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Abstract: This article explores and optimizes network technologies for wind energy systems, focusing
on the RS-485 interface to ensure reliable data transmission in extreme conditions. The study aims
to address the impact of various distortions on data quality and wind turbine management. A
system was proposed with two wind turbines, each equipped with a Raspberry Pi 4, connected
to sensors measuring temperature, vibration, and wind speed. The research examined how data
transmission rates affect signal shape, calculating the distortion coefficient. At 460,800 baud, the
signal was almost completely distorted, with significant amplitude loss. The distortion coefficients
were 1.84 for logic ‘1’ and 1.92 for logic ‘0’. The optimal speed to minimize distortions was found to
be 19,200 baud, providing the most stable signal. Additionally, temperature significantly impacted
transmission quality, highlighting the need to consider climatic conditions in system design. The
findings and methods can help improve existing data transmission systems and enhance wind turbine
performance.

Keywords: RS-485 interface; data transmission; wind turbine; distortion coefficient; transmission
speed

1. Introduction

The modern world is witnessing a significant shift towards renewable energy sources
(RES) in an effort to reduce carbon dioxide emissions and mitigate the catastrophic effects
of climate change. Among RES, wind energy plays a pioneering role, and its importance is
essential for optimizing wind turbine technology [1]. However, despite notable technologi-
cal advancements in wind turbine design and operation, challenges remain in ensuring
reliable data transmission within wind turbine control systems. Wind energy is a more
reliable renewable energy resource as it is less affected by environmental factors such as
humidity and dust compared to solar energy sources [2]. Wind turbines can be classified
into two main categories based on the orientation of their rotating axis: horizontal-axis
wind turbines (HAWTs) and vertical-axis wind turbines (VAWTs). HAWTs, being more
common, typically require advanced control systems involving pitch and yaw mechanisms
to optimize energy capture and alignment with the wind. In contrast, VAWTs, while often
less efficient, are simpler in design and operation, relying on more straightforward control
systems due to their ability to capture wind from any direction. Ensuring efficient and reli-
able data transmission for both types of turbines is crucial to maximizing their operational
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performance, particularly under varying environmental conditions. The effectiveness of
control systems in wind turbines directly depends on the accuracy and timeliness of the
data exchanged between components.

Efficient and reliable data exchange is essential for optimizing wind turbine perfor-
mance and ensuring safety. The RS-485 interface has been widely adopted in industrial
automation due to its long-distance communication capabilities and high noise immunity,
making it a suitable choice for wind turbine control systems [3]. The rapid growth of
wind energy, highlighted by the International Energy Agency as one of the fastest-growing
sectors in renewable energy, demands not only an increase in installations but also im-
provements in operational efficiency. In 2023 alone, global renewable energy capacity grew
by 50%, with significant contributions from countries like China, the EU, the USA, and
Brazil. To support this expansion, modern policies are focusing on decarbonization and
boosting the share of renewable energy sources, as illustrated in Figure 1. Achieving these
ambitious goals requires enhancing the reliability and efficiency of wind turbine control
systems, particularly in terms of data transmission [4]. To achieve these ambitious goals, it
is essential to ensure the reliability and efficiency of wind turbine control systems, particu-
larly in terms of data transmission. Reliable data transmission is especially critical under
harsh environmental conditions, such as fluctuating temperatures and electromagnetic
interference, where the stability of signals can directly impact the performance and safety
of wind turbines.
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A comparative analysis was conducted to evaluate different data transmission inter-
faces commonly used in industrial and wind turbine control systems, including RS-232,
CAN, Modbus, and Ethernet-based protocols. RS-232, despite its widespread use, has
a limited communication distance (up to 15 m) and lower resistance to electromagnetic
interference, making it unsuitable for large-scale wind turbine networks [5]. CAN and
Modbus provide higher noise immunity and support longer distances but are limited
in terms of data rates and the number of devices they can support [6]. Ethernet-based
protocols offer high-speed communication and support a large number of devices but
are prone to higher transmission delays in harsh conditions, which can be detrimental to
real-time wind turbine control [6]. Based on these comparisons, the RS-485 interface was
selected as the optimal choice due to its balance of long-distance communication, high
noise immunity, and flexibility in multi-point networks [7].

