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Abstract—A new method for on-run periodic scale factor and bias self-calibration of vibratory
gyroscopes in an inertial measurement unit with a redundant number of sensors is proposed. Self-
calibration uses predefined virtual positive and negative angle rates to calibrate the SF, and the bias of
the gyroscope that is in calibration mode, while the others, at least three gyroscopes of an inertial
measurement unit, whose sensitivity axes do not lie in the same plane, operate in the measurement mode
to measure the real angle rate of a vehicle. The projection of the current angle rate onto the sensitivity
axis of the gyroscope being calibrated is computed from the results of measuring the full angle rate vector
by the other three gyroscopes, creating conditions for the calibration procedure. In contrast to known
methods, such as single-axis or multi-axis rotation of an inertial measurement unit and vibration modes
reversal, the proposed method does not use mechanical rotation, which requires additional devices, and
does not require a reorientation of the vibrating wave, which entails the need to align the parameters of
the two measuring channels. The scale factor and bias calibration procedure using this method is the
same for any gyroscope of an inertial measurement unit and can be applied to several gyroscopes at the
same time. Therefore, the proposed method has great potential for an application not only for small-sized
4-gyro inertial measurement unit based on vibratory gyroscopes but also for multi-gyro inertial
measurement unit based on micro-electro-mechanical gyroscopes. Experimentally shown that using the
proposed method a gyro requirements mitigation coefficient can be substantially increased and can
provide high accuracy for autonomous navigation systems based on low-cost, small-sized, and micro-
electro-mechanical gyroscopes.

Index Terms—Scale factor; drift; virtual angle rate; self-calibration; requirements mitigation coefficien.t.

1. INTRODUCTION

Gyroscope errors have a significant influence on
inertial navigation system (INS) accuracy. For INS
based on low-cost gyroscopes, position and attitude
errors accumulate very quickly over time [1], [2].
For example, the position errors of a low-cost micro-
electro-mechanical systems (MEMS)-gyro-based
INS will grow to kilometers for several minutes of a
motion time [3]. Independent on which gyros are
used in an INS, to improve performance of INS built
on lower cost gyros, there is a need to restrict the
fast accumulation of errors versus time. This
problem is relevant not only for MEMS gyroscopes
but also for small-sized gyroscopes of all types, such
as fiber-optic, ring laser, and Coriolis vibratory
gyroscopes (CVG) to build an autonomous low-cost,
high-accurate INS. Among the types listed above
gyroscopes, CVGs have advantages in terms of
reliability and low cost, as well as, as will be shown
in this work, of the ability to perform calibration

without the use of additional rotary devices and
calibration maneuvers of a vehicle.

II. ANALYSIS OF PUBLICATION DATA AND PROBLEM
STATEMENT

There are some methods to improve INS
performance. First, a very popular method of INS
and a global positioning system (GPS) receiver
integration should be mentioned. Inertial navigation
system data and high accurate GPS position data are
being combined in a Kalman filter that estimates
gyro errors based on the accepted models [4] — [6].
However, receiving a GPS signal is highly
dependent on environmental conditions, and it is not
always possible. Therefore, there is a time gap when
an INS must operate in autonomous mode with a fast
accumulation of gyro errors.

The second method is a self-calibration one using
single-axis [7] or multi-axis [8] — [10] mechanical
rotation of inertial measurement unit (IMU). Those
autonomous methods enable one to calibrate gyros
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and accelerometers biases, scale factors (SF), and
their misalignments without the involvement of
external information.

To identify the thermal model, the rotation
scheme is repeated ten times to estimate error
parameters under different temperatures. Then, the
Kalman filter algorithm is used to estimate
parameters, which are under calibration. These
methods propose to mount an IMU on the two- or
three-dimensional gimbal that increases system
complexity, power consumption, size, cost and
reduces reliability, as well.

The third method is a periodic self-calibration of
gyro biases and SFs in IMU without mechanical
rotation. This method uses IMU based on a
redundant number of CVGs including MEMS gyros,
by reversing vibration modes. In such an IMU there
must always be three gyros whose sensing axes do
not lay on one plane and can measure full (three-
dimensional) vector of vehicle angle rate while at
least one gyro is in calibration mode [11] — [13]. The
periodic switching between the vibration modes
limits the bandwidth of the gyroscope and causes
transient. Moreover, it reduces calibration
effectiveness under temperature change.

III. REVIEW PURPOSE AND TASKS OF THE
RESEARCH

This paper presents a new method to implement
periodic self-calibration of CVGs biases and SFs in
the IMU with redundant gyroscopes without
mechanical rotation and modes reversal. The method
does not change gyro bandwidth and be more
efficient under temperature change. The idea of the
proposed method is that instead of modes reversal or
mechanical rotation, predetermined virtual positive
and negative angle rates are used to calibrate SF and
bias of a gyro, which is in calibration mode, while
the other three gyros of the IMU are in the
measurement mode. A projection of the current
angle rate on the sensing axis of the gyro being
calibrated is computed and removed by the results of
measurement of full angle rate vector by the other
three gyros, thus creating the conditions for the
calibration procedure.

IV. SIMULATION OF A VIRTUAL ANGLE RATE

To realize the method, gyros in the IMU should
be disposed of so that any three gyros would not lay
in one plane. One of the known dispositions of the

gyros meeting the requirement is a polyhedral
truncated pyramid [11].

