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1. INTRODUCTION

The Coriolis vibratory gyroscope (CVG) is chronologically the latest gyro-
scopic technology available on the global market today, although the effect of the
sensitivity of elastic waves to inertial rotation was discovered by G.H. BRYAN in
1890 [1]. He considered the uniform rotation of a vibrating ring. Almost a cen-
tury later, D.D. LYNCH experimentally confirmed this effect for a ring rotating
with a variable angular rate [2]. After that, the theoretical [3, 4] and practical
development of the vibratory gyroscope began [4, 5]. Today, vibratory gyro-
scopes are used in various orientation and navigation systems on land [6, 7], on
water [8], and in the air and space [9, 10].

A CVG is a sensor whose operation principle is based on detecting changes
in the vibration of a resonator under the influence of Coriolis forces [2, 3]. Vibra-
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tion in the resonator is generated by excitating it at a specific resonant frequency,
resulting in the formation of a standing wave within the resonator. Resonators
in vibratory gyroscopes are generally divided into two classes. The first class in-
cludes design where the vibration modes are different but have acceptably close
resonance frequencies (e.g., beam, tuning fork, double tuning fork). The sec-
ond class includes resonators with identical vibration modes, represented by
two orthogonal modes of a rotationally body (e.g., hemisphere, cylinder, ring),
as shown in Fig. 1 [11].

Tuning fork Double tuning Hemispherical ~ Cylindrical Ring
fork shell shell

Fic. 1. Examples of structural implementations of the CVG sensing elements of the first and
second classes.

Resonators with geometries based on bodies of rotation, i.e., structures with
strict axial symmetry such as a hemisphere, cylinder, ring, and similar forms, gen-
erally offer higher accuracy. Modern micro-electro-mechanical systems (MEMS)
technologies are also advancing the development of rotationally symmetric res-
onators. In this work, the object of research is a CVG with a metallic cylindrical
resonator made of Elinvar alloy. Such a gyroscope can be easily manufactured.
It can be produced in factories using standard mechanical equipment and is
compatible with mass production methods such as powder metallurgy and ad-
ditive manufacturing. This approach makes the gyroscope cost-effective, while
navigational accuracy is achieved through the stability of the resonator material
and the application of modern error correction and auto-compensation methods.

The commonly known modes of CVG operation are the rate mode and
the rate-integrating mode (also known as the whole angle mode). In the rate
mode, the standing wave is rigidly held in place by negative feedback applied to
the drive (excitation) electrode of the primary oscillations, so that the deflection
angle is zero, # = 0. When the angular rate is applied, Coriolis forces arise, and
the resulting force is measured by another electrode and compensated for by
feedback. This ensures that the primary standing wave maintains its position
at @ = 0 under the influence of the angular rate, i.e., it rotates along with the
gyroscope at the same angular rate. The feedback signal that compensates for
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the Coriolis force is proportional to the angular rate. This mode of operation
is the most popular, and it is used in most MEMS and non-MEMS gyroscopes
[12-16].

In the rate-integrating mode, or as it is also called the whole angle mode,
there is no feedback, and the standing wave rotates under the influence of Cori-
olis forces relative to the gyroscope, with a delay. This delay coefficient is called
the scale factor of the rate-integrating gyroscope, or the Bryan coefficient k.
Thus, the rotation angle of the standing wave is proportional to the rotation
of the gyroscope in inertial space. This mode is mainly used in high-Q high-
precision vibratory gyroscopes based on quartz resonators [7—10].

In this work, a new, third mode of operation — the differential mode — is pre-
sented [17, 18]. A key feature of this mode is that the standing wave is positioned
between the electrodes so that its oscillation direction does not align with any
single electrode. As a result, two measurement channels are formed, allowing
the simultaneous detection of angular rates of opposite signs, 2 and —€2. The
differential mode has a unique capability for auto-compensation of both internal
and external disturbances [17].

Block diagrams of the standing wave control systems for each operating mode
are presented. The advantages and disadvantages of each mode are analyzed.
The enhanced auto-compensation capabilities enabled by the differential mode
are also presented in this work. Additionally, a control system block diagram
is proposed that allows automatic switching between modes, thereby ensuring
maximum measurement accuracy under varying motion parameters and envi-
ronmental conditions. Both experimental results and simulation data are pre-
sented.