This study addresses these challenges by focusing on the use of the RS-485 interface
for data transmission in wind turbine control systems. The RS-485 interface, known for its
high noise immunity and long-distance communication capabilities, was analyzed under
different transmission speeds and environmental conditions to evaluate its performance in
complex operational scenarios. The primary contribution of this work is the development of
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an experimental setup and a mathematical model to analyze signal distortions, transmission
delays, and the impact of temperature variations on data quality.

The primary task in wind turbine management is to ensure the maximum efficiency of
their operation, which directly depends on the accuracy and timeliness of the operational
data received. Data on wind speed, blade loads, temperature, and other critical parameters
must be transmitted in real-time with minimal delays and distortions [8–10]. However, in
practice, data transmission networks often encounter problems caused by external interfer-
ence, physical obstacles, and equipment limitations [11]. This makes it critically important
to study and optimize network technologies in the context of wind energy installations.
RS-485 expresses the characteristics for drivers and receivers in balanced digital multipoint
systems, making it ideal for environments requiring long-distance communication and
high noise immunity [12]. It uses differential signalling, allowing for data transmission
over distances up to 1200 m and supporting up to 32 devices on a single bus [13]. The
differential voltage ranges from −7 V to +12 V, with termination resistors at both ends to
prevent reflections and biasing resistors to maintain a stable state [14].

RS-485 operates in half-duplex or full-duplex modes and is widely used in industrial
automation, building automation, instrumentation, data acquisition, access control systems,
solar power systems, and medical equipment due to its robustness and noise immunity [15].

Modern wind energy management systems require highly reliable data transmission to
ensure efficient operation under varying external influences. A key element of such systems
is the resilience of data transmission against external interference and the ability to adapt
to changing operating conditions. However, most existing solutions do not simultaneously
consider the impact of transmission speed and environmental factors such as temperature
fluctuations and interference. This gap necessitates further investigation into network
parameters and the adaptation of transmitting devices to improve signal quality [16].

In this study, a comprehensive approach is proposed that involves the mathematical
modelling and analysis of data transmission characteristics using the RS-485 interface. The
RS-485 interface, known for its high noise immunity and long-distance communication ca-
pabilities, was analyzed under different transmission speeds and environmental conditions
to evaluate its performance in complex operational scenarios [16]. The novelty of the work
is as follows:

A method for evaluating signal distortions and transmission delays under varying
environmental parameters and at different data transmission speeds has been developed.

An optimal transmission mode has been proposed to ensure minimal signal distortion,
which enhances communication reliability in industrial conditions.

For the first time, the influence of temperature on the signal distortion coefficient
is examined in detail, allowing recommendations to be made for selecting transmission
parameters in fluctuating environmental conditions.

The advantage of the proposed approach lies in its ability to consider the full spectrum
of possible network parameter changes, providing a comprehensive assessment of data
transmission resilience and offering recommendations to improve the efficiency of wind
turbine control systems. This makes the results of the study a valuable contribution to the
development of reliable data transmission technologies in the energy sector.

2. Materials and Methods
2.1. Model of a Vertical-Axis Wind Turbine

The wind turbine used in this study is a Darrieus-type vertical-axis wind turbine
(VAWT), a configuration known for its simplicity and suitability for various environments,
particularly urban areas. This turbine is designed with three straight blades positioned
symmetrically around a central axis, allowing it to capture wind from any direction without
the need for complex yaw or pitch mechanisms, which are typically found in horizontal-
axis wind turbines (HAWTs) [17]. The chosen turbine model operates at wind speeds
ranging from 3 m/s to 12 m/s, with a cut-in speed of 3 m/s and an optimal performance
at wind speeds around 8 m/s. This makes the Darrieus turbine versatile and capable of
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functioning in environments with moderate and variable wind conditions. The turbine’s
power coefficient (Cp), which measures its efficiency in converting wind energy into
mechanical power, typically ranges from 0.35 to 0.45. These features align with the study’s
goal of optimizing the RS-485 data transmission system for efficient wind turbine control
under varying environmental conditions [18].

