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Abstract—This paper describes a capacitive rotary position
sensor that is characterized by its high compatibility with
commercial resolvers. The main components are two electrode
plates. Both parts are composed of simple circular or annular
electrodes. The sensor is excited by two sinusoidal voltages, which
are same as the excitation voltages of resolvers. These excitation
voltages are applied to the stator transmitting electrodes. Then,
these voltages arise on rotor electrodes by capacitive couplings.
The stator pick-up electrodes detect voltages on the rotor that are
amplitude-modulated due to the capacitance changes depending
on the rotor position. The specifications of these signals are
same as those of resolvers. Therefore, the rotor position can be
calculated by the same way as resolvers. Due to the similarities
with resolvers (excitation signals, generated signals and the way
of calculate positions), this sensor can easily replace a commercial
resolver. In this paper, the principle is verified by a prototype
sensor, which shows a non-linearity error of +/- 4 degrees.

I. INTRODUCTION

Resolvers are widely used as angular position sensors in
various positioning applications, due to its robust structure,
high reliability for diverse environments and wide acceptable
temperature range of operation [1-3]. Typical applications in-
clude robots, machine tools and factory automations. Recently,
the needs for resolvers have been growing in e.g., automotive
applications, such as motor control of hybrid vehicles or
electric-powered vehicles due to the increase of crude oil costs
and growing awareness of environmental issues. Resolver’s
structure resembles an electric motor and is essentially a
rotary transformer designed so that the coefficient of coupling
between rotor and stator windings varies with the shaft angle
[4].

Fundamental principles of commercial resolvers are as
follows [5-8]. The rotor winding of the resolver is used as
primary and is excited by an AC voltage. Here we assume that
the input voltage is e = E'sinwt where w is the frequency
of excitation voltage and t is time. As a result, the dual-
phase windings, which are located in the stator, generate two
amplitude-modulated signals

e1 = ksinfsinwt, (D
eo = kcosfsinwt, 2)

where £ is a constant determined by the amplitudes of gener-
ated signals and 6 is the angle of the shaft. The angle of the

shaft 6 is obtained by calculating
0 = tan"'(ey/ez). 3)

This is the basic principle of commercial resolvers.

A resolver is classified into a magnetic-field-based sen-
sor. When a sensor of this type is used in applications of
electromagnetic actuator control, a sensor can be affected by
magnetic field generated by the actuator. Hence, the resolver
requires magnetic shields in order to work correctly. In gen-
eral, magnetic shielding is realized using magnetic materials,
for example, iron [9]. However, magnetic shield becomes
thicker and heavier in some heavy applications like electric-
powered vehicles. Then, the needs for new angular sensors that
are free from the magnetic field interference are increasing.

Such sensors that can replace magnetic-field-based type
include optical type and electrostatic capacitive type. Optical
sensors mainly consist of a glass scale and a sensor head,
which includes a light source and photodiodes. The light
source lights up the glass scale and photodiodes detect the
reflected light from the glass scale. An optical sensor can
measure angular position with a very fine resolution, which
is up to nanometer accuracy, if special glass scales are used.
However, glasses can break easily, if they are used in heavy
applications like vehicles. Therefore, optical sensors cannot
easily replace resolvers due to its low durability.

Capacitive rotary position sensors realize low energy con-
sumption, simple structure, high accuracy and resolution [10].
The main components are electrode plates only, which makes
the reliability for the environments high enough to replace
resolvers. In [11-16], capacitive angular position sensors have
been already proposed. However, comparing the existing ca-
pacitive angular sensors with resolvers, it can be found that,
regardless of their structures, signal specifications are different
from conventional resolvers. Therefore, they cannot easily
replace resolvers.

This paper proposes a capacitive angular sensor that can
easily replace a resolver. To realize highly compatible signals
with the commercial resolvers, this sensor is designed to
generate signals which specifications are the same as those
of commercial resolvers. In addition, the rotor has no cables
because the operation of this sensor is based on the capacitive
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Fig. 1. Schematic diagram of electrostatic capacitive sensor

coupling between the stator and the rotor. Therefore, this
sensor does not require slip rings, which is the advantage of
this sensor.