To simulate the predetermined virtual positive
and negative angle rates in a CVG operational
temperature range, one should first be built a
temperature model that connects the value of the
electrical signal (voltage for analog CVG or code for
digital one) with the angle rate that should be
simulated. This model can be built by analogy with
the SF model based on not necessarily only
temperature data, but on the resonant frequency,
drive amplitude, and quadrature amplitude, as
well [14].

Then, using this model, code (or voltage) that
simulates the predetermined virtual angle rate is
computed and added to the output of controller 3
that controls the Coriolis signal, S, presented in
Fig. 1 of a CVG control system block diagram [15].

Figure 1 presents a ring-type resonator with
eight, symmetrically located through the angle
45 deg, electrodes. Diametrically opposite electrodes
are connected to each other. As a result, a sensor has
two input signals (X, Yi,) and two output signals
(Xou» Youw). It means that the sensor can be
considered as a two-input-two-output plant.

Vibration excitation is provided by supplying a
periodical signal to the X;, electrode at the resonant
frequency. Response to the excitation is picked off
from the X, electrode and is used to sustain
vibration and to track for changing of resonant
frequency using phase lock loop (PLL) with the
generation of the two orthogonal sine and cosine
signals. Vibration amplitude stabilization at the
value of 4, is based on controller 2. Secondary wave
amplitude is picked off from the Y, electrode
located at the nodal point of the primary wave and
with the help of the sum of negative feedback
signals, formed by controllers 3 and 4, is suppressed
by supplying opposite phase signal to the Y,
electrode located at the other nodal point of the
primary wave.

Thus, feedback signal amplitude that
compensates for the sine (Coriolis) component S, of
the node vibration is proportional to the angle rate
Q. Hence, when the processor adds the code
corresponding to the angle rate Q, to the output of
controller 3, the gyroscope will simulate the virtual
angle rate Q,, which is added to the external (real)
angle rate.
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Fig. 1. Coriolis vibratory gyroscopes control system block diagram

At the same time, three other gyroscopes of an
IMU measure the current real angle rate acting on
the gyro under calibration due to vehicle motion to
create the proper conditions for the gyro calibration.

V. CALIBRATION PROCESS AND ITS ANALYSIS

To explain in detail the calibration process of any
gyroscope in an IMU, consider, as an example, an
IMU consisting of four gyroscopes Gi, G, G3, and
G4 which axes of sensitivity are perpendicular to the
faces of the truncated tetrahedral pyramid shown in
Fig. 2 [11].

Fig. 2. A redundant-gyro IMU of four single-axis gyros

In this figure, X, Y,Z, is the rectangular coordinate
system connected with the IMU, which should be
aligned with the wvehicle axes. The angles

6’;, Gf,, GIZ‘, k = 1...4, between the sensing axis of
the kth gyroscope and the coordinate system X,Y,Z,
are supposed to be known. These angles are usually

determined in the process of the IMU calibration at
the manufacturer’s site.

Figure 2 shows the angles for only the first G
gyroscope. In this IMU of four gyroscopes, only one
gyroscope can be entered into the calibration mode,
while the other three gyroscopes have to operate in
the angle rate measurement mode to measure the
full, three-dimensional, angle rate vector of a
vehicle.

The process of SF and bias calibration by this
method is the same for any of the IMU gyroscopes.
Therefore, this procedure is considered for only the
first gyro Gy, presented in Fig. 2.

Figure 3 presents a block diagram of each gyro in
the IMU. The block diagram includes a gyroscope 1
itself, a unit 2 used to generate a signal that
simulates constant, but sign-changing predetermined
virtual angle rates, a unit 3 averages the output
signal of the gyroscope, and switches 4 switch the
operating modes of a gyro.

Q.
s
LTy

Fig. 3. Each gyro block diagram of the redundant IMU

When both switches 4 are open, a gyroscope 1 is
operating in the measurement mode, and when both
switches are closed, the gyroscope is operating in the
calibration mode.
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Under calibration mode, block 2 generates a
signal in the form of a digital code, for digital
gyroscopes, or voltage, for analog gyroscopes,
equivalent to a predetermined virtual angle rate Q,
for time interval 7 and adds it to the output signal of
the controller 3, shown in Fig. 1. In this case, the
gyro output signal is the sum of the virtual angle rate
Q, and the projection ; (k = 1) of a vehicle angle
rate Q, on the sensing axis of the kth (first) gyro
under calibration.

The total signal Q; + Q, enters the averaging unit
3 and at its output the averaged over a time interval

T signal z; is formed. Then, block 2 generates a

signal —Q, during the same time interval 7, and the
output of block 3 forms one more averaged over

time interval 7 signal z, . Under the supposition that
both SF and bias of the gyro under calibration are

constant values, the following two equations can be
written:

z, =SF,(Q, +Q,)+ B,,

i _ (1)
z,, =SF,(-Q, +8,)+B,,

where SF; is the gyro scale factor; B, is the gyro
bias; Q, is the value of the simulated virtual angle

rate; Q,is the average value over the first time
interval T of the vehicle angle rate (), projection on
the sensing axis of the gyro under calibration; S_Zz is
the average value over the second time interval T of
the vehicle angle rate , projection on the sensing
axis of the gyro under calibration.

