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Ipoananizoeano nepesazu ougepenuiiinozo Kopionicosa
eibpauiiinozo zipockona. Buxonano nopiensnvnuii ananis
HOMUPLOX MeMOOi8 06POBIEHNA HAOMIPHUX CUHANIG KYmO-
60i weuoxocmi. Axmyanvnicmo 00CaiONCEHb 3YMOBJIEHA
HeoOxionicmio nideuuienns mounocmi cyuachux eibpauii-
Hux zipocxonie. Ompumano memoou o6podaenHs HaOMIPHOL
euxionoi ingpopmayii eipockona ma 600CKOHANEHO MEXHO-
102110 <GIPMYANIbH020> 2IPOCKONA WAAXOM 00UUCAIO6AHHS
MINHCKAHATIbHOT KOPeAAUTUHOT MAMPUYL 8 OH-TAUH PerHcUMi, 3
Memoro nioUWEHHA MOUHOCMI BUMIPIOBAHHA KYMOBOT WEUO -
KoCmi ma 3MeHueHHs WYMi8 3IMIWECHHA HYIS 8 YMOBAX 3Mi-
HI0BAHUX MeMNePaAmMypPpHUX 6NIIUGIE

Kmouosi croea: oupepenuianvruii 6iopaiinuii 2ipockon,
MeXHON02Ii <BIPMYANAbHO20> 2IPOCKONA, 3MIWEHHS HYJIS,
Kopeasyiuna mampuys
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Ipoananuzuposanv: npeumywecmea ouddepenyuans-
nozo Kopuonucoea eubpauuonnozo zupockona. Bvinoanen
CcpasHumenvHblil AHANU3 Hemblpex Memo0oe o06padomxu
U30BIMOUHBIX CUZHANL08 Y210801 CKOPOCMU. AKMYaibHOCHb
uccnedosanuili 06ycnosnena Heo6X00UMOCMBIO NOBLLULE-
HUA MOUHOCMU COBPEMEHHBIX BUOPAUUOHHBIX 2UPOCKONOE.
Honyuenvt memodvt ob6pabomxu u3botMounoil 66LX00HOU
ungopmauuu eupocKona u YcoeepuieHCcmeo8ana mexHoa0-
22U <GUPMYATBLHOZ0> 2UPOCKONA NYMeM BbIMUCTIEHUST MeHC-
KAHAAbHOU KOPPENAUUOHHOU MAMPUYDLL 8 OH-TLAUH PedcuMme
C Uenvbl0 NOBLIUEHUS MOYHOCIU U3MEPEHUs Y2Jl080U CKO-
pocmu u ymeHvuleHUs WYM08 CMeU,eHUsl HYasl 6 YCA0BUSX
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1. Introduction

Gyroscopic angle rate sensors based on modern, for exam-
ple, the fiber-optic inertial technologies are widely used in the
systems of payload stabilization and dynamic object motion
control. Absence of moving parts, small readiness time, high
sensitivity and accuracy are advantages of such gyroscopic
sensors. But gyroscopic sensors built on the fiber-optic tech-
nologies have significant mass and dimensions due to usage
of receiving-transmitting units. At the same time they have
high cost caused by hand operations in manufacturing. Usage
of gyroscopic angle rate sensors built on MEMS-technologies
is one of the basic trends of modern control systems design.
Such gyroscopic sensors have a wide area of application
including stabilization of platforms with information and
measuring devices. Development of this type of sensors is not
completed now. This process requires increasing of operating
characteristics and improvement of technology of sensors
manufacturing. Basic advantages of such gyroscopic sensors
are simplicity of operation and low cost. But achievement of
definite progress is required as to accuracy characteristics of
the sensors. It should be noted that some gyroscopic sensors
of this type are characterized by sufficiently high resistance
to shock influence. But MEMS-gyros have some disadvan-
tages. Their characteristics have some statistical dispersion

