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ABSTRACT This paper proposes a new planar inductive sensor with printed circuit boards (PCB) based sta-
tor and rotor, which can perform more precision measurement than traditional inductive angular displacement
sensors. The sensor uses PCB technique to realize accurately configured planar coils. The stator consists of
a ferromagnetic base plate and a PCB with three groups of circular excitation coils and two groups of sine
shape pickup coils working as two sense channels. The rotor consists of a ferromagnetic base plate and a
PCB with two circles of copper pieces. Copper pieces on the rotor PCB produce eddy current in the time-
varying magnetic field and alter the outputs of two sense channels of pickup coils cyclically with the rotor’s
rotation. Two sense channels can make incremental angle measurement individually and work together to
make absolute angle measurement. A prototype with 63 and 64 period sense channels was designed and
developed for experiments, and test results show that it was finally examined with short-period error of
14.7" and full range error of 20.6”. The possessed characteristics of inductive principle, absolute measuring
and good accuracy make this type of sensor is very suitable for high precision, reliable measurement in harsh

environments.

INDEX TERMS Contactless, inductive sensor, absolute angular displacement, eddy current, PCB.

I. INTRODUCTION

Planar displacement sensors based on PCB technique have
been developed rapidly in recent years, such as capacitive and
inductive sensors, as they are very suitable in many indus-
trial or outdoor environments where most optical based sen-
sors cannot work because they are generally delicate facing
dust, moisture, water, lubricant, strong vibration, etc.. Planar
capacitive sensors use two PCBs to fabricate stator and rotor
electrodes. Planar inductive sensors use one PCB to fabricate
primary and secondary coils of the stator and use another PCB
or a metallic plate to fabricate the rotor. Netzer position sen-
sors are PCB capacitive displacement sensors [1], which have
similar working principle with the sensor proposed in [2]. The
capacitance between stator and rotor electrodes varies with
the rotor’s rotation, and the angular displacement is derived
based on two sense signals (sine and cosine signals) of capac-
itance variations. As we know, the outputs of capacitive based
sensors are sensitive to such foreign matters as moisture,
water, lubricant, though their applications are not as limited as
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optical based sensors in harsh environments. Zettlex IncOder
encoders are PCB inductive displacement sensors [3], which
have similar working principle with the sensor proposed
in [4], [5]. Primary coils on the stator produce electromag-
netic field which is received by the coils on the rotor. The
coils on the rotor produce another secondary electromagnetic
field to act on secondary coils on the stator. With the rotor’s
rotation, the output signals of the secondary coils vary as
sine and cosine patterns. As reported in [3] and [5], there
is some improvement space in the measurement accuracy
of IncOder encoders compared with capacitive based dis-
placement sensors of equivalent sizes. Posic encoders are
also PCB inductive displacement sensors [6], which have
similar working principle with the sensor proposed in [7]. The
coupling of primary and secondary coils on the sensor head is
altered by the copper pieces on the rotor PCB and the output
signals of the secondary coils also vary as sine and cosine
patterns. Posic or like displacement sensors have very small
size, but the measurement accuracy is not as good as Netzer
or Zettlex like PCB based sensors.

Besides, there are other researches on the PCB based
displacement sensors. [8] proposed an inductive angular
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displacement sensor whose stator coils are fabricated with a
PCB. Its rotor is a ferromagnetic plate with planar teeth. The
rotor teeth alter the coupling of primary and secondary coils
on the stator PCB to realize angle measurement. However,
this sensor requires a precision machined ferromagnetic rotor
to achieve high precision measurement as well as the sensor
presented in [9]. [10] proposed a structure of an inductive
absolute angular position sensor. The stator coil consists
of a primary coil and two secondary coils laid on a PCB.
The rotor is a circular metallic plate with a sector aperture,
altering the induced voltage in the secondary coils. This
kind of sensor has simple structure, but it has difficulty in
realizing precision angle measurement. [11] proposed a linear
displacement sensor with a stator PCB and a ferromagnetic
U-shape core. The stator has a capacitive sense channel and
an inductive sense channel. The core alters the capacitance
between the electrodes in the capacitive sense channel and
the coils’ inductance in the inductive sense channel simul-
taneously. The displacement is derived by use both of the
signals from two sense channels. The accuracy of this sensor
is not high and it still has drawbacks of capacitive based
sensor due to its capacitive sense channel. Another linear
displacement with similar components as [11] is reported
in [12], differently it employs an E-shape ferromagnetic core
to move and alter the inductances of two coils on a couple of
PCBs to measure displacement. The sensor requires a couple
of stator PCBs with fine assembling. This requirement may
impede its applications. A linear displacement sensor using
core-less planar coils on two PCBs is presented in [13]. The
sensor consists of two planar stationary coils on one PCB and
a moving coil on the other PCB. Displacement is computed
by measuring the mutual inductance between the stationary
coils and the moving coil. This kind of sensor has to use wires
feeding the moving coil, resulting in that it cannot work in the
occasions of high movement and reliability.