Projections Q and Q,are computed by the
readings of the three gyros, which are in the
measurement mode, by the following expressions:

Q = (S_).IGZ cos0 + Q. cos0’ +QL, cos0’ )cos 0! + (Q'GQ cos0? +Qy; cos O’ + Oy, cos 91)

1 (O] 2 Y 3 Ol 4 1
-cosf, (QG2 cos0. +Q,cos0. +Q, cosO’ )cos 0.,

O (02 2 0?2 3 2 4 1 0?2 2 0?2 3 0?2 4
Q, = (QG2 cosO. +Q,cos0. +Q, cos Gx)cos 0, + (QG2 cos 0 +€Q; cosO) +Q, cos Oy)

2

1 (2 2 2 3 0?2 4 1
-cosf, (QG2 cos0. +Q,cos0. +Q, cosO’ )cos 0.,

Whereﬁgz, §_2163 ,
first time interval T of a vehicle angle rate €,

projections on the gyroscopes G», Gs, and G4 sensing

axes, respectively; QZ,, Q,, and Q}, are the
averaged over the second time interval T of the
vehicle angle rate Q, projection on the gyroscopes
G,, G3, and G4 sensing axis, respectively.

The solution of equations (1), using the measured
values Q, and Q, from (2), for SF, and B, gives the

calibrated values of these parameters:

and Q, are the averaged over the

SF}) o Z(JV :ZIJV — s
20,+0,-Q,
_ _ 3)
5 (@, 40)+2,(-0,+Q)

’ 20 +Q, -Q,

Thus, to obtain a solution for the parameters being
calibrated it needs to simulate two, p = 2, angle rates
with opposite signs, when both SF and bias are
supposed to be constant during calibration time.

The main determinant of the system (1) should
not be equal to zero, i.e.:

B, =2Q,+Q, -Q,. 4)

However, in a real situation, when there is a
measurement noise, to ensure satisfactory accuracy,

it is desirable to have this determinant as large as
possible by absolute value, i.e.

20, +Q, —S_)_z|>>0. (5)

Since the values of Qand Q,can be the

maximum possible and opposite in sign for the
vehicle, which the IMU is mounted on, it is
advisable to choose Q, from the condition:

@, : (6)

where Q. is the maximum angle rate of the
vehicle.

Therefore, to maximize the determinant of the
system (1) at any possible angle rate for the
particular vehicle, the virtual angle rate should be
much more than the maximum angle rate of this
vehicle.

In a practical case, the averaging time interval T
should be chosen sufficiently long (some tens of
seconds) to reduce measurement noise, then

S_Zl <Qmax and S_Zz < Quax. Thus, Q, can be chosen of

no more than 1.5Q,. to guarantee that the main
determinant will be sufficiently large.

When the ambient temperature does not remain
constant, but slowly changes during the calibration
process, a linear drift of both bias and scale factor

>> |Q

max
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usually appears. Therefore, linear drift components
should be included in SF and bias models. In this
case, it is necessary to simulate at least four, p = 4,
virtual constant angle rate with different signs +Q,
and —Q, for each next time interval of T duration to
obtain the following four equations:

1 T _ T
z! = (SF, +FJ;aSFtdt)(QV +Q)+ B, +%J;agtdz,
2> =(SF, +12J‘Ta tdt)(-Q, +Q,)+ B +l2fa tdt
av 0 T ) SF v 2 0 T ) B °
, 1 3T _ 1 3ar
250 = (SFy +— [ agtdt)(Q, +Q,) + By +— [ adt,
T2T TZT
. 1 4T _ 1 AT
2o = (SFy +— [ agotd)(=Q, + Q) + B, +— [ a,tdt,
T 3T T 3T

(7

) are averaged over the four

where zllw,zjv,zav,zjv
consecutive time intervals of T duration of the
simulated, sign-changing virtual angle rate £Q,; SFj,
By are the scale factor and bias of the gyro under
calibration at the beginning of a calibration interval;

asr, ap are the scale factor and bias linear drift rate,
respectively; Q,,Q,,0Q,,Q,are the averaged over
the four consecutive time intervals of 7" duration of a
vehicle angle rate €, projections on the sensing axis
of the gyro under calibration, respectively.

After integrating (7), the following matrix
equation to determine unknowns SFo, By, asr, and ag
is obtained:

z,, SF,
z? a
av | _ M SF , 8
217 s ®
z a,
where matrix M is
Q +Q, (Qv+§_2])§ 1 g
-Q,+Q, (-9, +g_22)37T 1 %T
M =
Q +Q, (Qv+ﬁ3)% 1 %

-Q,+9Q, (—Qv+ﬁ4)§ I

2

When det(M) # 0, it is possible to determine the
unknown parameters, and when the condition (6) is
fulfilled, the determinant has a large enough value
and makes it possible to determine these parameters
with satisfactory accuracy at high measurement

noise. For example, det(M) = —1.58x10" for Q, =
= 110 deg/s, €, =Q,=100deg/s, €Q,=Q,=
=-100deg/s, T =30 s, and for 7 = 10 s, det(M) =
= —1.76x10°. It means that even at an insignificant
excess of Q, over vehicle angle rate, a sufficiently
high value of det(M) enables reaching good
calibration accuracy for short time.

