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ABSTRACT

This article illustrates a system for stabilizing objects in space based on integral fiber elements. The proposed system
showed results commensurate with similar systems with a length of tens of kilometers of SMF-28 optical fiber, while
using PANDA type optical fiber is only 200 m. In the work, a model of the system was developed and experimental
studies of the response and angular velocity of the gyroscope were carried out.
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1. INTRODUCTION

Modern optical information and control inertial navigation systems (INS) should autonomously determine many physical
parameters™. The location (course) of an object in the inertial coordinate system (CS): its speed, acceleration and other
parameters necessary to control the movement and determine its location in space are really important. To obtain
information about the movement of an object, its INS, first of all, includes: gyroscopes for determining the angles of
inclination of the main axes in the inertial CS and accelerometers for determining linear accelerations®®. Depending on
the design of a closed optical loop (interferometer), optical gyroscope (OG) are divided into ring laser gyroscopes
(RLG), fiber optical gyroscopes (FOG) of the interferometric type (IFOG - Interferometric Fiber Optic Gyroscope) and
FOG with a passive resonator (RFOG — Resonant Fiber Optic Gyroscope). FOG of the interferometric type is a Sagnac
interferometer, in which a circular optical circuit is replaced by a sensitive coil of a large number of turns of optical fiber
(OF) to achieve the required level of FOG sensitivity (the length of the FOG can reach several kilometers®®. In a single-
mode OF, the propagation of two independent modes with orthogonal polarization is possible. But since the optical
fibers do not have a completely constant axial symmetry, the phase constant modes are different. Between two modes
with different polarizations, there is a constant energy exchange, the characteristics of which change under external
influence, so the light in the OF usually has circular polarization with unstable parameters. All this leads to the drift of
the output signal. Thus, the optical circuit of the FOG requires the construction of a onemode OF with the preservation
of the polarization position and minimal loss, which significantly increases the budget segment of such FOGs. Therefore,
the relevance of the work lies in the need to develop the theory and practice of FOG of interferometric and resonant
types using a PANDA optical fiber coil as a sensitive element?%,
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2. THEORETICAL FOUNDATIONS

M. Sagnac's experience is based on the use of an optical interferometer. The principle of operation of the interferometer
is as follows: a beam of electromagnetic (EM) radiation is divided in the volume of the interferometer by means of a
device into two or more coherent beams. Each of these beams passes through different optical paths and is directed to the
screen, creating an interference pattern on it, which can be used to determine the phase difference of the interfering
beams. M. Sagnac's experiments showed that the interference pattern shifts as the interferometer rotates, and the shift is
proportional to the rotation speed. Consider the propagation of two light beams in a flat closed circular contour of radius
R (Figure 1)10,11,12.
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Figure 1. Influence of the rotation speed of the interferometer on the time of passage of light rays

The contour area is perpendicular to the axis of rotation passing through the center of the circle O. In a fixed

interferometer, the round trip time t0 along the contour will be the same for both beams %+,
L, 2zR
ty=—""= , (1)
c c

where c is the speed of light.

When the interferometer rotates during the round trip, point A will move to point A', so the propagation conditions for
colliding beams will become unequal. Optical path, passing beam propagating in the direction of rotation***.

L =27nR+QRt,, )
and the path passing the beam in the opposite rotation direction will now be

L =27R-QRt,, 3)
where Q — angular speed of rotation.

Substituting the value t, and taking into account that the speed of propagation of electromagnetic wave beams, in
accordance with Einstein's theory®**2,

it =—<=t,+=——-Q. (4)

That is, the difference in the round-trip time of the colliding beams:

B 47R?

CZ

At Q, ®)

is proportional to the rotation speed Q.

Taking into account the difference in the round-trip time of the contour by the colliding beams, we can obtain the
difference in the optical path lengths when the light beams propagate in opposite directions:
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AL = cAt = Q. (6)

The presence of a difference in optical paths during the propagation of light beams in opposite directions leads to a shift
in the interference pattern. It should be noted that the expression for AL was obtained for an observer in a fixed frame of
reference. In the general case, the physical picture must be considered from the point of view of the general theory of
relativity. According to this theory, clocks that rotate on a turntable are out of sync with clocks that are in an inertial
frame of reference®**>°. This difference leads to different round trip times of the closed circuit by counterpropagating
light beams. For an electromagnetic wave, its frequency f (A=c/f - wavelength) and period T, that is, the time required to
change the phase by 2=, are determined, which are interconnected as T=1/f. Accordingly, the phase change (phase shift)
A¢ over time At will be

A
A¢=27z?t=27rfAt=a)At, ()
where o is the cyclic or angular frequency.

