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Abstract:
mass of vibratory gyroscopes, but it did not achieve high resolutions in angle detection of rotational gyroscopes due

Differential capacitive detection has been widely used in the displacement measurement of the proof

to restrictions in structure, theory, and interface circuitry. In this paper, a differential capacitive detection structure
is presented to measure the tilt angle of the rotor of a novel rotational gyroscope. A mathematical model is built
to study how the structure’s capacitance changes with the rotor tilt angles. The relationship between differential
capacitance and structural parameters is analyzed, and preliminarily optimized size parameters are adopted. A low-
noise readout interface circuit is designed to convert differential capacitance changes to voltage signals. Rate table
test results of the gyroscope show that the smallest resolvable tilt angle of the rotor is less than 0.47” (0.00013°),
and the nonlinearity of the angle detection structure is 0.33%, which can be further improved. The results indicate
that the proposed detection structure and the circuitry are helpful for a high accuracy of the gyroscope.

Key words: Micro-angle detection; Differential capacitive structure; Rotational gyroscope; Structure optimization
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1 Introduction

As an important sensor of the inertial naviga-
tion system, gyroscopes have been widely used to
measure the angular rates of their carriers.
ventional rotational gyroscopes have been proven to
have the ability to achieve high precision, but they
are hard to manufacture and bulky (Hays et al.,
2002). Microelectro-mechanical systems (MEMS)
gyroscopes are small and cheap, but their accuracy
is low and difficult to improve (Liu et al., 2009; 2015;
Challoner et al., 2014). This paper presents a novel
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rotational gyroscope that has a simpler structure
and a smaller volume compared to conventional ro-
tational gyroscopes and has the potential to achieve
better performance than general MEMS gyroscopes
(Li et al., 2014).

The structure of the proposed gyroscope is
shown in Fig. 1. It is composed mainly of a rotor,
a stator, two supporting frames, and 12 exciting
coils. The rotor has a ball-disk structure, making a
spherical joint together with two frames, which pro-
vides the rotor three rotational degrees of freedom
(DOFs). The rotor spins at a high speed, driven by
the spinning magnetic field generated by the coils
on the stator. According to the law of conserva-
tion of angular momentum, when there is a constant
angular velocity perpendicular to the rotating axis
of the rotor, the rotor tilts away from its null posi-
tion. It will finally stay at a constant angle under the
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Fig. 1 Assembly drawing of the mechanical structure
of the gyroscope

influence of magnetic and damping torques. By de-
tecting the tilt angle of the rotor, the input angular
velocity can be determined. To achieve a high res-
olution of the gyroscope, very small angle changes
of the rotor must be determined, which places high
requirements on the angle detection.

Differential capacitive detection has been widely
used in the displacement measurement of the proof
of mass of vibratory gyroscopes because of its ad-
vantages of non-contact measurement, ease of fab-
rication, low power consumption, etc. (Shearwood
et al., 2000; Xia et al., 2015). They are successful
in converting small displacement into large capac-
itance changes (Liu et al.,, 2009). However, little
has been reported on the angle measurement of gy-
roscopes using differential capacitive detection (Xia
et al., 2014). Houlihan and Kraft (2002) presented
a differential capacitor structure and built a model
for a single capacitor as a function of the tilt angle of
the rotor of a rotational gyroscope. However, the dif-
ference of the capacitance changes of the same pair
was not modeled, which takes a simpler form as will
be discussed later. Huang et al. (2007) at Shanghai
Jiao Tong University, China constructed a similar
structure for the angle detection of their rotational
gyroscope, and the detection circuit achieved an an-
gular resolution of 0.04° with a nonlinearity error of
2.3%, which should be improved to make the gyro-
scope competitive. Besides, the detecting capacitors
in these levitated rotational gyroscopes are a series
of two capacitors, which greatly reduces the capaci-
tance and leads to small structural sensitivities (Liu
et al., 2008; Tsai et al., 2009).

