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ABSTRACT

Power quality improvements help guide and solve the problems of inefficient energy production and unstable power
output in wind power systems. The purpose of this paper is mainly to explore the influence of different energy
storage batteries on various power quality indicators by adding different energy storage devices to the simulated
wind power system, and to explore the correlation between system entropy generation and various indicators, so as
to provide a theoretical basis for directly improving power quality by reducing loss. A steady-state experiment was
performed by replacing the wind wheel with an electric motor, and the output power qualities of the wind power
system with and without energy storage were compared and analyzed. Moreover, the improvement effect of different
energy storage devices on various indicators was obtained. Then, based on the entropy theory, the loss of the internal
components of the wind power system generator is simulated and explored by Ansys software. Through the analysis
of power quality evaluation indicators, such as current harmonic distortion rate, frequency deviation rate, and
voltage fluctuation, the correlation between entropy production and each evaluation indicator was explored to
investigate effective methods to improve power quality by reducing entropy production. The results showed that
the current harmonic distortion rate, voltage fluctuation, voltage deviation, and system entropy production are
positively correlated in the tests and that the power factor is negatively correlated with system entropy production.
In the frequency range, the frequency deviation was not significantly correlated with the system entropy production.
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1 Introduction

Due to the current global environmental changes, the development of renewable and clean energy
has become an essential part of achieving carbon neutrality. Wind power is an important component
of renewable energy. In recent years, wind power has been vigorously promoted worldwide, and the
global installed wind power capacity has been rapidly growing [1]. Off-grid wind power systems are
characterized with low quality and unstable output power compared with other energy systems [2]. In a
previous work [3], the harmonic robustness of a system was improved by developing innovative filtering
methods. Increasing the convergence speed of a system’s controllers can allow it to become fast and
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responsive, thus improving the power quality of electric vehicle charging. Another study [4] proposed a
Liapunov-based harmonic compensation and charging three-phase Shunt Active Power Filter (SAPF)
operation as an interface between EV applications and energy grids without increasing the size of DC-
link capacitors, and the proposed control algorithm could provide effective harmonic mitigation under
various nonlinear loads (NLLs) and grid disturbances. In addition, a sliding-mode-based adaptive
linear neuron (ADALINE)-proportional resonance (PR) control scheme [5] was proposed to improve
the performance of the Vienna rectifier (VR); eliminate the harmonics and active power of source
currents; eliminate ripples in dc-link voltages and battery currents; and improve the power quality
of battery charging. All the above-mentioned works used control strategies or filtering methods to
improve power quality; however, the installation of energy storage links in wind power systems plays
an important role in suppressing power fluctuations and improving the output power quality of wind
power systems. Thus, it is necessary to explore the role of different energy storage devices in improving
the output power quality of wind power systems.

The entropy theory is mainly used in computer and medicine applications [6,7] and is involved in
engineering thermodynamics. Moreover, it is excessively used in the evaluation methods and detection
methods related to wind power systems [8,9]. However, in wind power systems, the correlations between
output power quality, system entropy, and power quality indicators have rarely been analyzed. It
is clear from the second law of thermodynamics that the generation of system entropy is closely
related to system losses. Therefore, the correlation between power quality and the generation of system
entropy has been studied to explore effective ways of improving power quality by directly reducing
system losses. Generally, this approach is more direct than the existing methods of improving power
quality.

In this work, the output power quality of a wind power system was taken as a research object, and
a comparative experiment on whether there is an energy storage device was performed. The concept
of entropy in engineering thermodynamics is herein introduced, and the influence of adding different
energy storage systems on output power quality is discussed. Moreover, with the aim of providing a
basis for exploring effective ways of improving power quality by reducing the generation of system
entropy, the correlation between system entropy and power quality indicators was explored using the
losses of each system operation component as a link.

2 Mathematical Model of Entropy Production of Wind Power System

There are various physical processes and coupling relationships during the operation of wind
power systems. Among them, the degree of progress and the evaluation criteria of processes such as
unavoidable loss, convection heat transfer, field-circuit coupling, and heat conduction are different.
Entropy can be used as a different kind of physical process and is also a unified benchmark for process
analysis and research. A wind power system is a thermodynamics-based work—heat conversion system,
and the generation of losses is inevitable. The second law of thermodynamics shows that entropy is a
physical quantity closely related to losses. Thus, wind power systems are accompanied with dynamic
entropy generation changes in their course of operation [10].

The entropy generation in the system consists of four parts: viscosity entropy generation,
turbulence entropy generation, wall entropy generation and temperature entropy generation.
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Above, s represents entropy yield; u, v, w indicate velocity in three directions (x, y, z); ¢ indicates
the density of the heat flow rate; @ indicates entropy generation from viscous dissipation; @, indicates
entropy yield due to temperature change.

As a state function, the above formula (1) is time averaged, and the time averaged equation is as
follows:
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In the above formula, /T and &/72 represent entropy generation. The first term represents
the entropy generation caused by friction dissipation in the transmission of each component of the
generator, and the second term represents the irreversible loss caused by temperature difference in
the heat transfer process. Therefore, the variation law of entropy generation in wind power system is
closely related to the distribution of dynamic temperature field. Due to the large dynamic temperature
measurement error of the generator, this study is elaborated with the help of Ansys temperature field
simulation results. In the performed experiment in this study, the temperature of the experimental
environment was Kept constant. Thus, the environmental convection effect on the system’s entropy
production could be ignored. Simulation of wind power systems by electric motors driving generators.
Referring to the definition of a thermodynamically isolated system and the internal working conditions
of a wind turbine, the generator and output ends are regarded as an isolated system. Since the operation
process is irreversible, according to the second law of thermodynamics, the entropy increase of a
system follows ds = d.s > 0. Therefore, a mathematical model of system entropy production could be
established [11].