This paper presents a new planar PCB-type displace-
ment sensor based on eddy current effect that can mea-
sure absolute angular displacement. This sensor aims to
achieve high accuracy by use of its fine designed coil con-
figuration and software-tuned electrical parameters, besides
high reliability owing to contactless structure, inductive
based principle, wireless rotor, and low cost owing to
simple configuration, easy manufacturing and assembling.
Compared with traditional inductive displacement sensors,
such as linear variable differential transformers (LVDT),
rotary variable differential transformers (RVDT), induc-
tosyns [14], [15] resolvers [16]-[19] and other wire-wound
based sensors [20]—[22], this sensor is low-cost and easy to
manufacture. Compared with optical and capacitive based
angular sensors, this sensor is robust in harsh environments,
though its accuracy is not as good as them. Compared with
the inductive based PCB-type angular sensors, such as ones
introduced above, this sensor can provide measurement with
small original error. Following section I, section II introduces
the basic structure of the sensor and measurement princi-
ples. Section III introduces a prototype of the sensor and
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corresponding test platform. Section IV introduces the exper-
iment and results of the sensor prototype. At last, conclusions
are summarized.

Il. STRUCTURE AND WORKING PRINCIPLE

A. BASIC STRUCTURE OF THE SENSOR

Fig. 1 illustrates the basic structure of the proposed sen-
sor. The stator consists of a ferromagnetic base plate and
a PCB with three groups of circular coils and two groups
of sine shape coils. Circular coils are the excitation coils
to generate magnetic field, while sine shape coils are the
pickup coils to output induced voltage in relation to the
absolute angle to be measured. Outer and inner groups of
excitation coils have same winding direction, while middle
group of excitation coils has different winding direction from
outer and inner ones. All excitation coils are connected in
series. Inner sine shape coils work as one sense channel, and
outer ones work as the other sense channel. Every channel
of sine shape coils consists of four portions, as shown in
Fig. 1(b), where coil sinl+, sin2+, cosl+ and cos2+ are
clockwise, while coil sinl—, sin2—, cosl— and cos2— are
counterclockwise. Coil sinl+ and sinl—, cos1+ and cos1—,
sin2+ and sin2—, cos2+ and cos2— are connected in series
respectively to output two couples of quadrature signals. Two
sense channels have different periods of sine shape coils to
realize absolute displacement measurement. In the design of
the proposed sensor, outer sine shape coils have one more
period than inner ones. Every sense channel can measure
incremental displacement only. Two sense channels need
cooperation to perform absolute displacement measurement.
The rotor consists of a ferromagnetic base plate and a PCB
with two circles of copper pieces. Copper pieces on the
rotor PCB alter the couplings between the excitation coils
and pickup coils cyclically with the rotor’s rotation due to
the eddy current production on them. The eddy current can
generate additional magnetic field, as a result, the magnetic
density covered by the copper pieces is different from other
areas. The magnetic field between the stator and rotor has
similar distribution as shown in Fig. 2 of [8]. When the rotor’s
rotation happens, the magnetic flux received by the pickup
coils has cyclical variation which makes the pickup coils
output varying voltage.

B. MEASUREMENT PRINCIPLE

When they are supplied with an alternate current signal of
U(t) = Upsin(wt), a time-varying magnetic field is gen-
erated in two circular areas between two adjacent circles
of excitation coils. Given that inner sense channel of sine
shape pickup coils have N periods and outer sense channel
has N + 1 periods. Inner pickup coils output the signals as
expressed by (1) and (2), outer pickup coils output the signals
as expressed by (3) and (4).

esin1(t, 0) = k1 sin(NO) - cos(wt) €))
ecos1(t, 0) = ki cos(NO) - cos(wt) 2)
esin2(t, 0) = ky sin[(N + 1)0] - cos(wt) 3)
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(a) Overall view of the sensor

FIGURE 1. Basic structure diagram of the proposed sensor.

ecos2(t, 0) = kp cos[(N + 1)0] - cos(wt) @

where ki and k> are the amplitudes of the signals, 6 is the
absolute angle to be measured.