caused by deviation of manufacturing conditions from given
in the technical documentation. Furthermore, processes of
separate sensors ageing have different rates. Therefore the
gyroscopic sensors of this type require compensation of bias.
Usually correcting units with different level of complexity are
used for this purpose. It should be noted that many modern
gyroscopic sensors have built-in hardware, which allows
improving their characteristics. So, many gyroscopic angle
rate sensors designed on the basis of MEMS-technology use
built-in systems of temperature compensation. Lately, the
trend of MEMS-gyros characteristics improvement by means
of robust controllers takes place. Such controllers provide the
robust performance of sensors in conditions of their parame-
ters variations. These controllers are able to provide desired
characteristics of stability margin, bandwidth, and stability
of scale factor.

The above listed disadvantages of MEMS-gyros are
eliminated in the perspective digital Coriolis vibratory
Gyro (CVG) with the metallic resonator [1]. Development
of this gyro is implemented by the Aircraft Control Systems
Department of the National Aviation University (Kyiv,
Ukraine) together with PJSC SIC Kyiv Automatic Plant
(KAP) named after G. Petrovsky (Kyiv, Ukraine). Compar-
ative analysis of gyroscopic angle rate sensors of the different
types is represented in Table 1.




Table 1 due to temperature changes. Such changes
Parameters of gyroscopic angle rate sensors are present in conditions of real operation
of the systems to be researched.
Ne | Sensor tvpe | Technology Producer Measuring | Band- | Resistance Relevance of researches in the above
) P type range, deg/s| width, Hz | to shocks, g | mentioned trends lies in increasing of vi-
brator ros accuracy. This provides the
Electro- KAP named ossibiylif yto create th)elz hi h-apcctjrate sys-
1| GT-46 O lafter G. Petrovsky, 50 40 150 p y 1e hig ¥
mechanical Ukraine tems of platform stabilization and control
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2 1G20-075-100] MEMS Gladiator 75 100 500 and easy in operation inertial measuring
Technologies, USA instruments.
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2. Analysis of publications data and
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_ name for all low cost MEMS-gyros and also for
6 VG Vibratory | after gi(I:;t;;)VSky’ 400 100 400 CVG with the metallic, piezoelectric and
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It should be noted that MEMS-gyros such as ADXR646,
ADXR16375 of Analog Devices (USA), CRG20, CRG32P
of Silicon Sensing Systems (USA) are characterized by the
lower accuracy in comparison with CVG. The comparative
analysis of characteristics of CVG manufactured in Ukraine
with characteristics of vibratory gyro with the metallic
resonator “Quaposon” of Sagem (France) has been shown
some its advantages by accuracy and functional possibilities.
The comparative analysis of characteristics of CVG and
fiber-optic gyro DSP-3000 manufactured by KVH (USA)
has shown the significant advantages by such characteristics
as average failure time (almost three times), bias stability
(almost three times), time of readiness to functioning mode
(almost five times), and also by the functional possibilities as
the fiber-optic gyros have no possibilities of functioning in
some operating modes. Components and appearance of CVG
are represented in Fig. 1, 2.
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Fig. 1. Appearance of CVG
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Fig. 2. CVG components

At the same time, such applications as stabilization of
information and measuring devices and control of dynamic
objects motion require further ways to improve accuracy of
gyroscopic sensors including creation of information pro-
cessing algorithms taking into consideration presence of bias