The Darrieus VAWT model shown in Figure 2 was developed in SolidWorks and
highlights the turbine’s geometric and mechanical characteristics. This model is essential
for evaluating how the data transmission system performs when integrated with wind
turbine control systems, ensuring the reliable communication of critical parameters such
as wind speed, blade loads, and temperature. The robustness of the RS-485 interface in
handling environmental factors like electromagnetic interference, vibrations, and tem-
perature fluctuations is key to the study’s objective of enhancing the reliability of wind
turbine control systems. By analyzing this turbine design, the research demonstrates how
optimized data transmission contributes to the operational efficiency and safety of wind
turbines, particularly in challenging environmental conditions.
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The wind turbine operates at varying wind speeds throughout the year, and changes
in wind speed can potentially influence the efficiency of data transmission systems. The
average hourly wind speed over the year is around 5.8 mph [19]. Table 1 shows the monthly
average wind speeds [20]. The wind speed varies between 5.4 mph in January and 6.2 mph
in May, illustrating a relatively stable wind environment with moderate fluctuations. The
cut-in speed of the turbine, approximately 3 m/s (6.7 mph), is met consistently during the
year, ensuring regular turbine operation. This data provides insight into how the wind
speed in the turbine’s environment fluctuates over the year. The average wind speed is
consistently above the turbine’s cut-in speed, ensuring regular energy production and a
steady flow of operational data. These operating conditions are critical for assessing the
performance of the RS-485 data transmission system in maintaining reliable communication
under real-world environmental fluctuations. The wind speed peaks around 6.2 mph
in May and averages around 5.4 to 6.1 mph throughout the rest of the year, providing
consistent operational conditions for the wind turbine and its data transmission system.
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Table 1. Average wind speed in Almaty by month.

Month Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb

Wind Speed
(mph) 5.4 5.5 5.8 6.2 6.1 6.0 6.1 6.0 5.9 5.6 5.5 5.4

2.2. Data Collection Network

A very important task is reliable data transmission systems that can function in ex-
treme conditions and maintain high levels of wind turbine performance [21]. This research
aims to study and optimize network technologies in the context of wind energy installa-
tions, focusing on the RS-485 interface to develop robust and reliable data transmission
systems. The relevance of this research is supported by the need to address the impact of
various types of distortions on data transmission quality and subsequent wind turbine man-
agement [22,23]. The study involves theoretical analysis and practical testing to identify
optimal parameters for minimizing delays and errors, contributing to the improvement of
designs and control algorithms and increasing the overall reliability and economic efficiency
of wind energy projects [24–26].

The system consists of a central control unit and two wind turbines. This network
represents a data collection system from two wind turbines, each equipped with a Raspberry
Pi 4 Model B, Cambridge, UK connected to temperature sensors (DHT22), vibration sensors,
and wind speed sensors (anemometers) [27]. Data from the sensors are transmitted through
USB3.0adapters to an RS-485 switch, which consolidates the data and sends them to a
central server, also based on a Raspberry Pi 4 Model B, Cambridge, UK connected via a
similar adapter. The server, connected to the internet, processes and transmits the collected
data for remote monitoring and system management (Figure 3).

To describe the data transmission process between the wind turbines and the central
control unit, a signal transmission model using the RS485 (EIA/TIA-485) [27] interface
is employed [28]. It is among the most commonly adopted physical layer standards in
contemporary industrial automation. This standard details the electrical attributes of
receivers and transmitters capable of binary signal transmission in multipoint networks.
Nevertheless, it does not address other factors such as signal quality, communication
protocols, connector types, or transmission lines.

This omission often leads to difficulties for users when connecting different devices to
an RS-485 network. An inadequately designed RS-485 network can undermine automation
efforts, causing frequent equipment failures, malfunctions, and errors [29]. The aim of
this article is to offer users recommendations for connecting and practically implementing
data transmission systems using the RS-485 interface [30]. The RS-485 interface employs
differential (balanced) data transmission. This technique involves transmitting a normal
signal on one wire (referred to as line A) and an inverted signal on another wire (referred
to as line B), ensuring a constant potential difference between the two wires of the twisted
pair (Figure 3). For a logical “one”, the potential difference is positive, while for a logical
“zero”, it is negative [31].