To determine the parameters SFy, By, asr, and ag,
redundant measurements can also be used, that can
be obtained for SF and bias, B, linear drift models
when the number of simulated sign-changing angle
rates is p > 4. This results in similar to (8) matrix
equation written for even n:

z;, SF,
-2
zZ a
av :M] SF , (9)
BO
z? ag
where matrix M, is
Q +Q (QV+§_21)1 1 r
2 2
_ _ 3T 3T
-Q +Q, (-Q, +g22)7 1 =
_ —  Q2p-3)T Q2p-3)T
Q.+, @+0Q,)) p2 p2
0,+0, (©@+a,)2 T @p-DT
2 2

The solution of this equation can be obtained,
using the least-squares method:

SF, z!

Asr Tag\-lagT Z;f

=(M{ M) "M | T |, (10)

-p
av

ag z

where superscript ' stands for transposition.

In the general case, one can determine m
coefficients of the basic approximating functions
(not necessarily power polynomial) for the SF drift
model and 7 coefficients of the basic approximating
functions for the bias drift model. For this, it is
necessary to obtain at least p = m + n + 2 equations,
i.e. to simulate not less than p time intervals 7 of
sign-changing virtual angle rate + €,. In this case, p
equations for each gyroscope under calibration can
be obtained.

Above, power polynomials have been used to
approximate drift models for both parameters SF and
bias. However, any types of basic approximation
functions can be used for both SF and bias.
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These equations, in the case of polynomial basic ~ where
functions, in matrix form are represented as folTlows: ;= (szl B )T pemen+2,
Z,=M,(SF, ag - day B ay - d),(11)
_ _ TVM T Tn
Q+Q - Q, +Q, 1 —
m+1 2 n+1
M = : :
p
_ _ |:pm_ p_l m:|Tm B |:pn_ p_l ”:|Tn
—Q,+0 —Q,+0 (P71 p epbT (p~1)
P ? m+1 2 n+1
Solution of equations (11) can be obtained by thus, increasing the requirement mitigation
analogy with (10), where instead of M;, M, matrix is  coefficient K.
substituted. This solution yields a gyro scale factor To reduce the maximum degrees of the

SFy as well as its bias By at the beginning of the
calibration interval of pT duration and m coefficients

1 2 m .
ag. a5, ag.of the SF, and n coefficients

ay,a,,--a, of the bias polynomial models of mth
and nth orders, respectively.

Figure 4 shows a graph of p = m + n + 2 time
intervals of the simulated sign-changing virtual
angle rates. These coefficients are used to determine
a gyro scale factor and bias at the end of the current
calibration interval as follows:

SF(pT)=SF, +a;FpT+a§FpT2+---a§}me

" (12)
B(pt)=B,+aypT +a,pT* +---appT" .
Q
Qy
3 (p-1)T
1| 21 3T oyt pT 1~
o ¥ pinl

Fig. 4. Simulated sign-changing virtual angle rate

Using this periodic calibration, one can mitigate
the requirement to the gyro SF and bias. In the case
when an IMU consists of four gyros, the gyro
requirement mitigation coefficient for per hour of
motion may be equal to K, = 3600 R /3pT, where T
is a time in seconds and R is a ratio of non-calibrated
and calibrated gyro parameters error after each
calibration period, respectively. This coefficient can
also be interpreted as a coefficient of the gyro
accuracy increasing undergoing such a periodic
calibration. When an IMU consists of six, preferably
MEMS gyros, K,, increases three times, because the
time between the calibrations of the same gyro, in
this case, is three times less, that is equal to pT.

Moreover, expressions (12) can also be used to
predict SF and bias with the aim of angle rate
correction during the measurement mode up to the
beginning of the next calibration mode of this gyro,

polynomial model of the SF and bias, it is necessary
to reduce calibration time and simultaneously to
reduce the gyro noise to obtain an accurate value of
the averaged output signal z,, during shorter time
interval T and, thus, to increase estimation accuracy
of gyro parameters. Besides, the simulation error of
the virtual angle rate Q, in the temperature range
should also be minimum. All those results in the
necessity to minimize calibration time pT to reduce
degrees of the polynomial models.

It should be noted that to simulate a constant
angle rate in the temperature range by providing a
digital code or voltage to the gyroscope under
calibration, it is necessary to compute which value
of the digital code (or voltage) corresponds to a
predetermined virtual angle rate Q,. Since this code
(or voltage) depends on the temperature, one needs
to have a temperature model by which this value of a
code can be computed.

As has been discussed above, the more accurate
approximation of the measurement data under
temperature change is provided when including in
the model additional parameters such as resonant
frequency, drive (excitation), and quadrature
amplitudes [14]. They are CVG control signals.