Interface circuitry is another important part
of a gyroscope. The majority of MEMS gyro-
scopes adopt the twice-modulation detection meth-

ods (Alper et al., 2008; Aaltonen and Halonen, 2010).
The input signal of the gyroscope is first modu-
lated by the drive oscillation with a relatively low
frequency (several kilohertz), which keeps the mass
vibrating along the driving direction. The signal
is then modulated by the sense oscillation with a
high frequency (usually more than 100 kHz) for the
detection of the capacitance change. In a typical
open-loop detection circuit, the sensor outputs are
converted to voltage signals by preamplifier stages,
and a low-frequency output is obtained proportional
to the applied angular rate input after twice demodu-
lation and low-pass filtering (Xia et al., 2014). These
circuits have to adopt denoising techniques in the
drive and sense frequency bands to achieve low noise.
However, there is no drive modulation in the pro-
posed gyroscope, so the conventional sensing struc-
tures cannot provide significant suppression to the
low-frequency noise of this system (Feng et al., 2011;
Fang et al., 2012). Several institutions have reported
similar »-A interface circuits for the sensing of
electrostatic suspension rotational micro-gyroscopes
(Gindila and Kraft, 2003; Murakoshi et al., 2003;
Damrongsak and Kraft, 2006). However, the struc-
tures require a full closed-loop control of the rotor
with a non-contact force, which does not apply to
the gyroscope discussed in this paper. Huang et al.
(2007) also proposed a printed circuit board (PCB)
detection circuit using discrete components; capaci-
tance changes are converted into voltage signals with
integral charge amplifiers and the output is obtained
after direct demodulation and a two-order low-pass
filtering. The circuit noise was modeled in detail,
but no special measures were taken to reduce low-
frequency noise.

In this paper, a special differential capacitive
detection structure is presented, and an application-
specific integrated circuit (ASIC) is designed to mea-
sure the small tilt angle of the rotor. A mathematical
model is built to study how the structure’s capaci-
tance changes with the rotor tilt angle. Rate table
test results of the gyroscope show that the angle can
be detected with a high resolution.

2 Angle detection structure

A detection board, with four electrodes on its
surface, is inserted between the rotor and the top
frame, to detect the small tilt angle of the rotor on
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its two radial axes (Fig. 2a). Each electrode forms
a capacitor with the rotor, and two capacitors on
the X axis form a pair of differential capacitors C'x ;-
and Cx_ and the same with Cy; and Cy _ (Fig. 2b).
The rotor acts as one pole of the capacitors, which
is different from similar structures presented in the
levitated rotational gyroscopes that use additional
electrodes as the other pole of the capacitors. This
characteristic makes it easier to achieve a larger sen-
sitivity than the structures presented in Houlihan
and Kraft (2002) and Huang et al. (2007), because
there is no capacitance reduction due to the series
connection of two capacitors and area occupied by
additional electrodes.
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Fig. 2 Schematic of the micro-angle detecting struc-
ture (a) and its equivalent circuit (b), and schematic
of the detection structure when the rotor tilts away
from its null position (c) and its equivalent circuit (d)

The capacitances can be calculated by the ca-
pacitance formula for parallel-plate capacitors, S/ h,
where € is the permittivity of the air between two
plates, and S and h are the overlapping surface area
and the gap between them, respectively. The ca-
pacitance of a capacitor is inversely proportional to
the gap between its two plates. When the rotor tilts
away from its null position (Fig. 2¢), the gaps be-
tween the rotor and the detecting electrodes change,
thereby causing a change in the detecting capaci-
tance as well.

For a differential capacitor pair Cx and Cx_,
the equivalent gap changes between them are of the
same value but opposite signs because of the sym-
metrical structure. The differential capacitance AC
of the differential capacitor pair C'x and C'x_ can
be calculated as

eS esS
=2

A = — =
Cx =Cx4+ —Cx e o

where hxy and hxy_ are the equivalent distances
from the X+ and X — poles to the rotor surface,
respectively, and they are both functions of the tilt
angle « (Fig. 2d). Thus, the differential capacitance
is a function of the tilt angles, and a model is neces-
sary to fully understand their relationship.

3 Modeling of differential capacitance

The structural parameters of X+ and X — poles
are shown in Fig. 3, where 6 is half the arc angle of
the electrodes, R; is the inner radius of the electrodes,
and R, is the outer radius of the electrodes. o and
B are the tilt angles of the rotor about Y-axis and
negative X-axis, respectively.

h = hy+ r (acos 6+ 3sin 0)

Fig. 3 The differential capacitor pair formed by elec-
trodes X+ and X — with the rotor where the capac-
itances are functions of the tilt angles of the rotor
(References to color refer to the online version of this
figure)

The capacitance C'x can be calculated by

/ / ds
6 —_
B /+90 /Ro rdfdr
N ho + r(accos§ + Bsin6) (2)
B /+90 /Ro rdfdr
o hO —+ TKJ )
where hy is the gap when the rotor is at null position,

and k(f) = acosf + Bsinf (Houlihan and Kraft,
2002). Integrating Eq. (2) along r gives

