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In order to improve the data sharing and comprehensive information processing
capabilities between multi-microgrids in the power system, the multi-microgrids
scheduling system based on laser communication has been proposed. In order to
reduce the error rate of laser communication and reduce the impact of
atmospheric turbulence on signal acquisition, an adaptive modulation
algorithm has been designed. A mathematical model for laser communication
modulation and demodulation based on adaptive modulation algorithm has been
constructed. In simulation analysis, the target signal was extracted from the
original signal superimposed with atmospheric turbulence noise through
filtering and demodulation. The energy fluctuation of the extracted signal
decreased from 47.3 to 5 mV. The energy attenuation trend of communication
lasers within the range of 0—6 km was experimentally tested. Within 2.0 km, the
energy demodulation results of both algorithms are similar, both below 10%. After
exceeding 2.0 km, the calculation error of the adaptive modulation algorithm
remains basically unchanged, while the error of traditional algorithms increases by
about twice. For the APD response value, the adaptive modulation algorithm
demodulation has a higher response range concentration ratio and the higher
envelope recognition. Under different nominal atmospheric turbulence values,
the maximum error rates of the adaptive modulation algorithm are 5.8 x 1078, 8.9 x
1078 and 1.2 x 1077, respectively, while the maximum error rates of the amplitude
coherent algorithm are 2.9 x 107, 6.3 x 107°, and 1.05 x 1074, respectively. It can
effectively suppress the impact of atmospheric turbulence on the error rate of
laser communication by adaptive modulation algorithm.

KEYWORDS

laser communication, multi-microgrids scheduling, adaptive modulation, error rate,
demodulation analysis

1 Introduction

With the development of the Internet and microgrids technology, a single microgrid is no
longer able to meet existing energy needs. In order to improve the reliability of large-scale power
supply, sub-microgrids are constructed into interconnected and interconnected multi-
microgrids systems [1]. “Internet plus + multi micro network” can realize the intelligence of
energy, and realize the comprehensive management of energy storage, energy transmission and
energy use through big data, cloud computing and other technologies [2]. A multi-microgrids
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system can achieve reliable power supply for multiple loads, and by
combining micro sources, multiple sources can complement each other
and improve energy utilization efficiency. The coordinated control
technology of Internet plus multi-microgrids connection is one of the
important research directions [3]. In order to achieve efficient
communication of multi-microgrids data, laser communication
technology is used to construct high-speed data communication
transmission channels in the multi-microgrids system.

With the continuous maturity of equipment such as lasers,
detectors, and optical amplifiers, laser communication technology
has also made significant progress in the civilian field. In 2017,
Ratnam V [4] completed laser communication experiments between
airships using an FSOC optical transceiver. Its communication distance
exceeds 100 km and communication rate is 130Mbps. In 2018,
Horwath [5] used airborne terminals MLT-70 and GS-200 ground
stations to achieve communication, with a communication rate of up to
10Gbps and a communication distance of 10 km. In 2018, Hu H [6]
completed laser communication between vehicles using a 15ZFF optical
transceiver, with a central wavelength of 1550 nm. At a distance of
0.5km, the communication rate is 2.5Gbps. At a distance of 10km, the
communication rate is 155Mbps. In 2019, Li L [7] completed laser
communication experiments between buildings using an Artolink
optical transceiver. In the experiment, a 1550 nm laser was used,
with a system link distance of 4.4 km and a communication rate of
1.25Gbps. In 2019, Sayan O F [8] completed laser communication
between aircraft using the MLT-30 optical transceiver, with a
communication link of up to 40 km and a communication rate of
10Gbps. In 2019, Von Rhein J [9] used a 15YDF optical transceiver for
buildings,
communication distance of 500 m and a communication speed of
10Gbps. In 2020, Yu X [10] used a full cycle laser terminal for real-time
communication of 12.7 km dynamic targets, and the system adopted a

malicious communication between two with a

full cycle dynamic servo mechanism, with a communication rate of up
to 2.5Gbps. In 2021, Quintana C [11] conducted laser communication
between ground and unmanned aerial vehicles, constructing a data link
through the combination of modulators and reflectors. The system has
achieved an effective aperture of 11mm, with a communication rate of
up to 500Mbps and an error rate of 7.6E-4 over a testing distance of
560 m. In 2023, Chen Hui [12] completed the measurement of
Brillouin scattering in laser communication. In 2023, Jin D [13]
achieved precise control of modulation frequency by using a narrow
linewidth laser modulation. In 2023, Bai Z [14] achieved laser
amplitude modulation using a tunable pulse width oscillator,
improving the stability of laser communication.

In summary, laser communication has the advantages of large
communication capacity and no electromagnetic interference in
laser signals. It is very suitable for massive data calculation and
communication between multiple microgrids. Therefore, this article
proposes a multi micro network networking system based on laser
communication.