Fig. 2 shows the main circuit scheme employed by
the proposed sensor. The scheme is designed based on a
FPGA. To drive the excitation coils, the FPGA generates a
square wave to control a couple of MOSFETSs (N-channel +
P-channel) first. Then the output of the MOSFET couple is
trimmed to a sine signal as U(t) = Upsin(wt) by a LC low-
pass filter (LPF) and a direct current (DC) isolation capacitor.
The pickup coils are connected to the mixers containing some
switches controlled by a square wave of the same frequency
with excitation signal. The signals of (1) to (4) are trans-
formed to ones as (5) to (8) by the mixers. After the process-
ing of the LPFs and amplifiers, high frequency components
of signal (5) to (8) are removed. The residual signals can
be expressed as (9) to (12), which are low frequency signals
related to angular displacement.

esin1_mix(t, 0) = 0.5k sin(NO) - [1 + cosuwt)] 5)
€cos 1_mix(t, 6) = 0.5k1 cos(NO) - [1 4 cos(Qwt)] (6)
esin2_mix(t, 0) = 0.5kz sin[(N + 1)0] - [1 + cosRwt)] (7)

160880

(b) Coil configuration

€cos2_mix(t, 0) = 0.5ky cos[(N 4 1)0] - [1 + cosQwt)] (8)

The analog signal (9) to (12) are converted to digital data
by the analog to digital converters (ADCs) and input into the
FPGA. Two angle values can be obtained individually using
an arctangent operation from digital data of signal (9) and
(10), of signal (11) and (12). If we use 67 and 6, to represent
those two angles, then they can be computed using (13) and
(14) in an incremental manner, or using (15) and (16) in an
absolute manner.

e/sin 1,0) = k{ sin(N ) 9)
€ros1(t, 0) = kj cos(NO) (10)
eiina(t, 0) =k sin[(N + 1)0] (11)
€eosa(t, 0) = kj cos[(N + 1)6] (12)
6 =2miy /N +61/N (13)
0 =2miy/(N +1)+6/(N + 1) (14)
isy = RDDN[(02 — 61) - (N + 1)/27] (62 > 61)
isy = RDDN[(6, + 27 — 01) - (N + 1)/2n] (62 < 61)
(15)
0 =2misy /(N + 1)+ 62/(N + 1) (16)
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FIGURE 2. Diagram of the main circuit scheme employed by the proposed sensor.

where k1 and k'2 are the amplitudes of the signals before
ADCs, i and i, are the periods that the output signals of
inner and outer sense channels vary with the rotor’s rotation,
RDDN is an operator of rounding down operation, isy is
an integer that represents which region the rotor stops in
if we divide the absolute displacement range O to 2w into
N + 1 regions.

If two m-bit ADCs are used to convert the sine and cosine
signals, and outer sense channel defines the final angle, the
sensor outputs an angle with resolution of 360°/((N + 1)-2™).
Given that the sensor outputs ideal sine and cosine signals,
and ADCs have no conversion error, in theory the measure-
ment accuracy can achieve as good as 360°/(N + 1)-2™).
However, any stage of the sensor’s manufacture or signal pro-
cessing may introduce error, such as 1) coil layout deviation,
2) not well-distributed magnetic field, 3) not well-assembled
PCBs with base plates, 4) stator or rotor eccentricity, 5) non-
uniform gap between stator and rotor, 6) demodulation error
of sine and cosine signals, 7) ADCs’ conversion error,
8) time-varying electronic interference.

Ill. SENSOR PROTOTYPE AND TEST PLATFORM

A prototype was designed and developed to verify the fea-
sibility of the proposed sensor. Figure 3 shows the layouts
of the prototype’s stator PCB and rotor PCB. Inner sense
channel of the stator PCB was designed with 63 period pickup
coils, while outer sense channel was designed with 64 period
pickup coils. Correspondingly, the rotor PCB was designed
with 63 copper pieces of inner circle and 64 copper pieces
of outer circle. Fig. 4 shows the picture of the prototype
and its test platform. The prototype’s rotor is connected
coaxially with a high precision optical encoder (an angle
encoder of DR. JOHANNES HEIDENHAIN GmbH with up
to 1” measurement accuracy outputting 3600000 pulses per
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revolution, whose product model is RON886) which serves
as a reference. The prototype and the optical encoder are
driven to rotate by a rotary table in the test platform. In the
conduction of testing the prototype, the position data of the
prototype and the optical encoder are synchronously acquired
by the test circuit and then transmitted to a computer via a
RS232 port.