+00 R, — R,
Cx+ = 6/00 { K(0)
ho [In(Rok(0) + ho) — In(Rir(6) + ho)] } 0.

r2(0)
(3)

The difference of the two logarithmic terms in

Cx+

Eq. (3) is expanded using a Taylor series to find
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an analytical expression for Cx;. The expansion

is given as follows:

In(Rok(0) + ho) — In(Rik(0) + ho)

S RI — R}
=) ()T kn).
Z_: nhg

(4)

By inserting Eq. (4) into Eq. (3) and simplifying
Eq. (3), we obtain

CX+=5/+GO§:( n"

=00 p=2

Ry — R}

Wﬁ”_Q(G)da.

(5)

Cx_ is different from Cx only in the angle
limitation of integration, and can be calculated as

. /*90 /Ro rdfdr
B ho — r(a.cosf + Bsin ) (©)
3 /*90 / rder
B ho — re(8)

We can deduce the formula of C'x_ by the same
way as in the case of Cx . It takes the form

+60p o°
fo = 6/ E
—bo n=2

Ry — B

"=2(9)d6.
nhg_l " ()

(7)

The differential capacitance AC'x can be calcu-

lated as
N=oo n n +6
R — R; 0
ACx =—2¢ Y T/ K" 2(0)d6
neani1 ™o —0o
N=1

(8)

By polynomial expansion and induction, we ob-
tain Eq. (9) (at the bottom of this page).

The differential capacitance is a polynomial

function of the tilt angles and does not contain even-

degree terms. The expansion of Eq. (9), with its

first- and third-degree terms shown, is as follows:

Ry R B
3h2 I

: [(COS2 0o + 2)a? sin Oy + 3a% sin® bo) — .

ACx = —4¢ as1n90 4e
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We can conclude from Eq. (10) the following: (1)
Increasing R, or decreasing R; can increase the sensi-
tivity, but the nonlinearity will be increased as well;
(2) Increasing the gap hg helps reduce the nonlinear-
ity, but will reduce the sensitivity; (3) Increasing 6
helps improve the sensitivity and may affect the non-
linearity, but 6y cannot be larger than 45°. Besides,
due to the size limitation of the gyroscope, R; and R,
are almost fixed, and the gap hg is set to be 200 pm
to maintain a full scale of £100°/s of the gyroscope
at 10000 r/min. However, 0y is relatively free for
optimization. Fig. 4 shows the sensitivity and non-
linearity of the detection structure as functions of
according to Eq. (9), when the maximum tilt angle
is 2° as determined by the structure parameters. It
indicates that when 6 increases, the sensitivity in-
creases and the nonlinearity error decreases. So, a
large 6y should be taken. Here, we adopt 43° instead
of the maximum value 45° to reduce cross-coupling
from adjacent poles.
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Fig. 4 Structure sensitivity and nonlinearity as func-
tions of 8p when R;, R, and hg are 2 mm, 5 mm, and
200 pm, respectively. The maximum tilt angle is 2°
determined by the structure parameters

Taking the above aspects into consideration,
the following optimized structure parameters are
adopted: R; = 2 mm, R, = 5 mm, hg = 200 pum,

and 6y = 43°. For these structural parameters, the

(10)  crosstalk from the orthogonal direction is less than
M=o0 N=23t
Rn+2 _ R.WH-Q 2 n
ACx =—4e Z - L Z < ) sin” k1 gy cost 1 6,
n+1 _
neonr M+ 2T G \n =k
M=0 N=0 (9)
"k —1—2m

1+5<H

n—2-—2m

) cos~2 4, akﬁ”*k.
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5.62% of the differential capacitance when the tilt
angle is limited within +1° (the design aim of the
full scale of angle detection), and can be reduced by
compensation. Thus, we ignore the crosstalk effect
when evaluating the detection structure to simplify
the analysis by assuming that the angle in one di-
rection is always zero. The differential capacitances
are calculated as functions of « (8 = 0), according
to Eq. (9) when n takes different values, compared
to numerical integration results (Fig. 5).