The advantage of differential (balanced) data transmission is its high resistance to
common-mode noise, which affects both communication lines equally. In areas with non-
uniform electromagnetic fields, an electromagnetic wave induces a potential in both wires.
Unlike RS-232, where the useful signal relative to the “ground” could be lost, differential
transmission maintains the signal’s integrity by keeping the potential difference (useful
signal) unchanged. RS-485 uses twisted pair wires, with direct outputs “A” connected to
one wire and inverted outputs “B” to the other. Incorrect connections will not damage
the transceivers but will prevent proper function. It is worth mentioning that to maintain
reliability and reduce noise interference, it is advisable to decrease the data transmission
speed as the length of the communication lines increases.
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The signal transmitted through the RS-485 interface can be described as a sinusoidal
signal with additive noise. The mathematical model of the signal is as follows [32]:

V(t) = Asin(2π f t + φ) + N(t), (1)

where the amplitude of the signal is denoted with A, the frequency is f and φ is the phase
of the signal, and N is the additive noise.

The transmission of the signal through the channel can be described by the convolution
equation [3]:

Vout(t) =
∫ ∞

−∞
vin(τ)h(t − τ)dτ + N(t), (2)

where with h(t) is denoted the impulse response of the channel.
h(t) describes how the signal changes as it passes through the data transmission chan-

nel. For our case, let us assume that the channel has an exponential impulse response [33]:

h(t) = e−αt (3)

Let us substitute the signal and the impulse response into the convolution equation:

Vout(t) = A
∞∫

−∞

sin(2π f τ + φ)e−α(t−τ)dτ +

∞∫
−∞

N(τ)e−α(t−τ)dτ + N(t) (4)
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To evaluate signal distortions, the distortion coefficient K is used, which is defined as
the ratio of the signal energy at the input to the signal energy at the output [34]:

k =

∫
|Vin(t)|2dt∫
|Vout(t)|2dt

(5)

To determine the signal delay time in the system, correlation analysis is used [35]:

τmax = argmaxτ(
∫

Vin(t)Vout(t + τ)dt), (6)

where τmax is the time delay with maximum correlation between input and output signals.
Next, the method of integration by parts and properties of sinusoidal functions

were used:
The energy of the input and output signals can be calculated using the following

formulas [36]:

V0(t) = Asin(2π f t + φ) · 1√
α2 + (2π f )2

(7)

Ein =

T∫
0

A(sin(2π f t + φ ))2dt =
A2T

2
(8)

Eout =

T∫
0

A(sin(2π f t + φ ))
1√

α2 + (2π f )2

1
dt =

A2T

2(α2 + (2π f )2)
(9)

Hence, it follows that the distortion coefficient is equal to:

k =
Ein
Eout

= α2 + (2π f )2 (10)

The correlation function for the delay [37]:

Rvin ,vout(τ) =

T∫
0

Vin(t)Vout(t + τ)dt (11)

The maximum correlation is achieved when:

τmax =
1

2π f
(12)

In addition to the theoretical model described earlier, a real-world implementation of
the system was constructed to test data transmission performance in practical conditions.
This network consists of two wind turbines, each equipped with a Raspberry Pi 4 Model B
connected to various sensors, such as temperature sensors (DHT22), vibration sensors, and
wind speed sensors. The Raspberry Pi devices are connected via USB3.0-RS-485 adapters,
which transmit the data to an RS-485 switch. This switch sends the data to a central server,
also based on a Raspberry Pi 4 Model B, connected via a similar RS-485 adapter. The entire
system is connected to a modem for real-time data transmission and remote monitoring [38].
Additionally, a weather station with an anemometer is installed on the roof, transmitting
data wirelessly to the central system. The complete system layout is illustrated in Figure 4,
showing the hardware connections and system components. This physical implementation
allows for monitoring the data transmission performance and validating the mathematical
model presented in the study.
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To ensure reliable data transmission in wind turbine control systems, it is important
to consider various environmental factors that can influence signal quality. These factors
include electromagnetic interference, mechanical vibrations, long communication distances,
and temperature variations. Electromagnetic interference is typically caused by high-power
electronics and electrical components within the turbine, while mechanical vibrations are
induced by the continuous movement of the blades and nacelle.

