the coil are
studied, based on which the optimal geometric parameters
are determined.

Performance parameters of detection coils

In the sensor, the detection coils are driven by a
harmonically varying source Ilexp(jwt), which produces a
time-harmonic electromagnetic field in the air. And the
electromagnetic field would cause the magnetization in the
silicon steel stator, which affects the electromagnetic field in
the air. So when the detection coils are moving above the
stator, their equivalent inductance would vary periodically
[12], as shown in Fig.3.
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Fig.3. The coil inductance variation with position along the stator

Just for the derection coils, the inductance L and the
quality factor Q are the most important performance
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parameters. With the same exciting current, the larger the
inductance L is, the stronger the alternating magnetic field
is, and the stronger the anti-interference ability of the
sensor is. And the higher the quality factor Q is, the lower
the energy loss is, and also the stronger the ability to inhibit
the temperature drift is.

Generally, in the sensor the derection coils are are
connected in the LRC resonance circuit driven by the

excitation U,., as shown in Fig. 4. When the coils are

moving above the stator, the inductance L Vvaries
periodically, and accordingly the amplitude of output signal

U, varies periodically, which can be detected to abtain the
corresponding position.
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Fig. 4. LRC Resonance Circuit
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In Fig.4, U, denotes the driving source with constant

voltage and constant frequency; L and r respectively denote
the inductance and resistance of the detection coil; C
denotes the resonance capacitance; R denotes the dividing

resistor; Uo denotes the output signal, and can be
expressed as follows:

1
(1)

U =
* 1+2R[jwC+1/(jwL +r)]
In general, to make the amplitude variation of output
signal UO maximal, the LRC resonance circuit should be

working in the resonance state. When the inductance
reanches the maximum Lnax, the circuit should be just at
the resonance point, so the resonance capacitance C
should be set as :

v,

L
2 C: max
) ol
For the sensor, the sensitivity is a significant
performance parameter, which represents the response
capacity of the sensor to the input change. And the
sensitivity K can be defined as the ratio of the maximal am-

plitude variation Uo to the length of a tooth-slot period 2/s:

AU,
3 K="
©) 2,

As Eq.(1) and (3) show, the sensitivity K is not only
related with the inductance L, but also the dividing resistor
R. Take the planar square spiral coil with a single-turn and
an external I[sX[s area as an example [11], and assume

that the amplitude of driving source U, =1V, with different

dividing resistors R, the output signal amplitude U, variation
with positions in a tooth-slot period and the sensitivity K are
shown in Fig.5.

As Fig.5 shows, with the increasing of the dividing
resistors R, the output signal amplitude U, decreases, and
the sensitivity K increases to a certain value then begins to
decrease.

For a detection coil, there exists an optimal dividing
resistor R,, making the sensitivity reach the maximal K.
However, a larger dividing resistor would result in a lower
output signal amplitude U,, which is not beneficial to the

subsequent signal processing. In addition, a larger dividing
resistor would cause more energy loss, so that to achieve
enough transmitted power, the power of the driving source
should be increased significantly, which would increase the
complexity of the circuits and even is not realistic
sometimes. Therefore, for a coil the maximal sensitivity K.,
should be as large as possible, meanwhile the optimal
dividing resistor R, should be as little as possible.

a) b)

63
o
5‘5/\
E
a3

3 7

4

Vo

Vi)

2% d0 610 20 o % w0 70
Position(mm) R(ohm)

Fig.5. (a) Output signal amplitude U, variation with positions (b)
sensitivity K variation with dividing resistors R

To sum up, the inductance L, the quality factor Q, the
maximal sensitivity Ki,.« and the optimal dividing resistor R,
can serve as the performance parameters to evaluate the
detection coils.