2. MATHEMATICAL MODEL OF THE TWO-DIMENSIONAL PENDULUM

To ensure a suitable foundation for analyzing all modes of CVG operation,
it is necessary to generalize the dynamic equation of oscillations by includ-
ing the primary components of gyro errors. Manufacturing imperfections and
material properties of the resonator determine these errors. Specifically, thick-
ness mismatches in the ring cause two resonant frequencies of the same mode: the
maximum frequency wi, and the minimum frequency ws, with corresponding res-
onator rigidities k1 and ky. Additionally, non-homogeneity in the resonator mate-
rial leads to two different damping coefficients, which are expressed by two time
constants, maximum 7; and minimum 7o, and their corresponding @-factors, Q1
and Q2. In addition to these, the angle 6, of the minimum (or maximum) fre-
quency axis (or rigidity) and the angle 6 of the minimum (or maximum) damping
axis relative to the X drive (excitation) electrode are determined, as shown in
Fig. 2.
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F1G. 2. Two-dimensional pendulum model.

Equations describing oscillations of any resonator are presented as follows:

T — 2kQy + dpp® + dayy + kpo + kyay = fa,
(2.1)
y + 2]{391' + dyyy + dyxx + k;yyy + kxyx - fy7

where

2 2
dye = — +hcos2(0 —0_); dyy = — —hcos2(6 —0_),
T

T

1 1 1
dyw = dyy = hsin2(0—0.);  h=A <> 1t

T T1 T2
(2.2) kpe = W — wAwcos2(6 — 6,); kyy = wi + wAwcos 2(0 — ),
kyy = kgy = —wAwsin2(0 — 6,,),

Ao @iowd 2 11

2 T T T2
where k is the Brian coefficient, d,, and dy, are the damping coefficients of
oscillations along the X and Y axes, respectively, d;, is the damping cross-
coupling coefficient, k., and k,, are the normalized resonator rigidities along the
the X and Y axes, respectively, and k;, is the rigidity cross-coupling coefficient.
These equations have been written for any position of the vibratory stand-
ing wave along the circumferential coordinate 8, measured from the X drive

electrode.
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3. RATE CVG CONTROL SYSTEM BLOCK DIAGRAM AND ITS ADVANTAGES

The most widespread and relatively simple mode of the CVG is the rate
mode. This mode enables the measurement of angular rate through a well-
defined distribution of electrodes on the sensing element, arranged at specific
input and output positions relative to the standing wave’s nodes and antinodes
(Fig. 3).

Drive electrode X, 1

—->0--..

Sense electrode ¥, 8 .7 b

Sense electrode X, ;" B
< 7’ © 3

Compensation
electrode Y,

Fi1G. 3. Electrodes distribution in a ring-type resonator.

This work considers a CVG with a metallic cylindrical resonator made of
Elinvar alloy, manufactured by JSC “Elmiz” (Kyiv, Ukraine). Images of the
resonator and sensing element are depicted in Fig. 4. The upper thick ring is
excited at its resonant frequency on the second mode of ring oscillation us-
ing piezo-electrodes. The resonator is mounted on a stem protruding from the
base. Plane rectangular piezoelectric electrodes are bonded onto eight spokes.
Diametrically opposite electrodes are connected (see Fig. 3), making the sensing
element a system with two inputs and two outputs.

F1a. 4. Metallic cylindrical resonator (a) and sensing element (b).
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Let the force f,, from the first equation of the system (2.1) generate the
primary oscillations x(¢) of the resonator along the X-axis with amplitude A
at frequency w, as follows:

(3.1) x(t) = Ap cos wyt, w? = w? — wAwcos 26,,.

Then, the equation of oscillations along the Y-axis, assuming § = 0 (rate
mode) and €2 # 0 can be written as follows [11]:

2
(3.2) g+ —y+wyy = fy+ Aows [2kQ + sin 20, sin w,t
Ty
+ AgwAw sin 260, cos w,t,

where ) L1
wf/ = w? + wAw cos 20,,, — =~ — —hcos20,.
Ty T 2
The feedback loop generates the force f, to compensate for the oscillations
along the Y-axis, i.e., to drive the right-hand side of Eq. (3.2) to zero. Thus, the

force f, is given by:
(3.3) fy = —Aowg [2kQ + hsin 20, ] sin w,t — Agw, Aw sin 26, cos wyt.

After amplitude demodulation of (3.3) by the reference signals sinw,t and
cos w,t, the following expressions can be obtained:

= SLF( B); SF= —2kw,Ap; B= ih sin 20,
where SF is the rate CVG scale factor, B is the rate CVG bias, and Agw,Aw sin 26,,
is the quadrature amplitude, representing an error signal caused by the res-
onator’s rigidity mismatch.

Thus, the rate CVG scale factor is proportional to the primary vibration
amplitude Ay. The rate CVG bias is proportional to hsin 26, where h is pro-
portional to the Q-factor mismatch.