Additionally, temperature fluctuations can alter the signal properties, potentially
increasing the distortion coefficient and affecting the stability of data transmission. The
influence of temperature can potentially alter the distortion coefficient, impacting the
stability and reliability of the RS-485 interface in real-world scenarios.

3. Results and Discussion

During transmission through real communication channels, signals undergo distor-
tions, resulting in received messages being reproduced with some errors. The errors are
caused by interfering signals, changes in transmission line impedance, and environmental
factors such as temperature and mechanical effects. These factors can lead to signal degra-
dation, increased delays, and data transmission errors. The experimental setup utilized a
300 m RS-485 communication line, which, while shorter than the maximum recommended
length of 1200 m for RS-485, was chosen to simulate typical industrial conditions. This
length ensured that the results accurately reflect real-world performance while maintaining
a stable communication link between devices. Figures 5–18 show the signal waveforms at
different data transmission rates, ranging from 4800 to 460,800 baud, measured at the input
of the network and at the input of the nearest and furthest slave device.

The experimental setup included several slave devices positioned along the communi-
cation line, with the furthest device placed at the end of the 300 m cable. This configuration
was designed to evaluate signal integrity and transmission quality over a realistic distance
for industrial applications. The selected cable length ensured the system could simulate typ-
ical communication scenarios encountered in wind turbine networks, where long-distance
data transmission is necessary. The results showed that data rates up to 19,200 baud pro-
vided stable transmission with minimal distortion, while higher data rates led to noticeable
signal degradation. The choice of a 300 m line length reflects practical considerations and
the need to test the reliability of the RS-485 interface under realistic operating conditions.
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The RS-485 interface employs a differential (balanced) method of data transmission.
In this method, the potential difference at the output of the transceiver changes: for
transmitting ‘1’, the potential difference between A and B is positive, and for transmitting
‘0’, the potential difference between A and B is negative. To accurately capture the signal
characteristics at both the generator and slave device nodes, differential probes were used,
ensuring that common-mode noise was minimized and the true signal values were recorded.
This setup ensured the accurate measurement of the differential signal and minimized the
influence of interference, typical for industrial environments.

The waveforms at the network input and the slave device input at various data
transmission speeds are shown in Figures 5–18, where dX, dY—steps along the time
and voltage axes, respectively. These graphs demonstrate how the signal shape changes
depending on the transmission speed.

At a speed of 4800 baud, the signal shape at the network input is practically undis-
torted, while at the slave device input, there is a slight decrease in signal amplitude,
but the signal shape remains clear and distinct. The distortion coefficient for logic ‘1’ is
approximately 1.04, and for logic ‘0’ it is about 0.98.

At 9600 baud, the signal shape at the network input remains almost unchanged
compared to 4800 baud, and at the slave device input, the signal amplitude also slightly de-
creases, but the shape remains clear. The distortion coefficient for logic ‘1’ is approximately
1.05, and for logic ‘0’ it is about 0.97.

At 19,200 baud, the signal at the network input remains almost unchanged, and the
signal shape is well distinguishable. There is a slight increase in distortion at the slave
device input, but the signal shape remains distinguishable. The distortion coefficient for
logic ‘1’ is approximately 1.05, and for logic ‘0’ it is about 0.99.

At 38,400 baud, the signal shape at the network input starts to distort slightly, and
the signal amplitude decreases. At the slave device input, there is a significant decrease in
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signal amplitude, and the signal shape begins to distort. The distortion coefficient for logic
‘1’ is approximately 1.09, and for logic ‘0’ it is about 1.02.