Optimization of the coil shape

Due to the restriction of installation space, the relative
position detection sensor mostly adopts the planar spiral
coils, and the common coil shapes are planar square spiral
coil, planar circular spiral coil and planar rectangular spiral,
as shown in Fig.6.
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Fig.6. (a) Planar square spiral coil (b) Planar circular spiral coil (c)
Planar rectangular spiral coil
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Researches show that [13], when the dimension of the
detection coil along the stator D, (in direction X shown in
Fig.2) is odd times of the length of a slot (or tooth) /s, the
tooth-slot effect is most intensive, so the dimension D, is
determined as Is. In addition, the width of stator (in direction
Y shown in Fig.2) is about equal to the length of a tooth-slot
period (2/s). According to the principle of the sensor [11],
two coils are set on a same plane in direction Y, so the
dimension D, should not be larger than /s.
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Fig.7. (a) Inductance variation of three shapes of coils (b) Quality
factor variation of three shapes of coils (c) sensitivity K of three
shapes of coils
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For the three shapes of coils, the dimensions D, are all
set as /,, and the dimension D, of the lanar rectangular
spiral coil is set as [/2. With the excitation frequency
f=1MHz and the same turns, the performance parameters of
them are shown in Fig.7.

As Fig.7 shows, for the planar rectangular spiral coil, its
inductance L, quality factor O and maximal sensitivity K.,
are all smaller than those of the other two coils. The
inductance of the planar square spiral coil is larger that of
the planar circular spiral coil, but its quality factor and
maximal sensitivity are all lower than those of the planar
circular spiral coil. And the three coil have an approximate
optimal dividing resistor R,,.. On the whole, the performance
of the planar rectangular spiral coil is the worst, and the
other two coils all have their own advantages and
disadvantages.

To achieve the advantages of both the planar circular
spiral coil and the planar square spiral coil, the planar
rounded-square spiral coil shape is proposed, which is
shown in Fig.8.

As Fig.8 shows, the planar rounded-square spiral coil is
the combination of the planar circular spiral coil and the
planar square spiral coi, and the geometric parameters
include the external dimension D, the internal dimension
D;,, the number of coil turns N, the width of wires w, the
space of wires s and the radius of rounded corner

r(i=1..N).
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Fig.8. Planar rounded-square spiral coil

With the same geometric parameters except the radius
of rounded corner r;, the performance parameters of the
planar circular spiral coil, the planar square spiral coil and
the planar rounded-square spiral coil are shown in Fig. 9.
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Fig.9.

As Fig.9 shows, the inductance of the planar rounded-
square spiral coil is larger than that of the planar circular
spiral coil and close to that of the planar square spiral caill,
and meanwhile the quality factor of the planar rounded-
square spiral coil is larger than that of the planar square
spiral coil and close to that of the planar circular spiral coil.
And for the maximal sensitivity K., and the optimal dividing
resistor R,y, the three coils have little difference. On the
whole, the planar rounded-square spiral coil has the
outstanding comprehensive performance, and it is

determined as the detection coil of the relative position
detection sensor.

Optimization of the coil geometric parameters

The planar rounded-square spiral coil is made from the
printed circuit board (PCB) with a tiny (about 100um)
copper layer, and the external dimension D, is determined
and set as /s.

The influence of the coil turns number N on the coil
performance is much larger than that of other geometric
parameters. With the same turns, different geometric
parameters make the inductance and the quality factor just
vary in a same order of magnitude, and cause little
difference of the maximal sensitivity K., and the optimal
dividing resistor R,,, which can be verified in Fig.8(c) and
Fig.9 (c). Therefore , when the influence on the coil
performance due to the geometric parameters except N are
discussed in the following parts, only the inductance L and
the quality factor O are considered to evaluate the coil
performance.

a. Optimization of Wire width and Wire space

Literature[14] points out that with the same D, and N,
the smaller the wires space s is, the higher the inductance L
and the quality factor Q are, yet a too small wire space
would cause a strong proximity effect, which is not in favour
of the coil. Therefore, consider the proximity effect and the
actual coil processing technology synthetically, the space of
wires s is determined and set as 0.5 mm.