problem requires determination of ways to
design the multi-resonator sensor or array of sensors with
redundant output information about angle rate of an object
along one axis [2]. Integration of redundant information
about angle rate, for example, by means of Kalman filter
[3, 4], and extended Kalman filter [5] in complicated cases
leads to the necessity of mathematical modelling of the mea-
sured angle rate. For example, the angle rate model in [6] is
represented by a Markov process of the first order, and the
general auto-regression model conditionally heteroscedastic
model of the angle rate is used in [7]. The latter takes into
consideration the temperature model of the gyro drift. It is
possible also to use the model of errors based on Allan varia-
tions [8]. Based on models of angle rate, gyro errors, and Kal-
man filter, which integrates them, the so-called algorithm of
“virtual” gyro can be created [9]. In some conditions, which
are given to interconnections between different signals of
sensors in an array of the “virtual” gyro, the measuring ac-
curacy can be significantly increased. Maximum accuracy
of “virtual” gyro measurements can be achieved, if equal
accuracy n sensors in the array have cross-sensor correlation
coefficients equal to py,=—1/(n—1). Correlation coefficients
represent non-diagonal elements of the correlation matrix.
The problem lies in determination of ways to approach sen-
sor array correlation coefficients to optimal values poy and
implement the quantitative estimation of accuracy increase
for a real gyro in the case of minimum n when n=2. From the
other hand, it should be noted that CVG of the new differen-
tial type has been developed in recent years [10]. Thereupon
experimental researches of capability to measure angle rate
with different signs have been carried out [11]. It should be
noted that gyros of this type have the great potential of accu-
racy increase in conditions of low cost resonators usage. The
important advantage of the differential CVG is the possibility
to use means of accuracy increase without changes in the
process of gyro design. The single requirement is a change of
control algorithm of the standing wave vibratory structure.
Therefore functioning of differential CVG can be considered
as the third mode of CVG operation [12] in addition to two
well-known rate-integrating [13] and rate measurement [14].
The differential mode of functioning can be implemented
in CVG and also in MEMS-gyros by means of keeping of
standing wave position between electrodes helping applica-



tion of two signals with stable amplitude on drive electrodes
X, Y. In this case, gyro output signals will present object’s
angle rates with opposite signs. These rates will be read from
sense electrodes X, Y located for the ring resonator under the
angle 45° to drive electrodes [15]. The simplest technique of
information processing obtained by two measuring channels
with opposite signs lies in the usage of subtraction operation
Xsense—Ysense [10]. In this case, the useful signal component,
which corresponds to the angle rate, increases and error
components for both measuring channels are mutually elim-
inated. In conditions of proper alignment of standing wave
angle 8" #mn/4, m=0, 1... components of cross-damping are
compensated too.

Therefore research of the possibility to apply the known
“virtual” gyro algorithm to differential CVG would have
scientific and practical interest. The goal of this research is
to decrease output signal noise by means of redundant infor-
mation available in this signal. It would also be expedient to
use specificity of differential CVG, which has two channels
with opposite angle rates, to approach the cross-channel
correlation coefficient to the optimal value for the mini-
mum quantity of channels (n=2). Furthermore, creation of
modified “virtual” gyro algorithm has theoretical and prac-
tical interest, as this will allow taking into consideration
change of cross-channel correlation coefficient versus time
during changes of environmental conditions. In particular,
it would be appropriate if such modified algorithm foresaw
the possibility to calculate cross-channel correlation matrix
in on-line manner with approaching of the cross-channel
correlation coefficient to an optimal value.

3. Research purpose and tasks

The purpose of the carried out researches was deter-
mination of ways of redundant information processing for
differential type CVG.

To achieve this purpose the following tasks have been
solved:

— improvement of the algorithm by on-line calculation of
the correlation matrix;

— comparison of the proposed improved algorithm with
the known techniques [3, 4, 10];

— determination of the condition, for which the correla-
tion coefficient p approaches to an optimal value pop;

— quantitative estimation and comparison of random
and systematic errors and overshoot value during abrupt
change of angle rate for application of different techniques
of redundant information processing in differential CVG.

During researches the comparative analysis
of four techniques of information processing
from the point of view of measuring accuracy in-
crease and bias noise decrease, when temperature
changes, was carried out.