A digital control system block diagram for the rate CVG is presented in
Fig. 5. The output signal from the antinode electrode X, after passing through
an analog-to-digital converter (ADC), is divided by signals into two paths. These
signals are demodulated by two references signals cosw,t and sin w,t, to obtain
two slow variables C, and S,. The S, component corresponds to the stabilized
vibration amplitude Ag.

While the signal C is responsible for tracking the resonant frequency, which
may vary during CVG operation. The drive (excitation) signal of the corre-
sponding amplitude is generated at the output of controller PI 2. This signal

(34) Q demod{ fy }|

sin wgt +
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F1G. 5. The rate CVG digital control system block diagram.

is then is re-modulated by modulator 2 with the reference signal cosw,t and
sent to the X;, electrode after passing through the digital-to-analog converter
(DAC).

The most widespread and relatively simple CVG mode is the rate mode. It al-
lows measuring angular rate through a the well-defined distribution of electrodes
on the sensing element. These electrodes are positioned relative to the standing
wave’s nodes and antinodes to serve as inputs and outputs. After the ADC, the
signal is split and demodulated by reference signals to obtain two slow variables
Cy and S,. Controllers PI 3 and PI 4 generate corresponding control signals
that are re-modulated by the same reference signals, summed, and sent to the
compensation electrode Y, to nullify both components, as shown in Fig. 5.
The output of controller PI 3 is proportional to the Coriolis force, i.e., the an-
gular rate, while the output of controller PI 4 is proportional to the quadrature
amplitude.

Due to Coriolis force compensation in the rate CVG, only the primary, os-
cillation mode exists in the resonator, and the standing wave is installed with
its antinodes positioned close to the X, electrode, rotating together with the
resonator at the same angular rate. The trajectory of the antinode point along
the rim of the resonator forms a fixed straight line directed along the ring’s
diameter.

For low-cost MEMS and non-MEMS gyroscopes operating in the rate mode,
performing a mass balancing procedure to compensate for Q-factor mismatch is
impractical because it is labor-intensive, as opposed to mass balancing aimed at
reducing frequency mismatch. As a result, the bias in such gyroscopes can be
large relatively.

As will be shown below, both the bias and the scale factor of the vibratory
gyroscope using a compensating feedback signal to maintain the standing wave
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in a stationary position, depend on its angular position #. In the rate mode, this
angle is § = 0. However, this angle does not ensure that the bias is close to zero,
even for an unbalanced or balanced resonator. Nevertheless, a specific angle 6
exists, as shown in Fig. 6b, at which the gyro bias is zero.
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F1G. 6. Extrapolation of the bias curve (a) and X and Y channel biases versus standing wave
angular position (b).

Typically, 8, < 1 for resonators balanced by frequency mismatch. In this
case, taking into account that sinx = =z, for x < 1, the angle 6y can be de-
termined using linear extrapolation or interpolation. To do this, one needs to
first measure the bias at the standing wave position § = 0, denoted B(0). Then,
rotate the standing wave by a small angle Af and measure the bias at § = A6,
denoted B(Af). If B(Af) < 0, and B(0) > 0, linear interpolation is used to find
0y where B(6y) =~ 0. If both biases have the same sign, linear extrapolation is
applied instead.

Figure 6a shows the extrapolation procedure used to determine 6y for the un-
balanced metallic cylindrical resonator, which gives us the value 6y ~ —0.073 rad.
Figure 6b shows the periodic dependence of the bias B, on the standing wave an-
gle #. This dependence give us opportunity to apply extrapolation procedure to
minimize gyro bias. As can be seen, the bias for an unbalanced resonator at
0 = 0 is 11.34 deg/s, but at §y = —0.073 rad it is reduced to 0.0033 deg/s —
almost a 3000-fold improvement.

The rate CVG can achieve low-level noise, high sensitivity to angular rate,
low sensitivity to manufacturing imperfections of the resonator, and sufficiently
high bandwidth for many applications. As an example, Fig. 7 shows a the raw
measurement signal a metallic resonator CVG when its sensitive axis is rotated
in a horizontal plane passing through four cardinal directions: south, west, north,
and east. This curve is usually called the azimuthal characteristic of the gyro-
scope — the dependence of the gyroscope output signal on the azimuthal orien-
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F1G. 7. Metallic resonator rate CVG azimuthal characteristic.

tation of its sensing axis. On average, during the rotation period, the bias value
is about 25 deg/s. The maximum corresponds direction to the north direction,
the minimum indicates the south direction, and the west and east positions cor-
respond to the points where the bias crosses the average level. The amplitude
of the signal is ~10 deg/s, which is close to the expected horizontal component of
the Earth’s angular rate at the laboratory’s latitude, which is 9.6 deg/s.