In this paper, we propose its analytical model and analyze
its working principle. Then, we experimentally verify the
performance of the sensor using a prototype sensor system.

II. BASIC PRINCIPLE AND DESIGN
A. Structure

Fig. 1 shows the schematic diagram of the capacitive rotary
position sensor. It mainly consists of two parts: a stator and a
rotor.

The stator has six circular or annular electrodes. Two of the
six electrodes, which are on the center and the periphery of
the stator plates, are referred to as transmitting electrodes as
shown in Fig. 1. The other four electrodes, which have equal
radius, are referred to as pick-up electrodes.

The rotor plate is divided by an eccentric circle as shown in
Fig. 1. The resulting two electrodes are called rotor electrodes.
The rotor has no cables. Thus, slip rings are not needed, unlike
resolvers.

B. Principle

As in resolvers, the sensor is excited by two sinusoidal
signals with high frequency. These signals are applied to
two transmitting electrodes. Then those signals arise on the
rotor by capacitive coupling between transmitting and rotor
electrodes. In order to keep the same amplitudes of the two
signals, the transmitting electrodes and the rotor electrodes
are designed to keep the same overlapping area during op-
eration. Then, the signals on the rotor are detected by pick-
up electrodes through capacitive coupling between the rotor
and the pick-up electrodes. Detected signals are amplitude-
modulated depending on the capacitance changes between
the rotor and the pick-up electrodes. Therefore, the pick-up
electrodes generate amplitude-modulated signals as shown in
equations (1) and (2). Eventually, angular position is calculated
by equation (3). This is the fundamental principle of this
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Equivalent circuit model for analysis

angular position sensor. The operation range is full circle and
the resolution depends on the signal processor.

C. Analytical model

Fig. 2 shows an analytical equivalent model using eight
terminals for this sensor. In this model, the whole sensor
is divided into two parts; the sensing part, which is used
as sensing element, and the exciting part, which is used to
excite the rotor. In the exciting part, intermediate electrodes
and terminals are defined as shown in Fig. 2, for ease of
calculation. The terminals 1 through 4 correspond to the pick-
up electrodes on the stator, the terminals 5 and 6 correspond
to the rotor electrodes, and the terminals 7 and 8 correspond to
the transmitting electrodes on the stator. No. 5 and 6 terminals
are intermediate terminals.

Among the electric terminals, capacitances are formed be-
tween any pair of terminals as shown in Fig. 2. Such capaci-
tances can be mathematically represented using a capacitance
coefficient matrix [17]. Considering the geometrical symmetric
property among terminals, the matrix for this sensor can be
expressed as 8 x 8 matrix [18], which can be decomposed into
two different parts, Cexe and Cgey,. The matrix Ceye, Which
is the matrix of the exciting part in Fig. 2, is approximated
as:

04 04

C; 0o -C¢; 0
Cexc = 0 C. 0 —C. y (4)
O 4 1 1
-C; 0 C; 0
0o -C¢ 0 C;

where Cj is the capacitances between rotor electrodes and




transmitting electrodes. However, some of capacitances be-
tween rotor and transmittig electrodes in (4) are approximated
as 0. The matrix Cgcy,, which is the matrix of the sensing part
in Fig. 2, is represented as:

r Cit 0 0
0 o, :
: E Cit 0
0 0 Cst
Con =1 Cue) a0 =) Culo-m) Cu(0+3)
Con(6—7) cm(9+g) Cn(0) cm(efg)
L 024
Ci(0) Cr(0—) i
0 0-3) o)
Cin(0—7) C(0 0o
cm(9+g) cm(efg) , (5
Ca -
-C Csl
0y 0, |
where
Ci(0) = —Cmo — Cr1 cos(8), (6)

Cst, Cq1, C1, Chyo and Cy,; are all positive constants deter-
mined by the geometrical relationship among the terminals.
The variable # is the angular displacement of the rotor.

Among these coefficients, only Cy,(6) is the function of
the rotor angular position and is approximated by sinusoidal
functions; the other coefficients are simply approximated by
constants. In addtion, two kinds of capacitances between pick-
up electrodes, and pick-up electrodes and rotor electrodes
are approximated as 0. These approximations are based on
the operation principle and the electrode design, and will be
verified later in the experimental section.