4. Research materials and different techniques
for CVG redundant information processing

4. 1. Differential mode of CVG operation

Dynamic equations of standing elastic wave
based on two-dimensional pendulous model [16]
can be presented as follows

Y channel drive electrode

X channel sense electrode

x-2kQy+d x+d y+k x+k y=f;
y+2kQx+d, x+d, y+k x+k y=1{;
d,=2/t+hcos20, 2/1=1/1,+1/1,,

h=1/t,-1/1,, d,=2/t-hcos20,, d, =hsin2e,,

XX

k,, =0} —0Awcos20,, k, =o;+o0Ancos26,,
0Aw= (0] -®;)/2, k  =-0Ao0sin20,, )

where k is Brian coefficient depending on resonator geom-
etry; dyy is X axis damping coefficient; 1; is minimum res-
onator’s damping time; Ty is maximum resonator’s damping
time; dyy is Y axis damping coefficient; dyy=dyx are damping
cross-coupling coefficients; kyy and ky, are normalized by
mass resonator rigidities along X and Y axes, respective-
ly; 8, and 6; are angles between minimum frequency and
damping axes and standing wave antinode axis, respectively,
shown in Fig. 3; ;, 0y are maximum and minimum resonant
frequencies; Amw=wm;—w; is frequency mismatch; ky,=kyy are
resonator rigidity cross-coupling coefficients; fy and f, are
normalized by mass control forces.

If believe that control forces f and fy are applied to the
excitation electrodes X and Y so that standing wave is po-
sitioned at an angle 62mn/4, m=0, 1, 2... to the X channel
drive electrode, then they can be determined as follows

f =(Kx+Kx)G,;
f, =Ky +Kiy)G,, 2

where K}, K§, K, K! are control signals components re-
sponsible for resonator’s damping and rigidity along X and Y
axes expressed in electrical signals and modulated by displace-
ments x and y and displacement rates X, y, respectively; Gy and
Gy are transformation coefficients of control voltages applied on
X and Y drive electrodes into the forces, respectively.

It should be noted that standing wave antinode does
not coincide with any of eight electrodes disposed at equal
angles /4 along resonator circumferential coordinate. Four
of these electrodes are shown in Fig. 3.

Substitution (2) in (1) and grouping terms results in the
following equations

x+d x+(k, -KiG )x+k y=(2kQ-d )y +K;G X

y+d, y+(k, -KiG,))y+k x=(-2kQ-d )x+KiGy. (3)

X channel drive electrode

Standing wave




Terms at x and y variables in the left side of the equations
(3) are responsible for vibration frequency along X and Y
axes, respectively. Control signals K, K{ can be formed so
that vibration frequency along X and Y axes will be close to
each other w=wy=m, and Aw=0. This is usually implemented
by means of quadrature signal Q nulling using known proce-
dure represented in [17]

Q =mn(xy —xy)—>null. %)

Implementation of the procedure (4), for example, by
means of proportional and integral (PI) controller leads to
vibration of two channels X and Y at the same frequency @,.
From the mathematical point of view it means that the follow-
ing relationships are true

(k, —KiD,G )x+ky = ox,
(k,,~K!D,G, )y +k, x =0’y (5)

Substitution of the relationships (5) into the equation (3)
allows obtaining of such expressions

$+d x+oix=(2kQ-d, )y +KiG %,
y+d, y+oly=(-2kQ-d, )x+KiGy. (6)

As can be seen from the equations (6) frequencies of reso-
nator vibrations on axes X and Y are the same. It means that
control forces equalize resonator rigidities by these axes and
compensate cross-coupling rigidity, which is characterized
by coefficient kyy. Interdependency of the equations (6) is
defined by Coriolis forces and cross-coupling damping char-
acterized by coefficient dyy, which it is impossible to differ
from Coriolis force that is angle rate. This causes the basic
error of the vibratory gyro.

Stationary solution of the equations (6) can be represent-
ed in the following form

X =rcos20sin(m,t); y =rsin20sin(o,t + @), )

where @ is constant difference of phases between signals of
electrodes X and Y; r is amplitude of standing wave; 0 is angle
between drive electrode X and standing wave antinode axis.