At 57,600 baud, the signal shape at the network input becomes less clear, and the
signal amplitude noticeably decreases. At the slave device input, the signal is significantly
distorted, and the signal amplitude decreases significantly. The distortion coefficient for
logic ‘1’ is approximately 1.09, and for logic ‘0’ it is about 1.05.

At 115,200 baud, the signal shape at the network input is heavily distorted, and the
signal amplitude decreases significantly. At the slave device input, the signal is heavily
distorted, and the signal amplitude decreases substantially. The distortion coefficient for
logic ‘1’ is approximately 1.19, and for logic ‘0’ it is about 1.11.

At 460,800 baud, the signal at the network input is almost completely distorted, and the
signal amplitude decreases significantly. At the slave device input, the signal is completely
distorted, and the signal amplitude is minimal. The distortion coefficient for logic ‘1’ is
approximately 1.84, and for logic ‘0’ it is about 1.92.

Thus, the optimal data transmission speed for minimizing distortions is in the range
up to 19,200 baud. At these speeds, the signal shape is most stable and less susceptible
to distortion. With increasing data transmission speeds, distortions increase, indicating a
deterioration in data transmission quality at higher speeds. This may be due to physical
limitations of the equipment and increased noise and interference. The distortion coefficient
of the signal was calculated using the formula:

Ki =
Sin
Sout

, (13)

where Sin—the area under the signal waveform at the input of the slave device; Sout—the
area under the signal waveform at the output of the generator.

The approximate area under the signal waveform was calculated using the formula:

S ≈ ∑n−1
i Ui∆t, (14)

where Ui the voltage value of the signal at point i; ∆t time interval.
The results of the experiments are presented in Table 2, showing the distortion coeffi-

cient of the signal waveform.

Table 2. Signal distortion at different data transmission speeds.

Speed
Distortion Coefficient

Ki (Logic 1) Ki (Logic 0)

4800 1.04 0.98
9600 1.05 0.97

19,200 1.05 0.99
38,400 1.09 1.02
57,600 1.09 1.05
115,200 1.19 1.11
460,800 1.84 1.92

Further, a Python code was developed to compute the relationship between the
distortion coefficient and the data transmission speed (Figure 19). The code for correlation
analysis is shown on Figure 20.
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Figure 20. Python code for the correlation.

This code facilitated the generation of the graphs in Figures 21 and 22, which depict
the calculated distortion coefficient and signal delay times for different transmission speeds.
The algorithm uses temperature and transmission speed inputs to model and visualize how
these variables affect signal quality and delay, providing essential insights for optimizing
the system’s performance under varying environmental conditions. As a result, the graphs
shown in Figures 21 and 22 were obtained.
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From Figure 21, it can be observed that at low data transmission speeds (4800 baud),
the distortion coefficient Ki remains around 1.04 for logic ‘1’ and 0.98 for logic ‘0’. As
the data transmission speed increases to 19,200 baud, the distortion coefficients remain
practically unchanged, staying within 1.05 and 0.99 respectively. With a further increase in
data transmission speed, the distortion coefficient starts to rise. At speeds of 115,200 baud
and above, a significant increase in the distortion coefficient is observed, especially for logic
‘1’ (up to 1.84 at 460,800 baud).

Thus, the optimal data transmission speed for minimal signal distortion lies in the
range up to 19,200 baud. At these speeds, the signal waveform is most stable and less
susceptible to distortion. With increasing data transmission speed, distortions increase,
indicating a deterioration in data transmission quality at higher speeds. This may be due
to physical limitations of the equipment and increased influence of noise and interference.

Figure 22 demonstrates that the signal delay time is inversely proportional to the
signal frequency. This is evident from the decreasing curve, where an increase in signal
frequency leads to a decrease in delay time. At low frequencies (50 Hz), the signal delay
time is significantly higher (around 3.18 milliseconds). With an increase in frequency to
3200 Hz, the signal delay time decreases to less than 50 microseconds.