Using the capacitance coefficients matrix, the relationship
between charges and the voltages on the terminals can be
calculated as:

q= (Cexc + Csen)Vv (7)

where q and V are 8 x 1 vectors that represent the charges
and the voltages on the eight terminals respectively.

D. Signal analysis

In this section, we analyze the voltages that appear on the
pick-up electrodes. In our sensor setup, excitation voltages
are applied to the driving electrodes on the stator, which are
terminals 7 and 8. Therefore, the voltage vector V becomes

V:{Vla‘/27‘/37‘/21;‘/5;‘/v(ivVSinwu*VSiHWt}? (8)

where V, and w are the voltage amplitude and the angular
frequency of the applied voltages. Variables V; through Vj
are unknown.
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Fig. 3. Photograph of the stator (left) and the rotor (right) plates.

Next, we define the charge vector q as

©)

q= {07 0,0,0,0,0, Q7a qS}a

where g7 and ¢s are the charges given to the transmitting
electrodes by the signal source. To determine the charges on
the terminals 1 through 4, we introduced an assumption; the
voltages of the pick-up electrodes will be measured using high
input impedance circuit and thus no electric charge will flow
into or out from these electrodes. Due to this assumption, the
charges on the terminals 1 through 4 become zero. The charges
on the terminals 5 and 6 are also determined as zero, since
they are not connecting to any electric power source.

Substituting (4), (5), (8) and (9) into (7) derives the induced
voltages V1, Va, V3, and V} as:

Vi = K.V cos(f)sin(wt)
Vo = K.Vsin(f)sin(wt) (10)
Vs = =K.V cos(f) sin(wt) ’
Vi = =K.V sin(0) sin(wt)
where K. is
2 iYm
K. CiCm1

T 402+ Oy (Ci+ G+ Cy)

Equation (10) indicates that the specifications of these signals,
which are the voltages on the pick-up electrodes, are amplitude
modulated signals that are the same as the signal specification
of the resolver as shown in equation (1) and (2). The applied
voltages on the driving electrodes are the carrier wave and
the rotor position sin @/ cos @ represents the signal envelope
curve. Thus, demodulating these signals will deliver the rotor
position 6, which is the basic operation principle of this sensor.

III. FABRICATION OF A PROTOTYPE

A. Electrode plates

The rotor and stator plates of the prototype system are
shown in Fig. 3. Both of them are fabricated by copper-clad-
laminate. The diameter of both plates is 50 mm.
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B. Electric circuit and signal processing

Fig. 4 shows the electric interface developed for this proto-
type sensor. Processes of this interface basically correspond
to those of resolvers. The interface consists of differential
amplifiers, synchronous demodulators, a phase splitter, and a
signal generator.

First, voltages on the pick-up electrodes (10) are measured
and amplified by the differential amplifiers as:

Va = Ko(Vi — V3) = 2K,K . cos(0) sin(wt)
Vi = Ko(Va — Vi) = 2K,K. sin(0) sin(wt)

(1)
(12)
where K, is the amplification ratio of the differential ampli-

fiers. Then, these signals, (11) and (12), are demodulated by
the synchronous demodulators, which gives:

Va = Acos()
Vs = Asin(0)

13)
(14)

where A is the eventual amplification constant after (11) and
(12) are multiplied and filtered by the synchronous demodula-
tor. Finally, the phase splitter calculates the phase 6 from the
signals, (13) and (14).

In this particular prototype, the calculated 6 was converted
into A/B pulses and counted on a pulse counter. The phase
splitter employed in the system generates 1024 pulses per a
cycle, which results in a pulse resolution of 0.35 degree.

IV. EXPERIMENTS

Fig. 5 shows the experimental setup used to test the static
characteristics of the prototype sensor. The setup consists of a
rotational stage, a tilting stage, and a precision motion stage.
The precision motion and tilting stages were used to correctly
align the rotor with the stator. The rotational stage was used to
give angular displacement to the rotor manually. The angular
position of the rotor was measured by the rotational stage.