2 Multi-microgrids scheduling system
with laser communication

The multi-microgrids scheduling system based on laser
communication is shown in Figure 1. The electrical energy of
the main power grid is transmitted to various electricity
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consuming units through Power transmission lines. The
power generation department also transmits electrical energy
to the Energy storage system through the main power grid. The
load end includes industrial power units, urban power units, etc.
All modules use Transformers to complete current matching and
circuit breakers to complete circuit protection before being
connected to the main power grid. The main information
such as power consumption of each output and input unit
will be transmitted to the LCU (Laser communication unit)
Data Lidar data
information from the power microgrids to another. After

through communication. sends
summarizing all electrical energy transmission information, it
is transmitted by the microgrids management system to the
Power Grid dispatch center, ultimately completing control of
power network distribution, grid connection, etc. In the system,
LiDAR can not only achieve data interaction between sub units
and the data

communication between sub units. Each laser communication

main control unit, but also complete
unit can be a power data communication terminal in an
industrial factory area or a power data communication
terminal in an urban area.

The Laser communication unit mainly includes atmospheric
channels, lasers, detectors, optical antennas, terminal
equipment, power supplies, etc. The information is controlled
by the processing system and modulated onto the optical carrier
generated by the laser using a modulator. Then transmit it to the
receiving end through an optical transmitting antenna. The
optical signal reaches the receiving end through an
atmospheric channel. The optical receiving antenna focuses
the laser signal, which is then converted into an electrical
signal by the detector. After amplification and filtering, it

enters the processing system of the receiving end.

3 Adaptive laser modulation model

Due to the fact that there is more than one communication
location in the power network, the entire system is a laser
communication network. For networks, the order of
communication between laser communication modules, channel
occupancy ratio, and communication time allocation can have an
impact on communication efficiency. So in the process of laser
communication, it is necessary to adaptively modify the modulation
degree and demodulation method under different distances and
atmospheric turbulence interference conditions. The adaptive
algorithm proposed in this article is to improve the efficiency of
laser communication by introducing adaptive parameters during the

modulation process.

3.1 Signal expression

In order to achieve higher communication efficiency [15] and
reduce the error rate of laser communication, a mathematical model
based on adaptive laser modulation was constructed. The signal
sequence can be represented by the state values of 1 and 0, that is,
1 and 0 in the carrier amplitude. Firstly, set the main data parameters
in the system.
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FIGURE 1
Power microgrids monitoring system by laser communication.

a) Signal amplitude. The data amplitude modulation in laser
communication is achieved by modulating the basic signal
[16], and its formula is as follows

V(x) =) xih(x - kX)) (1)

Among them, x; is the amplitude of ith signal. X; is the period. h(x) is
the pulse waveform. k is the compensation coefficient within the
cycle.

b) Frequency shift signal and phase shift signal. Frequency shift
signal is the carrier wave of information achieved by the system
by overlaying signals of different frequencies [17]. A phase shift
signal is the phase shift of a signal. Let the two communication
states be 0 and 1, where 0 represents the basic carrier frequency f;
and 1 represents the carrier frequency f,. The frequency shift
signal and phase shift signal have

Qs (x) =G (x = kX))

Qy(x) = GY (x - kX" @

Among them, G is the amplitude. ¢ is the initial phase. ¢; is the phase
of ith test position.

3.2 Modulation model design

Set the power data in the power communication process as the
modulation signal f(x), and the carrier signal as e(x) = cosagx, where
at is the carrier frequency [18]. The output signal y(x) of the system
can be expressed as

y(x) = f(x)cosayx (3)
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According to Eq. 1, there is a proportional relationship between
y x) and f x), which is the amplitude modulation of the laser signal
[16]. According to the frequency domain convolution calculation, its
spectral expression is

Y (i) = %F(ioc)*E(ioc) 4)

F (ia) and E (io) can be modulated to achieve signal loading and
parsing. The spectrum Y (ia) of y(x) will generate a controllable
frequency shift during modulation, which can be automatically
aligned during laser communication through adaptive algorithms.
The sideband signal in the system can be represented as

c(x) = kf (x)cos a;x (5)

Among them, k represents the processing coefficient. The above
formula can suppress noise entering the communication system and
achieve real-time adjustment of the system sideband signal
amplitude [19]. In order to enable the communication system to
automatically switch communication targets in different subunits,
an adaptive function is set to classify communication data. The
setting parameters for classification are achieved by adding a high
pass filtering module, and modifying the filter to perform secondary
processing on the updated signal. Set the noise phase shift of the
signal in the subunit as an independent state parameter, which has a
uniformly distributed feature in the signal interval. Then, calculate
the phase offset of different units through processing functions, and
obtain the phase setting value for the optimal overall
communication. In sub unit communication, initialize the setting
data of the processing function. Then, the preset modulation
parameters are substituted into the system to complete the
adaptive iterative calculation. Finally, the parameter settings that
match the overall communication optimal solution will be combined

as the updated control parameters.
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FIGURE 2
Signal curve before and after filtering