After substitution of the solution (7) in the equation (6)
and some transformations it is possible to obtain

[d,, cos26—(2kQ~d, )sin20cos¢ -
-K}G, cos28]cosm,t =
=(2kQ~-d, )sin20sin@sin.t,

[d,, sin20cos+(2kQ+d, )cos 20—
-K}G, sin28cosg]cosm,t =
=(d,, sin20sin @ - KG, sin 26sin @)sin o, t. ®)

As can be seen from the equations (8) the X and Y sense
signals are amplitude modulated ones, where carrier is resonant
frequency o, of the resonator and angle rate Q together with
measurement errors are modulating signals. Left and right sides
of the equations (8) can be equal to each other at any instant of
time if and only if amplitudes of the corresponding sine and co-
sine functions are equal to zero. Therefore, after transformation
mechanical signals (displacements x and y) into electrical ones

using transformation coefficients Dy and Dy, of X and Y sense
electrodes, respectively, four equations can be obtained after
demodulation using two reference signals sinw;t and coso,t

—(2kQ~d,,)D, sin208cos@+D.d, cos20—
-K}D.G, c0s26=0,
(2kQ—d_)D, sin 20sin =0,

2kQ+ dxy )D_ cos26+ Dydyy sin20cos @ —
-KiD,G, sin26cos =0,
D.d,, sin26sin@-KiD G, sin26sin¢=0. )

From the equations (9) it follows that when phase differ-
ence is equal to zero =0, only the first and third equations
of the set (9) remain nonzero. In opposite case (¢=m/2) the
stable standing wave can not be sustained.

Let us rewrite the first and third equations of the set (9)
putting ¢=0, as measurement equations

—2kQD, sin20+D.d,, cos20+d D, sin20=z,

2kQD, cos26+Dd sin20+d D, cos20=z,. (10)
where zy and zy are the X and Y sense axes measurement signals
obtained after demodulation by the reference signal cosm;t.
From the equations (10) it follows that differential gyro
gives us information about angle rate —Q and Q from X and Y
sense electrodes, respectively. Coefficient of proportionality
between angle rate and output signal is usually called the gyro
scale factor. Differential gyro is characterized by two such
coefficients by channels X and Y with appropriate notations
SFy and SF,. Output signal components, which do not depend
on the angle rate, are usually called the gyro zero bias. Differ-
ential gyro has also two biases by the X and Y channels with
appropriate notations By, By. So, for introduced scale factors
and biases it is possible to write the following expressions

SF, =2kD, sin26; B, =D,d,, cos20+d, D, sin 26,

SF, =2kD, cos26; B, =D,d, sin20+d D, cos26. (11)

It should be noted that zero biases and scale factors for
both measuring channels are periodically changed in accor-
dance with change of standing wave angle 6. Dependences
of zero biases and scale factors on angle 6 for both channels
X and Y are represented in [12]. Thus equations for determi-
nation of angle 8y, for which zero biases by channels X and Y
will be equal, become

D.d

XXX

c0s20, +d, D, sin20, =

=D,d,, sin26,+d D, cos26,. (12)
Solution of the equation (12) for 0y yields

1 XX - dX y
0, =—atan—=>——"" (13)

2 Dy dyy - de

When the standing wave angle is 0y, the difference of the
two channel measurements z,—z, cancels bias and increas-
es angle rate signal. In this case, zero bias measurements
can be obtained. For the most sensors Dy=Dy, dy=~dy, and
dyy<<dyx, 50 Bp=m/8=22.5°.



When the standing wave angle is 0y, the difference of
the two channel measurements, zy—z,, cancels bias and
increases angle rate signal. In this case, zero bias measure-
ments can be obtained. For most sensors Dy=Dy, dy=dyy,
and dy<<dyy, s0 6p=n/8=22.5°.

There is also standing wave angle 8" that equalizes X and
Y channel scale factors. This angle can be determined in the
following way

2kD, sin26" = 2kD_ cos26’,

(14)

)
0 =1atan D, =1z;1tan(SF’('a tan29}
27D, 2" (S
where SF?, SFye are X and Y channel scale factors at arbi-
trary standing wave angle 6.