0.0
-0.2
-0.4
__ 06
[V
2
(3 -0.8 F q
< o}
—&— n=1
1.2 —6— pn=3
—&— n=5
14T Whole
-1.6 . . .
0.0 0.5 1.0 1.5 2.0

a (deg)

Fig. 5 Comparison of differential capacitances as
functions of o between calculation results (n = 1,3,5)
and numerical integration (R;, Ro, ho, and 6g are
2 mm, 5 mm, 200 pm, and 43°, respectively)

Fig. 5 shows that the values of the first-degree
term of Eq. (9) are close enough to those of the
numerical integration when the tilt angle is small
(within 0.5°), but as the angle increases, the error
enlarges significantly. Better approximations can be
made by increasing the polynomial orders and con-
straining the measuring range, but polynomials of
orders equal to or more than five cannot be solved
by equations, which makes the calculation of the gy-
roscope difficult. Taken together, a cubic polynomial
fitting can be applied if the maximum tilt angle at
a full-scale input condition is limited within + 1°
by controlling the gyroscope’s operating parameters,
such as rotating speed (Xia et al., 2014).

4 Experimental results
4.1 Design and test of the interface circuit

The circuit design is very important for a gy-
roscope to realize a high accuracy. Normally, dif-
ferent gyroscope structures require different circuits

(Xia et al., 2014). ASICs have the advantage of
a higher performance than PCB circuits in specific
conditions such as bandwidth, because much better
parameter optimizations can be made to the com-
ponents of ASICs. An ASIC with continuous-time
(CT) topology is designed for capacitance-voltage
conversion and to acquire a low noise level (Sung
et al., 2008; Northemann et al., 2010; Xu et al., 2015).
The schematic of the detecting circuit is shown in
Fig. 6.
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Fig. 6 Schematic of the detection circuit

The changes of detection capacitances are mod-
ulated to a high frequency by a sinusoidal signal
imposed to the rotor and are converted to voltage
signals by charge amplifiers. A differential ampli-
fier structure is constructed to amplify the difference
of two voltage signals from the two charge ampli-
fiers. A high-pass filter (HPF) is used to suppress
low-frequency noise generated in the previous cir-
cuit. After demodulation and low-pass filtering, the
changes of the differential capacitances are converted
to voltage signals ready to be processed by a digital
signal processor. The detection board is shown in
Fig. 7a, and the ASIC is shown in Fig. 7hb.
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Fig. 7 Detection board (a) and micrograph of the
readout ASIC (b)
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The capacitance of the feedback capacitor is
designed to be 3 pF, and a discrete 200 MS2 resistor is
connected parallel to each feedback capacitor on the
PCB to prevent the capacitor from breaking down.
The modulation signal is sinusoidal with a 200-kHz
frequency and a 2-Vp-p magnitude. The HPF is a
two-stage second-order Butterworth HPF with a cut-
off frequency of about 2 kHz, and the low-pass filter
(LPF) is a two-stage second-order Butterworth LPF
with a cutoff frequency of 20 Hz. The power voltages
are £9 V, and the working current of the detection
circuit is below 25 mA. The static noise of the de-
tection circuit with the capacitors connected and the
rotor stopped is measured with a spectrum analyzer
(Fig. 8).

Power frequency

Log magnitude (Vrms)

0 20 40 60 80 100
Frequency (Hz)

Fig. 8 Static output noise of the detection circuit

There is a large power frequency interference
since the circuit is measured directly in the labora-
tory, but this can be suppressed greatly by electro-
magnetic shielding (Lam et al., 2003). The spectrum
takes the form of 1/f noise at the very beginning,
and then the noise shape of a LPF after about 10
Hz. The static output noise of the detection circuit
is now 35 uV/vHz at the frequency of 1 Hz. The
broadband noise floor is about 15 wV/v/Hz in the
band of the gyroscope, which is within 20 Hz.

4.2 Gyroscope test

A prototype of the gyroscope structure is shown
in Figs. 9a and 9b. The size of the kernel part of the
gyroscope is within 6 cm3. The ball of the rotor has a
radius of 1.5 mm, and the inner radius, outer radius,
and thickness of the rotor disk are 1.5, 5.0, and 0.8

mm, respectively. The inner radius, outer radius,
and arc angle of the electrodes are 2 mm, 5 mm, and
86°, respectively. The gap between the rotor and the
sensing electrodes is designed to be 200 um. It needs
only 0.75 W to keep the rotor spinning at the speed
of 15000 r/min. The gyroscope is tested on a rate
table at an ambient temperature of 20 °C (Fig. 9¢).