After substituting At into (7), the phase shift will look like this

2 p2
— 8 f f Q= 4w§cir Q= 4kScir Q= 87Z'Scir Q, (8)
c c c Ac

A

where Scir = ﬂR2* the area of the round interferometer with radius R, k=2x/4 is the wavenumber. The form of

relations (8) is a generalization of the analytical description of the Sagnac effect, which does not depend on the shape of
the optical path, the position of the center of rotation, and the refractive index. The use of a multi-turn coil makes it
possible to increase the Sagnac effect in proportion to the length of the optical fiber (the number of turns in the coil),
practically without changing the dimensions of the device. So, the phase difference of counter propagating waves A¢ in

a multi-turn circuit can be determined using several more equivalent formulas™®*.

212
ACN

where s = 7R, is the area of one turn, N is the number of turns, R is the turn radius, L = 2zRN is the total length of the
multi-turn coil. The dimensions of such a gyroscope are determined mainly by the diameter of the coil (2R) and height.
The latter, in turn, depends on the length of the optical fiber and the diameter of its outer cladding (~200 um), on the
number of turns and layers during winding, and, as a rule, is much smaller than the diameter. Comparison of expressions
(1), (2) and (9) shows that in a single-turn circuit (N = 1) the sensitivity increases as the square of the total length of the
optical fiber, and in a multi-turn circuit it increases proportionally to the total length *#312,

Ap= Q, 9)

3. STRUCTURAL DIAGRAM AND DESIGN OF THE FOG

The Sagnac fiber interferometer acts as the main element of a fiber-optic gyroscope. The principle of FOG operation is
based on the Sagnac effect, according to which a phase shift of counterpropagating electromagnetic waves occurs in a
ring interferometer, which will have an angular velocity. A quartz single-mode optical fiber is used as a waveguide in the
FOG. A fiber 200 meters long is wound on a reel. In order to accurately and accurately determine the angular velocity
based on the measured value of the phase difference of the oncoming waves, it is necessary to exclude possible additive
and multiplicative effects of negative physical impacts. Negative effects are also associated with the processes of
scattering and reflection of light along the optical path, the effect of polarization nonreciprocity, etc.****.To solve the
problem caused by the shortcomings of quartz fiber, we propose a Panda-type optical fiber as a FOG waveguide; the
scheme of the developed fiber-optic gyroscope is shown in Fig. 2.
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Figure 2. Scheme of FOG: 1 - laser superluminescent diode; 2 - coupling for connecting fiber-integrated elements; 3 -
circulator; 4 — splitter/combiner; 5 - coil with optical fiber; 6 — direction of radiation from the laser diode; 7 - direction of
radiation after passing through the coil with fiber; 8 - photodiode

Figure 3 shows the layout of the developed gyroscope.

Figure 3. Layout of the developed gyroscope

4. ELECTRONIC SYSTEMS FOR FOG

The electrical part of the gyroscope consists of two boards: a power board and data digitization. Board projects consist
of: electrical circuit diagrams; printed circuit board design; list of elements; component libraries. The design of the
electrical circuit and printed circuit board was made in Altium Designerversion 16. For the operation of the gyroscope,
software was written in C language in the STM32CubelDE 1.6.1 development environment. Description of the power
board (power board). In general, the board is shown in Figure 4. Power (12 V) is supplied to connector P11 or P12. On
the transistor VT16, protection is provided against supplying the wrong polarity of the supply voltage. To increase the
sensitivity of the device, thermal stabilization of the laser diode crystal was performed with an accuracy of £0.2 °C. This
implementation of thermal stabilization allows heating and cooling the laser diode crystal. The thermal stabilization
system maintains the temperature of the crystal at 25°C.

In the process of creating and debugging the software, five modes of operation of the laser diode were implemented: in
the first mode, a constant current through the laser diode is maintained at the level of 100 mA,; in the second mode, a
constant current through the laser diode is maintained at the level of 200 mA,; in other operating modes, the current
through the laser diode is modulated in the form of a sinusoid.