IV. EXPERIMENT AND RESULTS

A. PRIMARY TEST

The prototype works with a frequency of 125kHz due to that
125kHz is the resonant frequency of the drive circuit for exci-
tation coils and thus makes the coils generate strong magnetic
field. Too small or big gap between the stator and rotor can
make pickup coils output distorted or too weak signals which
may cause big measurement error, as a result, the prototype’s
working gap was tuned and selected 1mm as the optimal size
according to the signal amplitude of the pickup coils and
corresponding measurement error. The short-period (a period
of inner sense channel: 0°~360°/63, a period of outer sense
channel: 0°~360°/64) errors and full range (0°~360°) errors
of inner and outer sense channels were examined respectively.
The prototype and the optical encoder are driven to rotate by
the rotary table with a speed of 0.1rpm. Their position data
were sampled and transmitted synchronously to a computer
with a period of 2.5ms (this sample period is limited by the
RS232 port used in the circuit). The measurement errors were
computed by making subtraction of the position data obtained
from the prototype and the optical encoder. Fig. 5 to 8 show
the error curves in the primary test. 100 points were extracted
in a short period and 350 points were extracted in the full
range to show the curves clearly. Inner sense channel has the
errors of
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Pickup coils:
there is one turn

Excitation coils:
there are 7 turns
in every group

(a) Stator PCB layout

Stator PCB

\

(c) Sensor prototype

Rotor PCB

(b) Rotor PCB layout

Dimensions of the sensor
inner 30mm
radius

Stator outer
base . 75mm
radius
thickness 15mm
nner 30mm
radius
Stator outor
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radius
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inner 30mm
radius
Rotor

base out'er 75mm
radius

thickness 15mm

inner
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i radius

~ | Rotor outer
] PCB . 75mm
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FIGURE 3. Layouts of the stator and rotor PCB and the prototype for experiments.

—70.9”~16.3" in the range of 0°~5.7° (5.7°~360°/63),

—92.9”~17.6" in the range of 0°~360°,

while outer sense channel has the errors of

—2.5"~54.2/ in the range of 0°~5.625° (5.625°=360°/
64),

—4.7"~60.7" in the range of 0°~360°.

It can be observed from Fig. 5 and 7 that the short-period
errors have a significant first-order component.

B. ANALYSIS OF FIRST-ORDER ERROR
In theory, the output signals of pickup coils are zero when
there is no rotor above the stator, because the symmetrical
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configuration of pickup coils makes the magnetic field
received by clockwise and counterclockwise coils cancelled
out. However actually, we cannot implement all fabrication
stages of the prototype such as PCB layouts, assembling,
wire-connecting ideally. As a result, the clockwise and coun-
terclockwise pickup coils are not able to cancel out the
received magnetic field with the rotor’s absence. In this
condition, there is an electromotive force (EMF) which is
irrelevant with the rotor’s rotation in the regular operation of
the prototype. We take the inner sense channel for example
to analyze the influence of this EMF. Equation (1) and (2)
should be rewritten as (17) and (18) where k;; and ki, are
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Test circuit

FIGURE 4. Picture of the test platform for examining the prototype.

Sampling of 10min/63 at 0.1rpm

1 11 21 31 41 51 61 7 81 a1
Sample points extractedin 0° ~ 5.7°

FIGURE 5. Short-period error of inner sense channel in primary test.
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FIGURE 6. Full range error of inner sense channel in primary test.

two constants in the given prototype.

esin1_1(t,0) = k1 sin(NO) - cos(wt) + k11 cos(wt) (17)
ecos1_1(t,0) = k1 cos(NO) - cos(wt) + k12 cos(wt) (18)
After the processing of the mixers, LPFs and amplifiers,

signal (17) and (18) are transformed to two signals like
(19) and (20) which contain one more part compared with
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Sample points extractedin 0° ~ 5.625°

FIGURE 7. Short-period error of outer sense channel in primary test.
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FIGURE 8. Full range error of outer sense channel in primary test.