4. A RATE-INTEGRATING CVG CONTROL SYSTEM BLOCK DIAGRAM
AND ITS ADVANTAGES

The Coriolis force is not compensated when the vibratory gyroscope oper-
ates in the rate-integrating mode (also called whole-angle mode). This leads to
the superposition of the primary and secondary waves caused by the Coriolis
force during rotation. As a result of this superposition, the standing wave ro-
tates by an angle proportional to the gyroscope angle in inertial space. The
proportionality coefficient k& between these angles, the standing wave angle and
the gyroscope rotation angle, is called the scale factor of the rate-integrating
gyroscope, also known as Bryan’s coefficient k.

(4.1) 0t) = —ka(t):  a(t) = / Q(r)dr,
0

where 60(t) is the angle of rotation of the standing wave relative to the body
of the gyroscope, and «(t) is the angle of rotation of the gyroscope relative to
inertial space.
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In the absence of rotation, the trajectory of a point on the rim of the res-
onator (near the antinode) generally moves along the ellipse shown, as shown
Fig. 8.

Fic. 8. Trajectory of a point on a resonator rim in a rate-integrating CVG.

The ellipse parameters are determined as follows: a is the vibration ampli-
tude, ¢ is the quadrature amplitude, w, is the resonance frequency, ¢’ is the
vibration phase, and 6 is the angular position of the standing wave relative to
the X electrode. These parameters are referred to as the pendulum parameters.
They can be calculated from the slow (demodulated) variables Cy, S, Cy, and
Sy by the following equations [19]:

e\ EvEAP) 4o (E-vE-P)

2
(42) E=Cl+S:+Cl+8S P =2(C.S, — C,S;) = 2ag;
1 CoCy+ SuSy , 1 2(C,S, +CySy)
9_2atanS%+C§—Cg—S§’ ¢—2atan0375%+cgis§.

The purpose of the standing wave control system in the rate-integrating
mode is to ensure the following conditions:

(4.3) P=0—q¢=0, a? = Ey = const, ¢ =0,

where Ej is the vibration energy, P is the quadrature error, and a is the vibration
amplitude.

The block diagram of the standing wave control system that ensures these
conditions is presented in Fig. 9.

Based on the pendulum’s parameters, control signals are generated and ap-
plied to the Xj;, and Yj, electrodes to sustain the oscillation of the standing
wave with a constant amplitude at any angular position () of the wave:

Xin = Dy Epiqcos f cos(wyt) + Dy Ppigsin 0 sin(w,t);
(4.4)
Yin = DyEpiqsin 6 cos(wyt) — Dy Ppiq cos 0 sin(wyt),
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where E,;q and P4 are the output signals of the PID controllers responsible for
stabilizing the vibration energy squared at the value Fy and for nullifying the
quadrature signal, respectively, and D, and D, are the total gain coefficients of
the drive channels X and Y.
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FiG. 9. Rate-Integrating CVG control system block diagram.

When the CVG operates in rate-integrating mode, the resonator errors as-
sociated with frequency and Q-factor mismatches lead to insensitivity to small
angular rates, known as the dead zone. This effect is analogous to the frequency
synchronization of counter-propagating waves in the optical resonator of a laser
gyroscope.

The dead zone threshold €y, is determined by the following relationship [20]:

1 1 1q 1 1 1 AQ 1
4.5) Qupr~— 1A~ — 2 |Awl; h=A[-]= - = ~=X*_,
(45) . 2]‘3‘ (T>‘+ka‘ o (7') 1T T2 Q7

Taking into account Eq. (4.5), the following expression can be written for
the scale factor of the gyroscope operating in the rate-integrating mode:

k- for [Q] > [Qn,
2
(4.6) SFint = Wu(%) for |9 > [Qunrl
0 for [Q <|Quprl.

For low-cost MEMS and non-MEMS CVGs, the dead zone threshold can
reach 10-30 deg/s. Thus, for these gyroscopes, the rate-integrating mode can be



290 V. Chikovani et al.

used for measuring large angular rates, up to 7000 deg/s, while maintaining
a very stable scale factor k of 35 ppm, even for low-cost gyroscopes [21]. Mea-~
surement of small angular rates in the rate-integrating mode can be achieved by
using a large virtual angular rate [22].

Figure 10 shows the results of rotation angle measurements with a rate-
integrating metallic resonator CVG manufactured by JSC “Elmiz” (Kyiv,
Ukraine). The actual constant angular rate was 10 deg/s. To this actual an-
gular rate, a virtual angular rate of Q.+ = 803.57 deg/s was added. Thus, the
total angular rate was equal to Qqet + Qyire = 813.57 deg/s.

a) b)
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F1a. 10. Rate-integrating CVG with virtual rotation (a) and its periodic drift (b).