When the wires width w varies, both the resistance » and
the inductance L of the coil would change, so maybe there
exists an optimal wires width corresponding to a maximal
quality factor Q0. With different wires width, the inductance
L and the quality factor Q are shown in Fig.10.

As Fig.10 shows, with the incresing of the wire width w,
the inductance L decreases continually, and the quality
factor Q tends to increase to a certain value and then begin
to decrease. When the wire width reaches 1mm, the quality
factor Q is maximal, so the optimal wires width is 1Tmm.
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Fig.10. (a) Inductance variation with different wires width  (b)
Quality factor variation with different wires width

b. Optimization of Rounded Corner Radius

For the planar rounded-square spiral coil, the ratio of the
rounded corner radius r; in the ith turn to the external
dimension D, is denoted by K:

h 7
(4) I .
D, D, —({-D(s+w)
In order to be convenient for the design and

manufacture of the coils, K, is designed to be constant for a
coil. Particularly, when K =0, the planar rounded-square
spiral coil is just the planar square spiral coil, and when
K=0.5 it is just the planar circular spiral coil.

With different rounded corner radiuses, the inductance
L and the quality factor Q are shown in Fig.11.

As Fig.11 shows, with the increasing of the rounded
corner radiuses, the inductance L decreases continually,
and the quality factor Q increases, but when K=0.3~0.4, it
tends to be stable, and after that it decreases slightly.
Therefore, K, is set as 0.3, with which the inductance L is
much higher and the quality factor Q is the maximal.
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Fig.11. (a) Inductance variation with different rounded corner
radiuses  (b) Quality factor variation with different rounded corner
radiuses

3. Optimization of Turns Number

The coil turns number N has a very significant influence
on the performance, and with different turns numbers, the
performance parameters of the coil are shown in Fig. 12.

As Fig.12 shows, with the increasing of the coil turns
numbers, the inductance L, the quality factor QO and the
maximal sensitivity K., all increase, so just in the view of
the coil, the turns number N should be as large as possible
to achieve an excellent performance. However , as
Fig.12(c) shows, a larger turns number brings in a larger
optimal dividing resistor R, which would result in a lower
output signal amplitude and cause more energy loss.
Considering thoroughly, when the turns number N is set as
6, the inductance L, the quality factor Q and the maximal
sensitivity Kmax are large enough, and the optimal dividing
resistor R, is small relatively, so the coil could achieve an
excellent performance. a)
b)
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Fig. 12. (a) Inductance variation with different turns numbers (b)
Quality factor variation with different turns numbers (c) sensitivity

K with different turns numbers

Conclusions

In this paper, the finite element analysis soft Maxwell 3D
is utilized to accomplish the optimal design of the detection
coil of the relative position detection sensor for high speed
maglev train. The inductance L, the quality factor Q, the
maximal sensitivity K., and the optimal dividing resistor R,
are introduced to serve as the performance parameters to
evaluate the detection coils. And the performance of the
common coils for sensors are discussed and compared,
based on which a new shape of coil that planar rounded-
square spiral coil is proposed. And then the influence of the
geometric parameters on the coil are investigated, the
results are acquired as follows:

a) With the decreasing of the wires space s, both the
inductance L and the quality factor Q increase continually;

b) With the incresing of the wire width w, the inductance
L decreases continually, and the quality factor Q tends to
increase to a certain value and then begin to decrease;

c) With the increasing of the rounded corner radiuses r;,
the inductance L decreases continually, and the quality
factor Q increases to be stable and then decreases slightly;

d) With the increasing of the coil turns numbers, the
inductance L, the quality factor Q0 and the maximal
sensitivity K., all increase, yet the optimal dividing resistor
R, also increases which is not in favour of the sensor.

Based on the results above, the optimal geometric
parameters are determined.
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