(9) and (10), i.e., DC parts k{, and k.

i (. 0) = ki sin(N@) + ki, (19)
€hos 118, 0) = kj cos(NO) + ki, (20)

Assume that the DC parts k{, and k{, cause a measurement
error 81, then 6 and §; have the relation with signal (19) and
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(20) as (21).
k! sin(N@) + k|
tan(@ + 8,) = 1 SmVO) + Ay @1
ki cos(NO) + k|,

It could be derived from (21):
‘/kﬁ k{z sin [tan_l(%) - NG]
12
ki + ,/k/2 kiz sin [NG + tan—l(%)]

Generally, k|, and k|, are far less than k|, thus (22) can be
simplified as (23).

‘/kﬁ k{z sm[tan’l(%)—NO]
12

ki

tand| =

(22)

tan §; ~ (23)
The value of §; is very small in normal circumstances, as a
result, we can get 61 using §;~tan 81. Equation (21) indicates
that §; varies N times when 6 varies from 0° to 360°. It could
be concluded that the EMF irrelevant with the rotor’s rotation
causes the first-order components of the short-period errors.

C. FIRST-ORDER ERROR SUPPRESSION
According to (19) to (21), we can know that reducing the
influence of the DC parts k|, and k{, in the arctangent opera-
tion may be a way to reduce the above mentioned first-order
components. In order to get DC parts kj, and k{,, the rotor
was removed in the power on state of the prototype, and then
the read data from ADC-1 and ADC-2 are saved as k{, and
k{,. When the prototype came to normal work state, the read
data from ADC-1 and ADC-2 subtract k{; and k{, before
implementing arctangent operation in the angle computation.

After the conduction of the above error suppression
method, the peak-peak value (maximum - minimum) of short-
period error of inner sense channel decreased by about 55%,
and that of outer sense channel decreased by about 45%.
Fig. 9 to 12 show the error curves in the second test. Inner
sense channel has the errors of

—24.5"~14.7" in the range of 0°~5.7°,

—49.4”~20.8” in the range of 0°~360°, while outer sense
channel has the errors of

—13.9”~17" in the range of 0°~5.625°,

—10.3"~30.3" in the range of 0°~360°.

primary test second test
Sampling of 10min/63 at 0.1rpm

Error ()
&

-15

1 11 21 31 41 51 61 7 81 a1
Sample points extracted in 0° ~ 5.7°

FIGURE 9. Short-period error of inner sense channel after first-order error
suppression (second test).
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Sampling of 10min at 0.1rpm
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FIGURE 10. Full range error of inner sense channel after first-order error
suppression.
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FIGURE 11. Short-period error of outer sense channel after first-order
error suppression.
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FIGURE 12. Full range error of outer sense channel after first-order error
suppression.

Different from primary test, inner sense channel still has a
significant first-order component in its short-period error, but
outer sense channel has a significant second-order component
in its short-period error.

D. ANALYSIS OF SECOND-ORDER ERROR

According to (9) to (12), the two outputs of every sense chan-
nel should be quadrature sine signals with same amplitude
before inputting into the FPGA for the arctangent opera-
tion. However, if the signals for arctangent operation have
quadrature or amplitude problems, there will be some errors
introduced in the angle measurement. We also take the inner
sense channel for example to analyze the influence of those
two problems.

Assume that the quadrature problem causes signal (9) and
(10) to be with the form as (24) and (25), and there is an error
8>_1 introduced in the angle computation, then 6 and §,_; have
the relation with signal (24) and (25) as (26).

Cin1 21, 0) = ki sin(NO + @) (24)
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e/cosl_ZI(t’ ) = kj cos(N6) (25)
k{ sin(N6 % ¢)

tan(0 + 8 1) =
an(6 +02.1) K cos(NO)

(26)

It could be derived from (26):
tandy 1
_ +2sin £ [cos?(NO£ %) cos? § —sin*(NO+ %) sin® ¢]
cos2(N6)+sin(NO) sin(NO+¢)

27)
The value of ¢ is very small in most cases, thus sin 2(N6 =+

@/4)sin2(p/4) =~ 0, cos2(N9) 4+ sin(NO) - sin(NO £+ ¢) ~ 1,
(27) can be simplified as (28).

tandy | ~ sin % cos’ % [cos(2N9 + %) + 1] (28)

Assume that the amplitude problem causes signal (9) and
(10) to be with the form as (29) and (30), and there is an error
82 _» introduced in the angle computation, then 6 and §,_» have
the relation with signal (29) and (30) as (31).