Figure 10a shows a straight line 1, which represents the true angle of rotation,
while curve 2 depicts the output signal of the rate-integrating gyroscope with
a periodic error (drift) primarily caused by the heterogeneity of the resonator.
Figure 10b shows this periodic drift extracted using the least squares method.
The error period equals half of the standing wave rotation period. The value of
this error is determined by the angle 8 of the wave orientation and is subject to
correction based on the presented model.

Figure 11 shows the result of correcting the periodic drift of the gyroscope
according to the proposed model, whose coefficients were obtained by a least
squares experimental data approximation presented in Fig. 10a:

(4.7)  C(H) = 0.1063sin (20 — 0.1947) + 0.006 sin (40 — 0.7848)
4 0.0052 sin (0.22220 + 1.2372) — 2.093 - 101992
+2.5716 - 10750 — 0.0052 rad.

The root-mean-square correction error is Aa = 0.068 deg when measuring
an angle of about a = 250 deg. This corresponds to a relative error of Aa/a =
2.7-107* = 0.027%.

The advantages of the rate-integrating mode of operation include the abil-
ity to measure large and very large angular rates and rotation angles, a wide



The development features and design of a vibratory gyroscope. . . 291

0.3

0.2

0.1

Residual error, Aa, deg

0 100 200 300 400
0, rad

Fic. 11. The residual periodic drift.

bandwidth limited only by information processing capabilities, and a very stable
scale factor.

5. THE DIFFERENTIAL CVG CONTROL SYSTEM BLOCK DIAGRAM
AND ITS ADVANTAGES

In the differential mode of operation, the standing wave is located between
the electrodes, as shown in Fig. 12, i.e., § # mm/4, where m = 0,1, ...,7. The
control system is designed to maintain the standing wave as a predetermined
position that does not coincide with any of the electrode locations.

Direction
of oscillation

P Undeformed
Standing resonator
wave

F1c. 12. Standing wave position in a differential CVG.

In this case, as follows from the system of Eq. (2.1), two measurement chan-
nels X and Y are formed. These channels measure angular rates of opposite signs
Q and —€). The measurement equations in this mode of operation are written
as follows [22]:

2y = —2kQDy sin 20 + dy; D, cos 20 + dyy D, sin 20,

5.1
(5.1) 2y = 2kQD, cos 20 + dyy D, sin 20 + dyy D, cos 20,
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where z;, z, are the signals of two X and Y measurement channels, D, and D,
are the total gain coefficients of the feedback loops, including the transformation
coefficients of the X and Y electrodes’ deformations into voltages.

It follows from expressions (5.1) that the differential CVG gives informa-
tion about both € and —{). The coefficients at {2 represent the scale factors,
while the components of the output signals that do not depend on the angular
rate represent the biases. Thus, the differential CVG has two scale factors SF;
and SF,, and two biases B, and B,, corresponding to the X and Ychannels,
respectively. The expressions for these parameters are as follows:

SF, = 2kD, sin 20; SFy = 2kD, cos 20;
(5.2) By = Dydyy cos 20 4 dyy D, sin 20;
By, = Dydy, sin 20 + d, D, cos 26.

First, it should be noted that both the scale factors and the biases of both
channels depend periodically on the standing wave angle 6.

Figure 13 shows the measured scale factors and biases for a metallic cylin-
drical resonator depending on the wave angle 6. The step size for changing the
standing wave angle is Af = 4.5 deg. The measurements were conducted with-
out turning off the gyroscope [16]. Negative values of the scale factors indicate
a change in the sign of the angular rate.

a) b)
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2 0.01 SFy —§
0 3]
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Standing wave angle, 6, rad Standing wave angle, 6, rad

Fic. 13. SF, SFy (a) and Bs, By (b) versus standing wave angular position.

The measurements confirm that the biases and scale factors of the two chan-
nels are periodic functions, with a period of 7 rad and phase differences close to
7/2. In addition, the curves intersect, meaning there exists an angle 6y at which
By(6y) = By(6p), and an angle §* at which SF,(6*) = SF,(0").

In Sec. 3, we presented a method fo determining 6y, which minimizes B, ()
to a value of 0.0033 deg/s ~ 12 deg/h, using an extrapolation procedure.

In this section, we present a more accurate determination of 6y by applying
an iterative Newton’s zero-search algorithm to the difference B, (6y) — By(fo).
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A block diagram of the standing wave control system, which maintains the
standing wave in any predetermined position, is shown in Fig. 14.
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Fic. 14. Differential CVG control system block diagram.

The angular rate signals are generated at the outputs of PID controllers 2
and 5, denoted as z, and z,, respectively, as shown in the block diagram in
Fig. 14. Their sum zs = 2, + 2z, and difference z4 = 2, — 2, are calculated from
these two signals.