Thus, higher signal frequencies result in shorter delays, which can be beneficial for
systems requiring rapid response and minimal delays. The choice of signal frequency
should balance between data transmission speed requirements and acceptable delays. For
systems with critically important time parameters, higher frequencies are preferred. The
influence of temperature on the distortion coefficient was also studied using a second-order
polynomial model [39]:

Ki(t) = Ki0 ·
(

1 + β1(T − T0) + β2

(
T − T0)

2
)

, (15)

where Ki0—the distortion coefficient at the baseline temperature T0; β1—the coefficient of
linear temperature influence; β2—the coefficient of quadratic temperature influence; T—the
current temperature.

Initial conditions: Baseline temperature T0 = 20 ◦C, the distortion coefficient at the
baseline temperature Ki0 = 1.05 (Based on the experiment conducted earlier), the coefficient
of linear temperature influence β1 = 0.01. The coefficient of quadratic temperature influence
β2 = 0.001 [40].

The difference between the current temperature and the baseline temperature can be
calculated by [40]:

∆T = T − T0 (16)
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The linear contribution was calculated using the formula:

β1 · ∆T (17)

The quadratic contribution was also calculated:

β2 · (∆T)2 (18)

Summing up the contributions will give:

1 + β1 · ∆T+β2 · (∆T)2 (19)

Thus, the overall expression obtained is:

Ki(t) = Ki0 · (1 + β1∆T + β2

(
∆T)2

)
(20)

For various temperatures, the distortion coefficient was calculated using the method-
ology described above. The calculation results are recorded in Table 3, where T0 = 20 ◦C.

Table 3. Calculation results for Distortion coefficient Ki(t).

T (◦C) ∆T = T − T0 (◦C) β1·∆T β2·(∆T)2 1 + β1·∆T + β2·(∆T)2 Ki(t)

10 −10 0.1 0.1 1 1.05
20 0 0 0 1 1.05
30 10 0.1 0.1 1.2 1.26
40 20 0.2 0.4 1.6 1.68
50 20 0.3 0.9 2.2 2.31

The calculations demonstrate how the distortion coefficient Ki changes with tempera-
ture (T), using a second-order polynomial model. This model allows for a more accurate
consideration of temperature’s influence on signal distortion in data transmission systems.

The inclusion of both linear (β1) and quadratic (β2) temperature terms allows for a
detailed representation of how temperature deviations from the baseline of 20 ◦C affect
the transmission quality. As temperature increases or decreases, the distortion coefficient
also increases, indicating greater instability at extreme temperatures, such as 50 ◦C. These
results offer valuable insights for optimizing data transmission systems under a wide
range of operational temperature conditions, ensuring the system’s resilience and stability
in varying climates. By understanding the effects of temperature, engineers can adjust
transmission parameters to mitigate distortion and improve the overall reliability of wind
turbine control systems.

4. Conclusions

The conducted study has demonstrated the importance of optimizing data transmis-
sion technologies in wind turbine control systems. In particular, the effectiveness of using
the RS-485 interface for data transmission in industrial environments characterized by high
levels of electromagnetic interference and physical constraints was examined. The key
findings of the study are summarized below:

• Optimal transmission rate: Experimental results showed that a data transmission rate
of up to 19,200 baud ensures minimal signal distortion and high transmission stability,
making it optimal for these conditions.

• Impact of transmission speed: As transmission speed increases, the distortion coeffi-
cient rises, leading to a deterioration in data transmission quality and an increased
susceptibility to external influences.
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• Climatic considerations: Temperature was found to significantly impact transmission
quality, underscoring the need to consider climatic conditions during the design and
operation of such systems.

These findings highlight the importance of choosing appropriate data transmission
rates and accounting for environmental factors to ensure reliable wind turbine control. The
methods developed in this study can be applied to improve existing data transmission
systems and to develop new systems, enhancing the reliability and efficiency of wind
turbine management across a range of turbine types and sizes, including both vertical-axis
and horizontal-axis turbines. This flexibility makes the system suitable for turbines in
diverse operational conditions, ensuring robust and efficient data management.

Future research will focus on integrating more advanced technologies and transmis-
sion protocols, as well as developing strategies to further minimize the impact of external
environmental factors, such as electromagnetic interference and temperature fluctuations,
in order to increase the resilience of wind turbine control systems.
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