In this setup, the rotor was wired to verify the principle and
the matrices. We also fabricated the sensor with non-wired
rotor, which is described in a later section IV-C.
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Fig. 5. Experimental setup composed of the capacitive sensor and the
rotational stage. The sensor, which is used in this setup, has a wired rotor

A. Capacitances

The capacitance coefficients of (5) were measured using an
impedance analyzer as described in [17]. Fig. 6 shows a part
of the measurement results of the capacitance coefficients.

Not all the results are shown in the plot due to the limited
space. In Fig. 6 (a), capacitance coefficients between the rotor
electrodes and the pick-up electrodes are shown. They should
change as sinusoidal waves as in (5). However, a part of them
form non-sinusoidal wave. This was probably caused by the
structure of the electrodes, especially wiring to the rotor. In
Fig. 6 (b), capacitance coefficients that should be zero in
the matrices (4) and (5) are shown. Most of them can be
approximated by 0 as shown in (5). However, Css and Cgr
are not ignorable. This would be due to the design of the
electrodes; the proximity of electrodes (Css and Cg7) should
have been avoided.

B. Signals

The measured voltages corresponding to (11) and (12)
are plotted in Fig. 7. The excitation voltage applied to the
transmitting electrodes had 3.6 V,,_, and 20 kHz. The experi-
mental results show amplitude-modulated signals as shown in
equations (11) and (12). The envelopes of the two signals have
90 degrees phase shift.
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Fig. 7. The measured voltages corresponding to (11) and (12).

C. Linearity

Fig. 8 (a) shows the output of the prototype sensor, which
was plotted against the scale of the rotational stage. For this
measurement, the rotor rotated one revolution with a step
of 10 degrees. Fig. 8 (b) shows the non-linearity error of
Fig. 8 (a). From this plot, the maximum non-linearity error
of £ 8 degrees can be found. This error was probably caused
by four reasons. The first possible reason is the misalignment
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Fig. 8. (A): Output of the rotary popsition sensor, which is shown in Fig. 5,

against the position of the rotational stage. (B): Non-linearity error of the
prototype.

Fig. 9. Another prototype rotary position sensor using non-wired rotor

between the rotor and the stator in the experimental setup.
The second is the deviations of the capacitance coefficients
between the theoretical ones and the real values, which could
be improved by modifying the electrode shapes. The third is
interference by stray capacitors, which are formed between
cables. They can be reduced by rearranging cables. The last
reason is that soldering on electrodes. In this prototype, wires
are soldered from behind of electrodes using a through-hole.
Resultantly, the surfaces of the electrodes were rough.

As shown in Fig. 9, we also fabricated another prototype
sensor which has no cables for rotor. The absence of the
rotor wires can reduce the stray capacitances of wires. In
addition, the surfaces of the rotor electrodes are flat since
they do not need through-holes. The linearity and non-linearity
error of this prototype sensor are shown as Fig. 10. As can be
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Fig. 10. (A): Output of the rotary popsition sensor which is shown in Fig. 9,
against the position of the rotational stage. (B): Non-linearity error of another
prototype.

seen in this figure, the non-linearity error is improved in half
(&£ 4 degrees) of Fig. 8. Although this sensor has no wire on its
rotor, those of its stator are still connected by through-holes.
By changing the way of wiring, the error would be improved
additionally.

V. CONCLUSION

This paper proposed a new resolver compatible rotary
position sensor. The sensor consists of the rotor and the
stator electrode plates. Transmitting electrodes on the stator
are energized by two sinusoidal signals. Applied signals are
detected by pick-up electrodes through capacitance couplings
between the stator and the rotor. Generated signals are am-
plitude modulated by capacitance change between the stator
and the rotor. Its specifications are same as those of resolvers,
which realize high compatibility with resolver. In addition,
the rotor of this sensor needs no cabling. Slip rings are not
needed, unlike commercial resolvers. Based on the capacitance
network model, the operation principle was discussed. The
operation was experimentally verified using a fabricated pro-
totype. The experimental results showed the maximum non-
linearity error of +4 degrees.
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