After power is applied, thermal stabilization is activated regardless of the selected mode. The device has protection
against overvoltage or undervoltage. If the supply voltage is less than 9.5 V or more than 14.5 V, the device goes into
protective mode, turning off thermal stabilization and laser diode radiation. When the supply voltage returns to the
recommended range, the device starts working again. In the final version of the software, the first operating mode is
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turned on automatically, while the source code retains the ability to manually select the operating mode using the
buttons, if necessary, you can disable the autostart of the first mode.

Figure 4. Diode power and control board Figure 5. General view of the data digitization board

To reduce noise in the power supply current of the laser diode, a hybrid power supply circuit was used. First, the voltage
is lowered on the pulse converter, and then the analog current stabilization of the laser diode takes place. The software of
the power board implements the ability to select the current and, accordingly, the radiation power of the laser LED. The
laser LED current is selected by setting the reference voltage at the output of the DAC (digital-to-analog converter) of
the microcontroller. Initialization of the DAC is performed using the code written in C language.

To stabilize the operating characteristics of the radiation of a laser LED, thermal stabilization of its internal crystal was
used. The temperature of the laser LED crystal is estimated using the ADC (analogue digital converter) of the
microcontroller. ADC initialization is performed using code written in C language. Temperature control is carried out by
generating PWM (pulse width modulation) timer control signals. To calculate the required PWM value of the timer
signals based on the current temperature of the laser LED crystal, a PID (proportional-integral-derivative) controller is
used. The software of the power board also implements control of the supply voltage of the gyroscope; if the tolerances
are exceeded, an emergency shutdown of the laser diode occurs for its (diode) safety

Data processing board (digitization board). To receive optical signals, an ingaas-120I-fc photodiode is used, then the
signal is fed to the DA3 operational amplifier and then the amplified signal is digitized by the DD4 microcontroller. An
L3GD20 digital gyroscope chip was used to determine the direction of rotation. To transmit data over the air (radiation
level at the input and direction of rotation) to an external device (computer), a radio module on the NRF24L01 chip was
used for analysis. The transmission of information and rotation is transmitted via the RS232 interface.

5. RESULTS

The software of the data processing board implements signal processing from the photodiode. The ADC reads the
voltage at the photodiode and filters the values. To determine the direction of rotation, a digital gyroscope based on the
L3GD20 chip was used. After processing the data from the photodiode and determining the direction of rotation, the data
is prepared and sent by radio to the data processing receiving board. The radio channel between the data processing
board and the processed data receiving board is implemented on the basis of NRF24L01 microcircuits. The use of a radio
channel made it possible to use the stand. A device for rotation and evaluation of the stability of readings at different
rotation speeds for a long time was fixed on the stand. After carrying out experiments and measurements, data were
obtained, Fig.6. This figure shows two graphs. The upper graph shows the change in voltage at the receiving photodiode
as the gyroscope rotates in space. Voltage peaks correspond to the speed of rotation of the gyroscope in space. The lower
graph shows the change in the value of the direction of rotation data. Initially, the value was 15 (corresponding to OXOF
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- the direction of rotation is not defined), during the rotation, the value changed to 61 (corresponding to Ox3D -
clockwise rotation).

Preliminary studies of a fiber gyroscope prototype were carried out and the angular velocity was determined,
corresponding to - + -300 (deg / s). Figure 7 shows the experimental dependence of the gyroscope response to the
angular velocity.
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Figure 6. Photo of data processing of the device operation
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Figure 7. Dependence of the photodiode signal amplitude on the angular velocity of the system rotation

6. CONCLUSIONS

The design of a fiber-optic gyroscope has been developed in this work. The design was based on an optical fiber with
polarization support, which made it possible to obtain interference and phase difference with an optical fiber length of
200 m. Since when using an SMF-28 optical fiber, its length should be several kilometers, this is due to the unstable
polarization orientation in these types of optical fibers.

When using an optical fiber with a stable polarization orientation at a length of 200 m, it was possible to detect the
angular velocity of the object's rotation at a maximum of +-300 deg/s. This is not the most sensitive device of this type,
but an increase in the length of the optical fiber to 500 m will increase the sensitivity of the sensor by 1.8 times. The
results of this work contribute to the development of fiber-optic gyroscopes using specific optical fibers, including
photonic crystal fibers.
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