€in | 0, 0) = ki sin(N@) £ Ak] sin(NO) (29)
€los 1 20, 0) = kj cos(NO) (30)
ki sin(N09) & Akj sin(N6)

tan(0 + 8 = 31
an( + 82 2) K cos(ND) (31)
It could be derived from (31):
+28 Gin(2N0)
tandy o = (32)

K| + 28 sin2 (Vo)

Generally, Akj is also far less than ki, thus (32) can be
simplified as (33).
+Ak| sin(2N6)

2k}

The values of §, 1 and &, » are also very small in normal
circumstances, so we can get dp 1 and & o using &y 1 ~
tandy_1, 62 2 ~ tandy_2.Equation (28) and (33) indicate that
82 1 and &3 2 vary 2N times when 6 varies from 0° to 360°.
It could be concluded that both quadrature and amplitude
problems of the signals for arctangent operation will cause
the second-order components of the short-period errors.

tan 52_2 ~ (33)

E. SECOND-ORDER ERROR SUPPRESSION
In the signal processing scheme as shown in Fig. 2 of the
prototype, it is difficult to deal with the above described
quadrature problem. However, the influence of the amplitude
problem can be reduced easily by tuning the magnification
of the amplifiers or tuning k| and k) in the FPGA software.
The final absolute angle measurement of the prototype is
defined by outer sense channel; therefore we further reduced
short-period error of outer sense channel by overcoming the
amplitude problem.

In order to tune kj, the amplitudes of signal (11) and
(12) were obtained first from the read data from ADC-1 and
ADC-2 by rotating more than 5.625°. When the prototype
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second test third test
Sampling of 10min/64 at 0.1rpm
21

Error ()
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1 11 21 31 41 51 61 7 81 a1
Sample points extracted in 0° ~ 5.625°

FIGURE 13. Short-period error of outer sense channel after second-order
error suppression (third test).

Sampling of 10min at 0.1rpm
24
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FIGURE 14. Full range error of outer sense channel after second-order
error suppression.

came to normal work state, the amplitudes of signal (29) and
(30) were tuned same by multiplying the smaller amplitude
with a coefficient.

After the conduction of the amplitude tuning method, the
peak-peak value of the short-period error of outer sense chan-
nel decreased by about 24%. Fig. 13 and 14 show the error
curves in the third test. Outer sense channel has the errors of

—8.8"~14.7" in the range of 0°~5.625°,

—11.7"~20.6" in the range of 0°~360°.

V. SUMMARY

A planar absolute angle sensor based on eddy current effect
is presented in this paper. It consists of a stator with two
sense channels of excitation and pickup coils, a rotor with
two circles of copper pieces. Every sense channel outputs
two signals whose amplitudes vary with the rotor’s rotation.
Two sense channels have different periods and work together
to realize absolute angle measurement. A sensor prototype
has been developed using PCB technique. The prototype has
63 period inner sense channel and 64 period outer sense
channel. Primary and second tests show the prototype has
significant first- and second-order components in the short-
period errors. In this paper, the causes of first- and second-
order errors were analyzed, then the errors were compensated
in a software way. Final test shows that the prototype has
the measurement error of —11.7"~20.6" in the range of
0°~360°. A summarized comparison in performance and
manufacture of some other angular sensors with different
measurement principles is shown in Table 1. The proposed
inductive sensor employs a low cost measurement scheme
and is very suitable for precision absolute angle measurement
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TABLE 1. Comparison list of different angular sensors in performance and manufacture.

Sensor Accuracy Resolution Cost Easy to manufacture Sensitive to environment
Optical based High High High Limited Yes
Capacitive based High High Moderate Moderate Yes
IncOder encoder Low Moderate Low Yes No
Posic encoder Low Moderate Low Yes No
RVDT Low Low High Limited No
Resolver Low Low High Moderate No
Inductosyn High Moderate High Limited No
Sensor in [8] Low Moderate Low Yes No
Sensor in [9] Low Low Low Yes No
Sensor in [10] Low Low Low Yes No
Sensor in this paper Moderate Moderate Low Yes No

in harsh environments; thereby it is a good candidate of
traditional sensors.
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