It should be noted that the angle 8" is close to m/8. It is
convenient in practice to perform the following actions:

— to set the initial value of the standing wave angle n/8;

— to determine SF and SF, by using standard calibra-
tion procedure;

— to calculate 8” using the expression (14);

— to form a control command for standing wave reorien-
tation to the proper angular position 6",

When the standing wave angle is 6°, the difference, Zy—Zy,
and sum, zy+zy, of two X and Y channel measurement signals
will be defined by the expressions

D.D
SF,Q+ (dy.v -d )—

=z -z,

D2+D?

DD D.(D.+D
Wy (d_\,y+dxx)+dey:Zy+Zx’

,lDi+D§

JDi+D;

The first two sub-graphs of Fig. 4 show high enough bias-
es determined by dy and dyy (see By and By in the expression
(11)) from the point of view of equivalent angle rate. The
third sub-graph shows close to zero bias of differential chan-
nel, because (dyy—dyy)/2=—hcos2(6"-6;), and h is close to
zero. The fourth sub-graph represents z,+z, as a combination
of differential CVG bias parameters in accordance with the
expression (15). It is mainly determined by the large enough
term (dyyt+dyy)/2=2/1.

4. 2. Inter-channel correlation matrix determination

In order to realize four signal processing techniques two
types of measurements were made by the differential CVG
prototype. The first type of measurements was made in static
gyro position. X and Y channel biases raw measurement data in
the temperature range (+26...+72) °C are shown in Fig. 5. Root
mean square (RMS) value of noise deviation at temperature
72 °C for X channel signal is 0.019 deg/s, for Y channel signal
it is 0.023 deg/s, and for differential channel it is 0.009 deg/s,
respectively. X and Y channels raw data correlation matrix is

(16)

1 4
corrcoef(X,Y) = |: 0,7697 7:|.

0,769747 1

As can be seen from the expression (16) correlation
coefficient p=0.769747 is positive and far from optimal pp
for n=2 (popt=—1). These measurement data are used to find
temperature correction polynomial coefficients which then
will be used to correct biases in the second type measure-
ments at gyro rotation.

Fig. 6 shows raw dynamic (second type data) measure-
ments at gyro rotation with angle rate £50 deg/s. These
measurements are an alternative to static, as shown in Fig. 5
temperature profile.
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in contrast to CVG operating in conventional 0
mode [16]. CVG output signals measurement
results are presented in Fig. 4.
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Fig. 5. Bias measurement in X and Y channels
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Fig. 4. Differential CVG output signals

33 biases correction correlation coefficient p becomes
*10° very close to pop has been verified and confirmed
for another three prototypes of differential CVGs.



120 here 7, =(z.z>,)" are X and Y channel measure-
1001 1 ment signals after biases correction; tq is a Markov
@ gol | process of the first order correlation time; v, is X
& o X chamelfls channer | and Y channels white noise measurement vector;
3 10 N W H is a measurement matrix; R is X and Y channels
z covariance matrix; € is an initial value of angle rate.
2 208 1 Technique 4 of differential CVG signals pro-
or 1 cessing is the same as technique 3, augmented
[Y" channe . . . . .
—20F ll”Xcharmel 4 by calculation of correlation matrix R in on-line
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0 05 1 L5 2 25 3 35 1 A .
Time, s ¢ sample time angle rate. As a result the following
“virtual” gyro fusion algorithm is obtained:
Fig. 6. X and Y channels angle rate measurement results
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About 2 times reduction of RMS values of bias noise for
X and Y channels (Fig.7), as against data represented in
Fig. 5, are due to that for bias correction both temperature
sensor signal and internal control signals have been used. It
should be noted that RMS value of bias noise for z,—z signal
is almost the same with the value of 0.0093 deg/s.

5. CVG redundant information processing techniques
research results

Differential CVG signals processing technique 1 is that
bias polynomial model correction coefficients, obtained
during preliminary testing are applied to each of X and Y
measurement channels separately during rate measurements
and then half difference of measurement results is taken.