Two numerically controlled oscillators, NCO-1 and NCO-2, excite the res-
onator at the resonant frequencies w, and wy, respectively, by applying con-
trol signals to the Xj;, and Y, electrodes. These signals establish oscillation
amplitudes A, and A,, which determine the angular position 6 of the standing
wave relative to the X, electrode according to the expression:

1A,
(5.3) 0= iatanA—z.

The quadrature signal P is fed to a low-pass filter (LPF) and then to PID
controller PID-3 to minimize this signal to zero. As a result, the resonant fre-
quencies along the X- and Y-axes become equal to each other during the oper-
ation of the gyroscope. The behavior of resonant frequencies along the X- and
Y-axes in the differential CVG, under the control system presented in Fig. 14,
is shown in Fig. 15.

The difference between these output signals doubles the angular rate signal
and compensates for the large biases in both channels. Their sum compensates
for the angular rate when the standing wave angle is 6*, where SF,(0*) =
SF,(6*), and can also be used for real-time estimation of the bias components
online.
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FiG. 15. Frequency mismatch compensation in differential CVG.

5.1. Advantages of differential mode of operation

First, it should be noted that the differential mode auto-compensates for fre-
quency mismatch, i.e., Aw = 0 (Fig. 15). Secondly, at the angle § = 6*, the scale
factors of both channels are equal to each other. At this wave angle, the differ-
ence zg and the sum z; of the X and Y channels can be written as follows [22]:

D,D,

,/D§+D§,

2(6%) = 2,(67) — 2(67) = SFa(0)2 + (dyy — d)

(5.4) g
SFy(0*) = db———,
\/ D%+ D2
D.D D,(D,+ D
(5.5) Zg =2y + 25 = Y (dyy + daz) + Mdmy.

\/ D2 + D2 \/ D2 + D2

As we can see from Eq. (5.5), the sum of the measurements from the two
channels compensates for the angular rate and provides real-time information
about the bias’ components dy,, dy,, and dg,,.

Figure 16 presents differential CVG output signals for constant angular rates
2 = +40 deg/s.

Figure 16a shows fairly high biases in the X and Y channels, determined by
the parameters d,, and dy,, respectively. Figure 16b shows the near-zero bias
of the differential channel z4/2 = (Y — X)/2, which results from the partial
mutual compensation of the two channel biases during signal subtraction. The
sum signal z;/2 = (X +Y)/2 is independent of the angular rate and is a com-
bination of the bias components from X and Y channels. Therefore, this sum
can be used for real-time estimation of the bias components during angular rate
measurement.
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F1a. 16. Differential CVG output signals for constant angular rates Q = +40 deg/s.

At the wave angle § = 60*, where SF,(6*) = SFy(0*), the z4/2 differen-
tial channel effectively compensates for external disturbances such as shocks,
vibrations, external permanent and variable magnetic fields, and acoustic dis-
turbances at the resonant frequency. In particular, the differential mode is most
effective at compensating for magnetic fields and sound disturbances near the
resonant frequency.

Figure 17 presents measurement results of a metallic resonator CVG sub-
jected to a permanent magnetic field with intensities ranging from 20 to 480 mT.
As we can see from Fig. 17a, the influence of the magnetic field on both the X
and Y channels is quite significant, but since their responses are nearly identical,
the differential channel shows minimal reaction to the magnetic field.

Figure 17b shows the sensitivities of the channels to a permanent mag-
netic field. The sensitivity of the X channel to the magnetic field is 4.54 -
1073 (deg/s)/mT, the Y channel is 4.2 - 1073 (deg/s)/mT, and the differential
channel is 1.7-107* (deg/s)/mT. The ratio of the minimum sensitivity of the X
and Y channels to that of the differential channel can be determined as the
coefficient of suppression of the magnetic field by the differential CVG, which is
equal to 25.

Figure 18 shows the responses of the three channels X, Y, and the differential
one to three acoustic pulses at the resonant frequency. The values of signal spikes
in channels X and Y are significant, while in the differential channel, they barely
rise above the noise level.
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F1c. 18. Differential CVG responses to acoustic impulses at the resonant frequency.
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The suppression coeflicients of sound pulses by the differential channel are
defined as the ratio R of the peak values indicated in Fig. 18. The calculations
give the following results: for the first pulse, Ry = 69.7/0.6 ~ 116, for the sec-
ond pulse, Ry = 45.6/0.7 ~ 65, and for the third pulse, R3 = 82.2/0.8 ~ 103.
The lowest of the three is Rs = 65, which corresponds to about 36 dB suppres-
sion. Thus, the differential channel suppresses acoustic pulses at the resonant
frequency nearly twice as effectively as sound shielding based on metamate-
rial [24]. Detailed results on shock and vibration suppression measurements are
extensively presented in [22].