Fig. 9 Driving structure of the gyroscope with its
rotor running at 7000 r/min (a), gyroscope structure
(b), and the rate table test platform (c)

Fig. 10 shows the static output voltage of the de-
tection circuit with the rotor rotating at 7000 r/min.
The measurement is taken from the time the rotor
reaches the speed, with a sampling frequency of 5 Hz
and time length of 50 min.
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Fig. 10 Static output voltage of the detection circuit
with the rotor rotating at 7000 r/min, measured for
50 min after the rotor reaches the speed

The output voltage increases at the beginning,
and falls in the range 2.776-2.778 V after several
minutes. This is because the working condition of
the gyroscope system needs a certain time to stabi-
lize. The maximum peak-to-peak magnitude of the
noise is about 1.5 mV (corresponding to a 250-puVrms
noise), when the obvious trend is removed. Fig. 11
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Fig. 11 Calculated angular velocity versus input an-
gular velocity (a) and cubic polynomial fitting of the
stable detection circuit output versus input angular
velocity (b)

shows the stable gyroscope output in response to
input angular velocities varying from —100 to
+100°/s at 7000 r/min (Xue et al., 2015).

Fig. 11b shows the cubic polynomial fitting re-
sult of the analog voltage output from the detec-
tion circuit as a function of the input angular ve-
locity. It indicates that the gyroscope scale factor
is greater than 17.3 mV-s/°, and the nonlinearity is
about 5.4%. As has been discussed in Section 3,
a cubic polynomial fitting is applied to reduce this
nonlinearity error. The angular velocities can be cal-
culated by solving the cubic fitting polynomial as a
function of the output voltage. The corresponding
relationship between the calculated angular velocity
and the input angular velocity is shown in Fig. 11a.
After this process, the nonlinearity of the gyroscope
reaches 0.33%, which can be further reduced by cal-
ibration and polynomial fitting of a higher order.

5 Discussions

The 108-uVrms static output noise of the de-
tection circuit is measured within the band of the
gyroscope. This noise level is lower than the 250-
puVrms result measured when the rotor rotates at
7000 r/min, because the rotor rotating measurement
takes the interferences of the power line, the driving
frequencies, and the temperature effect into account.
These interferences can be further reduced through
shielding, digital processing, and temperature con-
trol, respectively. When divided by the gyroscope
scale factor 17.3 mV-s/°, an input angular rate reso-
lution of about 0.0063°/s is obtained. According to

the full scale (£100°/s) and the maximum tilt angle
(less than + 2°), when the circuit is used to provide a
readout for the gyroscope with 20 Hz bandwidth, the
smallest resolvable tilt of the rotor would be less than
0.47" (about 0.00013°). Theoretically, the resolution
can be improved to be 26 micro degrees by increas-
ing the peak-to-peak modulation signal voltage from
2V to 10 V, although it means a larger output volt-
age range. The nonlinearity of the angle detection
structure is the same as that of the gyroscope, which
is below 0.33% (Cui et al., 2004).

The angle detection performances are compared
with those in Huang et al. (2007). Table 1 shows
that we achieve a higher resolution of angle detection
(0.00013°) than Huang et al. (2007) (0.04°). This is
because the proposed differential capacitance struc-
ture has a higher structural sensitivity, and the de-
signed CT based ASIC has a better signal-to-noise
ratio than the PCB-based circuit. Besides, a better
nonlinearity is acquired according to the constructed
model, which defines the relationship between the
tilt angles and the differential capacitor instead of a
single detection capacitor.

Table 1 Comparison of this work and the literature

Reference Circuitry Resolution Nonlinearity
Huang et al. (2007) PCB 0.04° 2.3%
This work ASIC 0.00013° 0.33%

6 Conclusions

In this paper, a special differential capacitive de-
tection structure was presented to detect the tilt an-
gle of the rotor of a novel rotational gyroscope. A de-
tailed model of the differential capacitance of the de-
tection structure was built and tested. The relation-
ship between differential capacitance and structural
parameters was analyzed, and preliminarily opti-
mized size parameters were adopted. A modulation-
high-pass filtering-demodulation ASIC was designed
to transfer the differential capacitance changes to
voltage signals with a broadband noise floor of about
15 uv/ VHz for frequencies within 20 Hz. The gy-
roscope was tested on a rate table with the rotor
rotating at 7000 r/min. Test results showed that
the smallest resolvable tilt of the rotor was less than
0.47”, and the nonlinearity of the detecting structure
reached 0.33%, which can be further improved.
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