Technique 2 is the same as technique 1, but correction is
applied to the difference, z,—z, of X and Y channel signals,
i.e. the difference is firstly taken and then correction is ap-
plied to the difference signal that reduces computing load.

Technique 3 is that after X and Y signals correction (as
it is made in technique 1) Kalman filter “virtual” gyro fu-
sion algorithm is applied using 1st order Markov process as
an angle rate model, realized in [3], with covariance matrix
which normalized version is presented by the matrix (17). As
a result the following system and measurement equations for
“virtual” gyro are obtained

Q. =-Q/t,+w; o2 =10; 1,=10°Q,=0,
=HQ,, +7,,:7,=(v v}) i H=(1 -1), (18)
where
e e

here [i, is X and Y channel signals mean value’s vector; fi, is
an initial value of p variable; K is a Kalman filter gain coef-
ficient; Qi is angle rate estimate at ith time moment; T is a
sample time.

Table 2 and Fig. 8 show constant 50 deg/s angle rate esti-
mates obtained in the temperature range (+26...+72) °C for all
four above mentioned processing techniques. Table 2 presents
angle rate estimates after subtraction vertical component
of the Earth angle rate, which is equal to 3.22x107 deg/s.
Almost the same results are obtained for measurement of neg-
ative angle rate, —50 deg/s.

Table 2

Measurement results comparison based on four information
processing techniques

Temperature, Angle rate, deg/s
°C Technique 1| Technique 2 | Technique 3 | Technique 4
26.3 50.0821 50.1175 50.0819 50.0813
35.2 50.1334 50.1262 50.1332 50.1325
43.6 50.0818 50.0548 50.0817 50.0812
58.1 49.9761 49.9615 49.9759 49.9756
72.3 49.9889 50.0393 49.9887 49.9884
26.3 49.7441 49.7792 49.7439 49.7437
43.6 49.9404 49.9138 49.9403 49.9401
Mean 49.9924 49.9989 49.9922 49.9918
Std. 0.13 0.12 0.13 0.13
Rg?r‘i‘;m 0.26 % 0.24 % 0.26 % 0.26 %
Systematic | o 6150, | 0002% | 0016% | 0.016%
error

One can see from Table 2 that random errors for all com-
pared techniques are close to each other. The systematic er-



ror of technique 2 is much lower than that of techniques 1, 3,
and 4. Systematic and random errors of techniques 1, 3 and 4
are very close to each other when measuring angle rate in the
temperature range.

Fig. 10 shows the root of Allan variances of X and Y
biases between angle rate measurements when temperature
changes from 72 °C to 26 °C at ramp —0.6 °C/min.

Within the framework of the research it is 1000
convenient to compare bias noise during and B o - Temperature range [£720C +26 0CT . ]
between angle rate measurements, when there 100 krssmissmmssmsnssises s OIS T2 'OQ“‘.“!:.. ERNLTLI N T —
is a temperature ramp and, also, transient SRR S 6 B e e A S S e
during angle rate change. Table 3 presents = \ CV i Techniques T, 2 'and 3
. . & 10g e Gz

RMS value of noise when angle rate is present & Fri TR
and absent at 72 °C stable temperature. RSO S

Data of Table 3 show that technique 4 I e e e

. . E e Technique d : :

has RMS noise almost 2 times less than that i e
of other techniques. It should be noted that 01l R R R R R R R
using Table 3 data one can calculate angle 10° 10 107 10° 10!

rate short term fluctuation sy, as follows

64 =+/(0,00817)? —(0,00805)* =

=0,0014 deg /s. (20)

Fig. 9 shows overshoot processes when changing
angle rate abruptly from 0 to 50 deg/s. Overshoot for tech-
nique 1is 4 %, for 2is 2.9 %, for 3 is 2.5 % and for 4 is 1.3 %.
Thus, technique 4 has almost 2 times lower overshoot, than
the best of three others.