As shown in Fig. 13b there is a wave angle § = 6y at which the biases of
channels X and Y are equal to each other, i.e., B;(6y) = By(6y), or equivalently
By (o) — By(f) = 0. To determine the angle y for differential mode opera-
tion, one can use the bias models of the X and Y channels derived from the
measurement data presented in Fig. 13b:

B, (0) = Acos(260 + 6°),
(5.6)
By(0) = Bsin(20 + ),

where A, B, 69 02 are the amplitudes and phases of the periodic bias functions
for the X and Y channels, respectively.

To determine the angle §y at which B,(6y) = By(fy), two bias measure-
ments at two different standing wave angular positions are required. The sim-
plest choice is to choose § = 0 and § = /4. After determining four values of
biases B, (0), By(0), By(7/4), By(m/4), parameters A, B, 62, 02 can be deter-
mined as follows:

B (% B
02 = —atan (4) ; 92 = atan—2 (2) ;
BI(O) By (Z)
(5.7)
sin )’ cos 09"

Now, the expression for the angle 8y can be obtained by solving the equation
By(60) = By(6):

(5.8) 6o = §atanBy(7T/4) — Bz(w/él)'

Simulation results for low Q-factor resonators (Q = 21000, Q-factor mis-
match AQ = 1000, and frequency mismatch Af = 0.07 Hz), are presented in
Table 1.
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TABLE 1. Two-channel biases at different vibration modes.

Bias Value
By(0) 2.594784 - 1074
B.(0) —95.681730

By(1/4) —86.983730
B.(n/4) | —2.118977-107*

Calculations using expression (4.8) result in 6y = 23.863173 deg.

Figure 19a shows the two-channel biases when the standing wave is posi-
tioned at angle 6y. The differential gyro output signal z4(6y), measured when
no input angular rate is present (i.e., the bias), is shown in Fig. 19b. The dif-
ference Bgig(00) = By(6o) — Bz(0o) is the differential gyro bias By (6o) =
2.342945- 1079 (in code units). To convert this bias into deg/s, Bag (o) should
be divided by the scale factor of the differential channel, which is the sum of the
X and Y channels’ scale factors at a standing wave angle #y. These scale factors
are: SFy(0y) = 0.019878 1/(deg/s), and SFy(fy) = 0.018438 1/(deg/s). Thus,
the scale factor of the differential channel is SFy(0g) = SF.(60) + SFy(0o) =
0.038316 1/(deg/s) and the bias is:

Baig (60) = 2.342945 - 1076 /0.038316 = 6.114847 - 10~ deg/s ~ 0.22 deg/h.

a) b)
40 . T 60
20t 3 50
=}
S 40
2 O £
2 B(6o) < 30
o o
20" ' &
& B,(6) = 643626484878 = 20
40 = Bair(00) = (B,(60) — B60))/SFy(0p) = 0.22 deg/h
By(0) = —64.3626508308 2 10
]
-60 A 0
— B, W(0o)
. . -10
800 2 4 6 8 10 0 2 4 6 8 10
Time, s Time, s

Fi1G. 19. X and Y channel biases at the standing wave angle 6y (a) and the resulting differential
gyro bias (b).

This bias value can be obtained when the RMS value of the gyro noise at
6 = 0 is about 4 deg/h for an averaging time of 1 s. To reduce this bias value,
it is necessary either to lower the gyro noise’s RMS value or to increase the
averaging time.
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By further reducing Bg (), as we discussed above, Newton’s method is
applied to iteratively find the root of the function Bgy(0) = B.(8) — By(0),
using the initial value 8 = 6y from Eq. (5.8). In our case, because the initial value
is sufficiently close to the root, the Newton algorithm for the first iteration:

Baig (6)

5.9 6, = g — ——ar\%)__|
(59) 1= ABuy6)/ 0,

yields the following results:

01 = 23.863173 + 2.342945 - 1079/2.586208 - 10% = 23.863174 deg,
B (01) = By (01) — By(61) = —64.362650 + 64.362650,
B (61) = 5.812240 - 10~ ?(code) = 1.516929 - 10™'% deg/s=5.461 - 10~ " deg/h.

Thus, the differential mode of operation can provide a near-zero bias by
properly setting the angle of the standing wave. Although each channel bias is
large, the bias of the difference channel is close to zero. This solves the problem of
bias repeatability when this procedure is used every time the gyro is powered on.