Figure 5 shows the digital code of one of the
metallic resonator CVG samples that simulates a
virtual constant angle rate of 100 deg/s at continuous
changing of external temperature from —40°C to
75°C with a ramp of 1°C/min (black curve 1) and its
approximating model (gray curve 2).
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. 0
I'emperature, C

Fig. 5. Code that simulates a virtual angle rate 100 deg/s
(1), and its approximation (2)



22 ISSN 1990-5548 Electronics and Control Systems 2021. N 3(69): 16-27

It should be noted that the digital code at the
ADC output has been normalized so that it is
numerically equal to the voltage in volts at the ADC

input. The model depending on the four parameters
is presented as follows [14]:

C=4-0.066691x(f — f,)+0.024580 % (f — f;)* +0.004832x (f — f,)’ +11.309656 x 4,
—32.994747 x A, +24.277287 x 4}, —2.079236x 4, +10.169294 x 4. —13.167187 x 4. —0.00225x1 (13)

where C is a code that has to form the gyro
processor to simulate 100 deg/s, f is a resonant
frequency, fo = 4224.17 Hz is a reference frequency,
Agy is a drive amplitude, 4, is a quadrature amplitude
and 7 is a temperature in degrees Celsius.

All these parameters (f, Aq, Ay, and ?), except fo,
by which the code is computed, are functions of time
and temperature during a gyro operation. An RMS
error of the code approximation by the four-
parameter model is 0.025% and can be less when
temperature change is less than 1°C/min.

VI. PROOF-OF-CONCEPT EXPERIMENT

To simplify the experiment it is carried out at the
constant room temperature, and a vehicle angle rate
Q, is substituted by rotation of a turntable with a
known angle rate. Figure 6 shows the metallic
resonator vibratory gyroscope TVG-25
manufactured by the AT "Elmiz" company (Kyiv,
Ukraine) on a rotating turntable. At these conditions,
the proposed calibration method can be carried out
for a single-axis gyro.

At the first stage, calibration and measurement
are carried out in the absence of rotation, when €, is
equal to zero. A virtual angle rate Q,=+100 deg/s is
simulated by the code +3.9874, which is added to
the output of controller 3 (see Fig. 1).

Figure 7 shows the output signal of the gyroscope
when simulating a virtual angle rate of 100 deg/s
with a sampling rate of 500 Hz. The average value
of the output signal is 100.0179 deg/s, and the
standard deviation of the noise is 0.0092 deg/s.

Fig. 6. Metallic resonator CVG mounted on a turntable
to calibrate during rotation

—0.000144 x ¢* +0.0000009 x £,

100.06

100.04

o/s

P 100.02

T
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100

99.98
0 10 20 30

Fig. 7. Simulation of a virtual angle rate of 100 deg/s

Due to the constant temperature, the SF model is
taken as a constant value SF(f) = SFy. The gyro bias
model is taken as a linear drift with noise, B(¢) = By +
+agt + &(f), where By is the sum of the gyro bias at
the beginning of the calibration mode and the vertical
component of the Earth angle rate, ap is the drift rate,
and &(7) is the gyroscope measurement noise.

Thus, to calculate the three parameters SFjy, B,
and aj, it is necessary to simulate at least three sign-
changing angle rates (form=0andn=1, p=m+n
+ 2 = 3) in the calibration mode, each with a duration
of T seconds, with total calibration time of 37.

In addition, the fourth interval of 37 duration is
performed in the measurement mode. To compare
the angle rate measurement errors, the values
measured by the gyro are corrected by the SF and
bias values calculated at the calibration mode. To
correct the drift, a constant bias value calculated at
the end of the calibration interval is used, as well as
a linear drift prediction based on the adopted bias
model following (12).

Figure 8 shows the output signal of the gyro, in
which the virtual angle rate Q, = + 100 deg/s is
simulated when the angle rate of the real rotation €,
is equal to zero.

150 o)

ZGP

100
50

=50+ -2
Zav

-100

" Calibration mode :IMe asurement mode |

-150
0 20 40 60

Time, s

Fig. 8. Calibration with virtual angle rate + 100 deg/s
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Time interval T = 10s is chosen. The average
value of the gyro output signal for each 7= 10 s
time interval, designated on the graph, are:

z1=100.0179 degs, z, = —99.9827 deg/s, and
z2=100.0181 deg/s with virtual

calibration mode and z'= 0.0183 deg/s in the

measurement mode of a zero angle rate. The
calibration mode consists of three 10-second
intervals, and the measurement mode consists of one
30-second interval, during which, in a real IMU,
three other gyros will be calibrated, in the case of a
6-gyro IMU, or one gyro in the case of a 4-gyro
IMU.

For the SF and bias models adopted here, as a
constant and linear function, respectively, equation
(11) is written as follows:

Z,=M(SF, B, a,),

T
- )
7 = (ZH z Z+3) ,

rotation in

(14)

av av av

where the matrix M and the components of the
vector Z,, are as follows:

o 1 L
2 100 1 5
M=|-0 1 37T=—100 115,
o | L1001 25 (15)
o 1 =
2

z,=(100.0179 —-99.9827 100.0181)".

Solution of this equation gives the following
calibration values for the three parameters:
SFy=1.0000036 LSB/(deg/s), where LBS is a least
significant bit; By=0.0174 deg/s; az = 1.5x10" deg/s".

In this case, the average values of the virtual
angle rate = 100 deg/s at each of the three 10-second

intervals, after their correction, are equal to,
respectively:
z'! T
"=Zao _| B +a—|=100.000065 deg/s,
SF, 2

)
Q2= ;L};— (BO + a%) =-99.999965 deg/ s, (16)

av
0

+3
Q= Lo (BO + aij =99.999965 deg/s.
SF, 2

Thus, the simulation error of the virtual angle
rates in the calibration mode is = 0.000035 deg/s =
+ 0.126 deg/h.