4 Filter simulation analysis

When laser communication is completed between mult-
microgrids, communication data will be attenuated in the
atmospheric transmission channel, and stray light will interfere
with the reception of laser signals. However, due to the
significant difference in frequency between other interference
signals such as stray light and the modulation signal of the
system, the adaptive laser modulation algorithm proposed in this
article can be used for filtering. Filter and process the loaded noise
signal through Labview. The root mean square value of the noise is
200.0 mV, and the root mean square value of the signal source is
250.0 mV. The noise reduction filtering in this article adopts the
built-in filtering program in Labview software, namely, the Cutoff
function. Select its bandpass function and set the frequency to
10-100 Hz. Analyze two sets of superimposed signals and extract
modulated signals from the mixed signals. The mixed signal and the
signal is shown in Figure 2.

As shown in Figure 2A, the laser modulation signal emitted by
the laser communication system is affected by atmospheric
attenuation and atmospheric turbulence when passing through
the atmospheric channel, and the signal will mix with noise,
mainly Gaussian white noise. During the simulation, the root
mean square value of the noise was set to 200.0 mV, indicating
that the modulation waveform experienced peak to peak bifurcation
and signal mean shift. The average value of the entire test curve was
58.5 mV, with fluctuations of approximately 47.3 mV. If this signal
is directly used for demodulation, it will result in a significant
increase in the error rate of the communication system.
Therefore, the original signal needs to be filtered first, and the
modulated waveform after processing is shown in Figure 2B. The
laser modulation signal becomes smooth, and there is no longer a
bifurcation phenomenon at each peak position, presenting a single
main peak waveform. The average of the entire test curve is 52.3 mV,
with fluctuations of less than 5.0 mV, which is about an order of
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magnitude lower than before optimization. The overall mean shift is
very small, and the signal output is stable. Throughout the entire
communication process, the error changes of all sampling point test
data are basically consistent with it.

5 Experiments

The experimental system includes a laser, a modulation and
transmission module, and a reception and demodulation module.
The laser adopts Lumileds’ c-band infrared laser, with a luminous
power superior to 300 mW and a divergence angle of 100 at a
communication rate of 10.0Mbps. The collimator adopts the
RCO8FC collimation system from THORLABS company, with a
transmission power of -3.38dBm. The adaptive modulation
galvanometer adopts OIM103 electromagnetic galvanometer, with
a control voltage of 0- + 10 V and a maximum rotation amplitude of
25.3 mrad. The APD detector uses the S8664 photoelectric sensor
from Hamamatsu Company, with a detection bandwidth of
20Mbps. The AD7605 AD chip is selected in the signal
acquisition module to complete rapid data processing.

5.1 Communication laser energy testing

In the process of laser communication, the communication
distance has the most significant impact on the communication
effect. On the one hand, as the communication distance increases,
the degree of spot divergence increases, resulting in a decrease in
received laser energy and a decrease in signal-to-noise ratio. On the
other hand, the longer the distance through the atmospheric
channel, the more obvious the effect of atmospheric disturbances
and turbulence. In order to verify the better communication
capability of the laser communication system based on adaptive
modulation, the same system hardware is used to receive the same
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TABLE 1 Laser energy test data under different communication distances.

10.3389/fphy.2023.1208411

Test distance (km) TH- Adaptive modulation Amplitude coherence
M900HDJG (mA) algorithm (mA) algorithm (mA)
0.5 43.55 41.36 5.03 40.36 7.32
1.0 35.61 33.58 5.70 32.58 8.32
15 28.89 27.69 4.15 25.89 9.46
2.0 20.36 18.95 6.93 18.25 9.84
25 16.57 16.85 1.69 14.15 14.60
3.0 12.35 11.48 7.04 10.48 15.14
35 9.48 8.81 7.07 7.81 17.62
4.0 635 579 8.82 5.19 18.27
45 3.64 331 9.07 291 20.05
5.0 0.52 0.47 6.77 0.41 2115
55 0.26 0.24 8.69 021 23.56
6.0 0.11 0.09 9.25 0.07 2435

set of laser test signals, and the adaptive modulation algorithm and
amplitude coherence algorithm are respectively used for analysis.
The test results are shown in Table 1.