Table 3
RMS values of noise at stable temperature 72 °C

RMS value, deg/s
Technique 2

Experiment
conditions

Technique 1 Technique 3| Technique 4

Angle rate

. 0.00817
1S present

0.00818 0.00769 0.00460

Angle rate

is absent 0.00803

0.00806 0.00756 0.00435

Averaging time, &

Fig. 10. Root of Allan variances for all four techniques

Noise parameters for all four techniques during tempera-
ture ramp do not significantly differ. Allan curves of the first
three techniques have no visible difference. Technique 4 has
20-30 % less quantum noise, random walk and bias instabil-
ity than others.

6. Discussion of redundant information processing
techniques results

Differential CVG was created by Ukrainian speciali-
sts that have been carried out experimental researches
[10] and have been shown the possibility to realize CVG
with three modes of operation [12] along with rate and
rate-integrating ones. Advantages and disadvantages of
the differential mode are now carried out. The goal of
these works is to define conditions of switching to this op-

erating mode to provide maximum working and

50.2 T T
Technique 2

50.1F Teclniques 1, 3 and 4

o]

True angle rate

4991

Angle rate estimate, deg/s

497 I I I 1 1

operating characteristics of triple-mode CVG in
comparison with two other modes.

Based on carried out researches, the possibili-
ty to use the known algorithm of “virtual” gyro

====--- in differential CVG was revealed. This algorithm

was grounded in [9] and applied to an array of four
1 one-axis unidirectional gyros created on the basis
of MEMS gyro [7]. This algorithm is designed for
1 redundant information processing. It is shown,
that using the modified algorithm of “virtual”
s gyro in differential CVG, it is possible to provide

L L L
25 30 35 40 45 50 35 60 65
Temperature,°C

Fi

d. 8. Angle rate estimate versus temperature

70 75

correlation coefficient close to optimal value.
This leads to sufficient measurement noise de-
crease and also to improvement of overshoot when

abrupt change of angle rate, that it is important

saf ]
Technique 1 overshoot = 4 % for CVG applications in h%gh dynamics vehicles.
) Nevertheless the systematic component of angle

31.5¢ Technique 2 overshoot =2.9 % 4 . .

rate is not improved. Furthermore, measurement
. Technique 3 overshoot = 2.5 % noise is decreased due to significantly greater
%n 51F Technigue 4 overshoot = 1.3 % 4 quantity .of computlng operations rgsqltmg 1n
computational burden increase. Thus, it is conve-
so.5L | nient to use the considered algorithm in differen-
' tial CVG information processing in systems for
stabilization of lines-of-sight of devices operated
S0E | | . . ‘ on ground vehicles. As a rule, such systems are
24365 2437 2'4375T].me . 2438 24385 2'43? sensitive to noise influence but do not require ac-

> x 10

Fig. 9. Overshoots when abrupt change of angle rate at temperature of 72 °C

curate determination of angle rate in contrast to
the navigation systems.



7. Conclusions

1. The modified algorithm of “virtual” gyro is pro-
posed. In contrast to [3, 8] this algorithm calculates
inter-channel correlation matrix in on-line manner. This
decreases measurement errors due to taking in account
changes of inter-channel correlation coefficient ver-
sus time.

2. The comparative analysis of the developed modified
algorithm of measuring information processing (tech-
nique 4) with other known techniques (1, 2 and 3) is car-
ried out. This analysis has been shown that the algorithm
of technique 4 has approximately twice lesser RMS ran-

dom error both during angle rate measurement and without
it (bias measurement).

3. Conditions, for which differential CVG inter-chan-
nel coefficient is close to the optimal value pop=—1 when
the number of redundant channels is equal to 2, are deter-
mined. These conditions are implementation of scale factor
and bias temperature correction in differential CVG.

4.1t is defined that the systematic error of angle rate
measurement by means of technique 2 is almost one order of
magnitude lower in comparison with systematic errors of other
techniques. Also it is shown by means of quantitative estimation
that technique 4 during abrupt change of angle rate provides
almost 2 times lower overshoot in comparison with three others.
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