Then, the parameters obtained in the calibration
mode are used to correct the angle rate in the

measurement mode. The measuring mode lasts 30 s,
at which the true angle rate is zero. The correction is
performed by subtracting a constant bias value
obtained at the end of the calibration interval, i.e. at
the end of the 30th second. The average value of the
angle rate in the measurement mode can be
calculated using the following expression:

4
SF, 10000036 (17)

~0.0174 +0.00045 ~4.5x10* deg/ s ~ 1.6deg/ h.

As the real angle rate is zero, the measurement
error after correction is AQ®” = 1.6 deg/h.

Note that the average value of the non-corrected
angle rate in the measurement interval is z. =

0.0183 deg/s ~65.88 deg/h. The mitigation factor for
the gyroscope is R = 65.88/1.6 = 41.

When correcting the drift using the prediction on
the measurement interval, we get the following
result:

4
Qred = 2o (B 494.T/2
av SE) ( 0 B ) (18)

~2.25x10"deg/s~0.81deg/h .

The measurement error of the zero angle rate
when using the drift prediction in the measurement
interval is decreased almost 2 times and,
accordingly, the coefficient K, is also increased.

Thus, when using the prediction, the coefficient
K, may increase. However, if the drift in the
measurement interval changes, i.e. coefficient gz in
the adopted model, the prediction will lead to a
decrease in K, coefficient. Accordingly, this results
in a decrease of the angle rate measurement
accuracy as compared to the correction by
expression (17), where the constant value of the bias
obtained at the end of the calibration interval is used.

Figure 9 shows the second stage of the
experiment, where the gyroscope in the calibration
and measurement modes rotates with an angle rate
of Q,= 50 deg/s.

200

150
100

50F

deg/s
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=50t el -
Calibration mode

' ]
v Measurement mode

-100 L * .
4] 20 40 60
Time, s

Fig. 9. Calibration and correction when measuring angle
rate 50 deg/s
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At the first calibration time interval of 7= 10 s
duration, the gyro measures the sum of two angle
rates Q, + Q, = 150 deg/s, at the second one it
measures the difference —Q, + Q,=—-50 deg/s, and at
the third one, it again measures the sum Q, + Q, =
=150 deg/s. The third interval ends the calibration
mode. In the measurement mode Q, = 0, and the
gyro measures only Q,= 50 deg/s.

Figure 9 shows a magnified fragment of the
measurement mode. Curve 1 is the output signal of
the gyro. Curve 2 is the output signal of the gyro,
corrected by subtracting the constant value of the
bias obtained at the end of the 30th second of the
calibration interval. Curve 3 is the gyro output signal
corrected by the drift prediction on the measurement
interval. The values of the angle rate and their errors

in the measurement mode are equal to Q"=
=49.999008 deg/s, i.e. measurement error is
AQ" = 0.000992 deg/s~3.57 deg/h, when corrected

by the expression (17), and Q7 = 50.0039 deg/s,
i.e. error is AQ”* = 0.0039 deg/s = 14.04 deg/h,
when corrected by the expression (18).

VII. DISCUSSION OF MEASUREMENT ERRORS

Thus, when measuring the angle rate of 50 deg/s,
the measurement error when corrected using the drift
prediction increases in comparison with the
correction based on the drift value at the end of the
calibration interval. Possible reasons for the
worsening in measurement accuracy are a significant
increase in noise and a change in drift parameters.

Figure 10 shows the output signal of the gyro
when measuring the turntable angle rate of 50 deg/s.

50.4

50.2

deg/s

50

49.8
0 10 20 30

Time, s
Fig. 10. The turntable angle rate 50 deg/s, measured by
the gyro

The average value of the gyro output signal is
50.0322 deg/s. The noise of the signal shown in fig.
10 consists of the gyro measurement noise and the
short-term periodic noise of the turntable (with the
period much less than the rotation period), due to the
operation of the controller stabilizing the period of
rotation. The RMS value of the total noise is 0.14
deg/s and is mainly determined by the noise of the
turntable, since the RMS of the gyro noise, as
indicated above, is ¢ = 0.0092 deg/s (see Fig.7).

In the computations presented in subsection V, it
was assumed that the errors of Q;, and Q, were equal
to zero, i.e. into the matrix M of equation (15) the
values Q,= 0, Q,= 50 deg/s, and Q,=£100 deg/s are
substituted. However, as follows from Fig. 5,
simulation of the angle rate at different temperatures
will have an error. The angle rate Q, has an error, as
well. This error was computed above in cases of
correction by the value of the bias obtained at the
end of the calibration interval and using the
prediction.

Figure 11 presents a graph of the ratio R, which is
a ratio of non-calibrated and calibrated gyro after
each calibration period versus the measurement error
AQ,, of the angle rate and the simulation error AQ, of
the virtual angle rate for the above linear model of
the gyroscope error adopted above. As can be seen
from the graph, the minimum value of R=10 with
errors of both parameters AQ, and AQ, varying in
the range of no more than + 20 deg/h. This means
that at each step of the periodic calibration with
duration of 30 s, the angle rate measurement error
decreases by at least 10 times relative to the current
gyro error without calibration.
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Fig. 11. The dependence of a ratio R on measurement and
virtual angle rate errors

The behavior of the angle rate error accumulation
versus time, under the condition of a constant linear
drift, which is possible with a linear temperature
change and using for correction a constant value of
the bias at the end of each calibration interval, can
be represented as shown in Fig. 12.