The test results show that the received optical power conforms to
the logarithmic normal distribution within 2.0 km. Its energy is
mainly distributed in the range of 20-40 mA, with a variance of
approximately 0.0825. After adopting adaptive modulation, the
optical power tends to stabilize, with its energy mainly
distributed in the range of 20-25 mA, and the variance reduced
to 0.0064. Experiments have shown that adaptive modulation can
effectively suppress signal power fluctuations caused by turbulence.
Within the range of 2.0-6.5 km, the output optical power of APD
exhibits a negative exponential distribution. Its energy is mainly
distributed in the range of 0.5-20.0 mA, with a variance of
approximately 0.9258. Compared to the test results below 2.0 km,
it can be seen that there is energy attenuation and the fluctuation has
increased by nearly an order of magnitude. As the communication
distance increases, the energy of the communication laser weakens
and the variance fluctuation significantly increases. The signal
energy calculation results of the two algorithms are similar
within 3.0 km. After exceeding 3.0 km, the solution performance
of the adaptive modulation algorithm gradually outperforms that of
the amplitude coherence algorithm. The testing of laser energy is to
analyze the signal amplitude during laser communication, as it is
proportional to the laser energy.

5.2 Signal demodulation analysis

In order to verify the good demodulation performance of the
adaptive modulation algorithm signal, demodulation analysis was
conducted on the laser signal at the receiving end. The signal was
obtained using the receiving module in the laser communication
system, and 600s of test data were intercepted, as shown in
Figure 3.

Frontiers in Physics

As shown in Figure 3, the original signal (blue curve in the
figure) contains a large amount of noise after passing through the
atmospheric channel. The response current fluctuation range on the
APD detector is 5-70 mA, with an average of about 38.5 mA and a
large variance. After filtering, the filtered signal can be obtained
through the demodulation calculation of the adaptive modulation
algorithm (red curve in the figure). After filtering and demodulation
calculation, the response current fluctuation range on the APD
detector is reduced to 22.0-53.0 mA, with an average of about
39.3mA and a significant reduction in variance. The APD
response current demodulated using an adaptive modulation
algorithm has good output characteristics. The curve can roughly
see the signal envelope in the range of about 100 s, and after data
processing, the modulated data can be well recognized. By
performing Fourier transform on filtered signals, their frequency
domain information can be obtained, and their Frequency shift
signal and Phase shift signal can be solved. By comparing with the
original modulated signal of the laser communication signal, the
frequency shift signal and phase shift signal of the received signal
relative to the original signal can be calculated.

5.3 Error rate comparison test

From the received light intensity and the response current of the
APD detector, it can be seen that the signal-to-noise ratio has been
improved after adopting adaptive modulation. In order to further
validate the advantages of this design in laser communication, the
error rate of the adaptive modulation algorithm and the amplitude
coherence algorithm under different atmospheric turbulence
nominal values were compared. The nominal values of
atmospheric turbulence are taken as C; = 107, C, = 107'® and
C; =107", respectively, and the test results are shown in Figure 4. Cy,
C, and C; are the error rate of a laser communication system,

calculated by subtracting the total amount of communication data
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FIGURE 4
Bit error rates before and after adaptive modulation optimization.

from the amount of error data during the communication process
and dividing it by the total amount of communication. It is often
used to analyze the transmission accuracy of communication
systems.

As shown in Figure 4A, as the communication distance
increases, the error rate also increases. The testing distance has
increased from 0 to 6 km. When C; = 107, the error rate increases
from 4.5 x 107 to 2.9 x 10™°; When C, = 107'°, the bit error rate
increases from 8.5 x 10~ to 6.3 x 10™°. When C; = 107", the error
rate increases from 1.3 x 107® to 1.05 x 10™*. As the nominal value of
atmospheric turbulence decreases, the error rate of laser
communication systems is also gradually decreasing. In contrast,
when C, = 107", the bit error rate using adaptive modulation
algorithms increases from 4.3 x 107 to 5.8 x 10™% When C, =
107!, the bit error rate increases from 8.2 x 10~ to 8.9 x 10°%. When
C; = 107, the error rate increases from 1.2 x 107 to 1.2 x 10™”. The
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error rate variation amplitude of the adaptive modulation algorithm
is much smaller than the calculation result of the amplitude
coherence algorithm. The error rate of the adaptive modulation
algorithm is also less disturbed by the nominal value of atmospheric
turbulence than that of the amplitude coherence algorithm. The
superiority of this algorithm has been verified.

6 Conclusion

This article focuses on the problem of requiring a large amount
of data transmission in the multi-microgrids scheduling process of
power systems, and designs a multi-microgrids scheduling system
based on laser communication. Apply adaptive modulation
algorithms in laser communication systems to modulate and
demodulate communication signals. The impact of atmospheric
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turbulence on communication laser energy, APD response value,
and laser communication error rate was analyzed through
simulation and experimental testing. We compared the testing
results of adaptive modulation algorithm and amplitude
the of

communication in different states, and verified the feasibility of

coherence algorithm, analyzed error rate laser

the system and the superiority of the algorithm.
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