It should be noted that the rate gyro scale factor in this simulation is
SF,(0) = 0.028456 1/(deg/s), which is about 35% less than that of SFy, be-
cause sinfy + cosfy > 1. The same result for the scale factor is also valid for
real gyros [22].

Since the bias depends on temperature and, as a rule, drifts slowly, the 8y also
changes. To maintain the angle 6y at the correct value, where B, (6y) = By(6p), it
is necessary to conduct tests in a temperature chamber to develop temperature
models of the biases B, and B, at angles § = 0 and § = /4. After this,
during the measurement of the angular rate, one needs to change the angle 6,
by computing it by expression (5.8) using the temperature sensor reading. By
doing so, the bias of the differential channel is kept close to zero across the entire
operational temperature range. Since the angle theta is calculated as a ratio of
two biases (see Eq. (5.8)), which both drift with nearly the same rate, their
ratio drifts almost an order of magnitude less than each of them. This results in
a more accurate temperature correction of theta compared to the conventional
bias temperature correction.

6. TRIPLE-MODE CVG WITH AUTOMATIC SWITCHING BETWEEN MODES

The CVG differs from other modern gyros, such as ring lasers, and fiber optic
gyros, in that all three modes of operation, considered here, can be realized in
a single CVG, with automatic switching between modes to provide optimal ac-
curacy for various motion parameters and environmental conditions. This triple

mode can be realized in both MEMS and non-MEMS CVGs.
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The triple-mode CVG control system block diagram, with the capability of
auto- switching from one mode to another, is presented in Fig. 20.
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F1G. 20. The triple-mode CVG control system block diagram.

This block diagram is based on the modified rate-integrating control system
block diagram presented in Fig. 9. It incorporates switcher 1 to switch from one
mode to another. When switcher 1 is set to the position shown in Fig. 20 and
the command angle 0.ymm is equal to zero, Ocomm = 0, the system operates
in the rate mode. When command angle 0., is fixed at one of the values from
a set of Ocomm # mm/4, the system operates in the differential mode, and when
switcher 1 is open (as indicated by the dashed line in Fig. 20), it operates in the
rate-integrating mode.

Figure 21 shows the triple-mode gyroscope simulation results with automatic
switching from the rate mode to the rate-integrating one, and then the differ-
ential mode while measuring a constant angular rate of 100 deg/s.

Differential |
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Rate mode Rate integrating

200 mode

Y channel

Real angle

Angle, deg
Angle rate, deg/s
(=}
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| |
o=
(==
==

T T

-300
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Time, s

Fic. 21. Triple-mode CVG output signal.

There is no transient process when switching from the rate mode to the rate-
integrating mode because the standing wave has no inertia. This means that the
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rate-integrating mode theoretically has unlimited bandwidth. In practice, the
bandwidth is limited by the information processing. When switching from
the rate-integrating to the differential, and then back to the rate modes, tran-
sient responses are significant, and the standing wave can become uncontrollable.
Similar transients also appear when switching between the rate and differential
modes, and vice versa.

To reduce transients during switching, it is necessary to smooth the an-
gle trajectory. For example, Fig. 22 shows the angle trajectory when switching
from the rate mode to the differential one. The transient in the gyro output
signal under such a trajectory is shown in Fig. 23.
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F1G. 22. The smoothed transition trajectory.
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F1G. 23. Transient process under smoothed transition trajectory.

As can be seen, the transient has has no oscillatory behavior, the transient
time is 0.3 s, and the output signal values in the transient are within the limits
of the gyro measurement range. Thus, there is no risk of losing control of the
standing wave.

Based on the advantages and disadvantages of the aforementioned modes of
operation, a possible variant of switching logic scheme is proposed. The block
diagram of this switching logic is depicted in Fig. 24. It aims to provide the
maximum possible accuracy for the particular gyroscope, taking into account
the vehicle motion parameters and environmental conditions.
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Rate integrating
mode

Differential
mode

FiG. 24. Example of modes switching logic.

7. CONCLUSIONS

The metallic axisymmetric resonator CVG can reach navigation accuracy due to
the stability of the resonator material parameters and error auto-compensation.

The differential mode of operation can be considered the third mode for the
CVG and can be integrated along with two other modes (the rate and rate-
integrating modes) to form a triple-mode CVG.

The triple-mode CVG can be implemented for both MEMS and non-MEMS
gyros.

The differential mode of operation exhibits significantly lower sensitivity to
external disturbances compared to the two other modes and can be used un-
der harsh environments, where shocks, vibrations, magnetic fields, and acoustic
pulses at the resonant frequency occur.

Implementing a triple-mode CVG provides the gyroscope with enhanced ver-
satility, enabling optimal accuracy under varying motion parameters and envi-
ronmental conditions, outperforming many other gyroscopic technologies.
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