In Figure 12, straight line 1 represents the
behavior of the angle rate error accumulation with a
linear bias drift of a non-calibrated gyro, and broken
line 2 represents an error accumulation of
periodically calibrated gyro. It is clear from the
graph that the more often the calibration is
performed, the less the accumulated error with
compared to a non-calibrated gyro. Therefore, ratio
R increases and, together with it, gyro requirements
mitigation coefficient K, increases, as well.
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Fig. 12. The behavior of error accumulation under
periodical calibration

VII. CONCLUSIONS

Thus, to maximize the gyro requirements
mitigation coefficient K, in a redundant IMU, it is
necessary to reduce the gyro measurement noise,
which results in reduction of a calibration time, as
well as the time between calibrations.

To minimize the time interval between
calibrations, a 6-gyro IMU should be used, as the
proposed calibration method can be applied to
several gyros at the same time.

To improve calibration accuracy at higher gyro
noise, the simulated virtual angle rate Q, should
exceed the vehicle's maximum angle rate €, as
much as possible.

To reduce the influence of measurement noise on
the calibration accuracy, redundant measurements
following expressions (9) and (10) can also be used.

In addition, within the framework of the proposed
calibration method, it is possible to change the models
of SF and bias errors at each next calibration
depending, for example, on the environment rate of a
temperature change or other conditions.
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B. B. UikoBani, C. B. I'onoBau. CamokaniOpyBaHHA MacIITa0HUX KoedilieHTIB Ta 3MillleHb HYJIs1 BiOpaniiHuX
ripockomniB y pyci

[IporionyeThcsi HOBHMIA CIOCIO TMEPiOJUYHOrO caMoOKasiOpyBaHHS MaciiTaOHOro koedilieHTa 1 3MIIIEHHS HYJIS
BiOpaIliifHUX TipOCKOIB y pyci B iHEpLialbHOMY BUMIpIOBAIFHOMY OJOII 3 HAJAMIPHOIO KiJBKICTIO IaTYHKIB.
CamokaniOpyBaHHsS BUKOPUCTOBYE 3a3/ajierilb 3aJaHi BipTyaJbHI MO3WTHBHI 1 HETaTHBHI KYTOBI IIBHUAKOCTI IS
KaiOpyBaHHS MacmITaOHOro Koe(illieHTa Ta 3MIIEHHS HYJS TIpOCKOIly, L0 KalliOpYyeThCs, y TOW 4Yac sIK iHIIN He
MEHIIIE TPHOX TIPOCKOIIIB B iHEPUIHHOMY BHMIipIOBAJILHOMY OJIOLI TPANIOIOTh Y PEXUMI BHMIPIOBaHHS pPeaNbHOL
KYTOBOI MIBUIKOCTI 00'ekTy. [IpoeKirisi MOTOUHOi KyTOBOI IBUAKOCTI HAa BiCh YYTJIMBOCTI TiPOCKOITY, IO KaJIiOpyeThC
OOYHMCITIOETBCS 32 Pe3y/IbTaTaMU BHUMIPIOBAHHS ITOBHOI'O BEKTOPY KYTOBOI MIBUAKOCTI IHIIMMH TPbOMa TipOCKOIAaMH,
CTBOPIOIOYHM YMOBH JUIsi TIpolenypu KamiOpyBanHs. Ha BiaMiHy Bii BiZOMHX cIocoOiB, TakuxX SK OJHO- abo
6araTtoBiCHOro 00epTaHHs iIHEPIIHOIO0 BUMipIOBAIBLHOTO OJIOKY 1 peBEpCY MO/ KOJIMBaHb, 3alPOIIOHOBAHUI CIIOCIO He
BUKOPHCTOBYE MeXaHiuyHe OOepTaHHs, IO BUMarae IOJATKOBUX IPUCTPOIB, a TAaKOX HE BHMAarae HepeopieHTalio
BiOpaIliifHOI XBHJIi, III0 BUKJIIMKAa€e HEOOXiTHICTh BUPIBHIOBAHHS MapaMeTpiB ABOX BUMIpIOBaJbHUX KaHauiB. [Iporenypa
KaJTiOpyBaHHs MacIITaOHOro KoedillieHTa 1 3MIIIEHHS HYJIS 3a UM CITOCOOOM MOKE 3aCTOCOBYBATHCS IS MEKITBKOX
TipPOCKOITIIB  OIHOYACHO. 3ampoIlOHOBaHMH CHOCI0 Mae BeNMKY IIEepCIEeKTUBY 3aCTOCYBaHHS HE TUIBKH JUIS
MaynorabapuTHUX 4-TIpOCKONMHMX iHEpUialbHUX BHUMIPIOBAIFHUX OJOKIB 1 JjIsi 0araTo-TripOCKOITHHX iHEpIiaIbHUX
BUMIDIOBAIGHUX  OJIOKiB, TNOOYIOBaHMX Ha TIPpOCKOINAX Ha OCHOBI MIKPO-EIEKTPO-MEXaHIYHUX CHUCTEM.
ExcrieppuMeHTanbHO MMOKa3aHo, MI0 BUKOPHCTOBYIOYH 3alpPONOHOBAHUI CIociO, KOe(DillieHT MocialieHHs BUMOT 0
ripockona Mo)ke OyTH 301IBIICHUI 1 MOKEe 3a0€3MEYUTH BUCOKY TOYHICTH JJII aBTOHOMHOI HaBirarii Ha JCIICBHX
MayiorabapuTHUX Ta MiKpPO-EJIEKTPO-MEXaHIYHUX TipOCKOIax.

Karwudosi cioBa: macmtabHuii koedilieHT; apei¢; BipTyalbHa KyTOBa IIBUAKICTH;, CaMOKaJiOpyBaHHS; Koe(illieHT
Hoca0IeHHS.
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B. B. YuxoBanu, C. B. I'omoau. CamoxanuOpoBka mMacmiraoHoro koddgd¢uuueHta M cMeIeHUs HYJs
BHOPAIIMOHHOI 0 THPOCKONA B ABHKEHUH

[Ipennaraercs HOBBIA CHOCOO MEPUOANYECKONH CaMOKaJIMOPOBKM MAacCIITA0OHOTO KOI(p(QHIMEHTA W CMEIICHUS HYJISA
BHUOPALMOHHBIX THPOCKONOB B BIDKEHWH B WHEPLUUAIBHOM H3MEPUTEIFHOM OJIOKE € HM30BITOYHBIM KOJIUYECTBOM
natyrkoB. CaMOKaIMOpOBKa UCHONB3YET 3apaHee 3aJaHHbIe BUPTYaJIbHBIC TIOJIOKHUTENLHBIE U OTPHUIIATEIbHBIE YTIIOBbIE
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CKOpPOCTH JUIs KaJluOpOBKM MacmirtaObHoro koddduimeHra, ¥ cMelleHHs HYJIS THPOCKOMNA, KOTOPBIH HaXOOUTCS B
peXUMe KaJuOpOBKU, B TO BpeMs Kak ApPYrue He MEHEee TPeX T'MPOCKOIOB B MHEPIMAIEHOM HM3MEPUTENBHOM OJoKe
paboTaroT B pexxrMe U3MEPEHUsI peasTbHON YIIIOBOM CKOpOCTH 00bekTa. [Ipoekuust Tekyiel yriioBoii CKOpOCTH Ha OCh
YYBCTBUTEIBHOCTH KaIMOPYEMOT0 TMPOCKOIA BBIYUCISIETCS MO pe3ynbTaTaM M3MEPEHUs IOJHOI'0 BEKTOpa YIIIOBOH
CKOPOCTH JAPYTMMH TpeMsi TUPOCKOIIaMH, CO3/aBasi YCIOBUS JJIsl MPOLEAYpPHl KalMOPOBKU. B OTiIMUME OT M3BECTHBIX
CHocO0O0B, TaKWX KaK OJHO- WJIM MHOTOOCHOE BpallleHHE HHEPIHMAIbHOIO W3MEPUTENHHOro OJI0OKa M peBepca MO[
KoneOaHWi, mpeayaraeMblii CIOCO0 HE HCHONB3YeT MEXaHWYECKOe BpallleHHe, 4YTO TpeOyeT MONMOIHUTEIBHBIX
YCTPOKMCTB, M HE TpeOyeT MEePEOPUCHTAIIMM BUOPAIIMOHHON BOJHBI, 4YTO BJCUET 3a COOOW HEOOXOTUMOCTH
BBIpDAaBHHBAHMUS NApPaMETPOB JBYX M3MEPHUTENBHBIX KaHAIOB. [Iporenypa KamOpoBKH MaclITaOHOro KO QHUIEHTa U
CMelIeHUE HYJSl MO 3TOMY CIOCO0Y MOXET NMPUMEHSTHCS Ul HECKOJNBKHX THPOCKONOB OJHOBpeMeHHO. [loatomy
npe/araeMbelii  COCO0 WMEeT OOJNBIIYI0 TEepCIEeKTHBY NPUMEHEHHs Uil MajorabapuTHBIX 4-THPOCKOIHBIX
WHEPUUAJbHBIX W3MEPUTENbHBIX OJIOKOB M JUIi MHOTOTMPOCKOINHBIX HWHEPHUAIBHBIX W3MEPUTENbHBIX OJIOKOB,
MIOCTPOEHHBIX Ha THUPOCKOINAX, OCHOBAHHBIX Ha MHUKPO-DJIEKTPO-MEXaHHMYECKUX THPOCKOMNAaX. OKCIEPUMEHTAIBHO
MOKa3aHOo, YTO MCHONB3Ys MPEATIOKEHHbIH croco0, ko duimeHT ociaabieHus TpeOOBaHUH K THPOCKOITY MOXET OBITh
YBEIMYEH W MOXXET O0ECIIeUUTh BBICOKYIO TOYHOCTH JUISi aBTOHOMHOW HAaBUTallMM Ha JEUIEBBIX MajorabapUTHBIX U
MUKPO-DJIEKTPO-MEXaHMYECKUX THPOCKOIIaX.

KnarwueBble ciaoBa: macmraOHbBIA KOG GHUIMEHT; Opeiid; BUpPTyasbHas YIJIOBas CKOPOCTh;, CaMOKaJIHOPOBKa;
ko3 duimeHT ocnadacHuUs.
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