Sgisa = ng + Sgl + Sgh + qm (SZ - Sl) (3)

In this formula, S, is the entropy production of the fluid working medium inside the generator;
S, is the entropy production caused by various losses, including copper loss, iron loss, eddy current
loss, mechanical loss, and vibration loss, etc; S, is the generator to the wake flow Entropy production
in the field heat dissipation process; gm is the mass flow; and S, and S, are the entropy values of the
inlet and outlet of the watershed [12,13].

The expressions of S,; and S, are:
dpP
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In the formula, dP is the power loss, g, is the heat exchange between solids, 7', is the experimental
ambient temperature, and T, is the temperature where the loss occurs. By introducing a heat transfer
coefficient of K, the entropy production during the heat dissipation process of the generator is:
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The entropy production in the heat dissipation process in the flow field of the generator is:
(vT?)
Sy =X (7)
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In the formula, A is the thermal conductivity of the fluid, and the unit is W/(m’ - k).

The definition of the minimum value of entropy production in a wind power system is a non-
equilibrium steady state, and there is a dissipative process with a non-zero rate, making the system
an unbalanced dissipative system. If the external constraints do not allow the system to reach an
equilibrium state, the system settles for the next best option and is evolved to a steady state with a
minimal entropy generation value. As far as entropy itself is concerned, different fields have different
opinions. For organisms and ecosystems, entropy has a positive side. However, regarding the efficiency
of energy production and the use of wind power systems, an entropy increase can result in energy
depreciation and lower efficiency. It can be seen from the third law of thermodynamics that “zero
entropy” does not exist. Therefore, in this study, the power quality of a wind power system was
improved after adding different energy storage systems. Then, a correlation between power quality
indicators and entropy generation in wind power systems was discussed, where a wind power system
loss was used as a medium.

3 Analysis of the Internal Losses of Generators

The Ansys simulation software was used to establish a three-dimensional transient model of
the wind turbine, and the temperature distribution of the stator, rotor, permanent magnet, and
windings inside the generator was simulated and calculated. The thermal conductivity of the stator and
rotor, permanent magnets, and windings was set to 48 (W/m*°C), 20 (W/m*°C), and 380 (W/m*°C),
respectively, and the ambient temperature was set to 20°C. The losses caused by the temperature
increase of each component of the generator at different rotational speeds were derived through
simulations to provide a basis for analyzing the correlation between the entropy production and power
quality indicators, and the calculation results were demonstrated, as shown in the figures below.

It can be seen from Fig. 1a that the temperature increase outside the stator was lower than that
inside it, as the inside part of the stator is connected to the winding by insulating glue, and the thermal
conductivity of the edge glue is small. However, the outside of the stator is connected to the casing,
and the heat is transferred to the motor casing and then directly taken away by external air. The heat
dissipation capacity is strong; thus, the temperature increase of the stator presents a gradual reduction
distribution from the tooth to the outside. Fig. 1b shows that the temperature of the inner layer of the
winding is higher than that of the outer layer and that the temperature of the end is highest, as the
protruding part of the end of the winding is located in air, and due to the low thermal conductivity
of air, the heat dissipation effect is poor, resulting in higher temperature. Moreover, the temperature
of the outer winding is lower than that of the inner winding, as the heat dissipation capacity of the
outer winding is better than that of the inner winding. Fig. 1c shows that the highest temperature of
the rotor is at its axial middle and that the temperature gradually decreases from the axial middle to
the outside, showing an irregular boundary distribution with the low temperature at both ends and
high temperature at the middle. Fig. 1d shows that the maximum temperature of a permanent magnet
occurs at its axial middle, as the heat generated by the vortex loss of the permanent magnet is mainly
dissipated through the rotor core and air gap to the stator core, and the heat dissipation effect is poor.

As shown in a—d in Fig. 1, from the simulated temperature distribution of each component in the
operation of the generator, combined with the S,, analysis in Eq. (1), the temperature rise dynamic
change law of its four main components during operation can be seen as follows: the temperature
increases inside the stator, at the end of the winding, at the middle of the rotor, and at the middle of the
permanent magnet (highest change). For the entropy production of the system, the greater the increase
in temperature, the greater the loss, and the greater the entropy production. It can be concluded that
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the maximum entropy production during operation is at the inside of the stator, at the end of the
winding, at the middle of the rotor, and at the middle of the permanent magnet of the generator (the
winding, stator, permanent magnet, and rotor are in order from high to low).
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Figure 1: Temperature increase diagram of various components inside the generator. (a) Stator tem-
perature distribution diagram. (b) Winding temperature distribution diagram. (c) Rotor temperature
profile. (d) Permanent magnet temperature distribution map

With the increase in generator speed (caused by current), the voltage harmonics and voltage
fluctuations caused by the internal iron loss, copper loss, and eddy current loss of the generator also
increase. The Ansys simulation was used to calculate the change of each loss at different speeds to
explore the change of the internal entropy production of the generator during the operation of the
wind power system, and the calculation result is shown in the figure below.

As seen in Fig. 2, as the speed of the generator increased, the copper loss, iron loss, and eddy
current loss inside the generator increased. The reason is that when the generator speed gradually
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increased, a lot of harmonics were generated in the air gap magnetic density, resulting in increases in
the copper loss and eddy current loss inside the generator. Regarding the loss increase for the system
entropy production, S,, in Eq. (1) gradually increased with the operation of the system, combined with
the analysis of the power quality indicators, and the correlation characteristics between the two were
explored.
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Figure 2: Calculation results of the generator losses at different speeds. (a) 250 r/min. (b) 320 r/min. (c)
400 r/min
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4 Power Quality Evaluation Experiment of a Wind Power System
4.1 Introduction to the Experiment

In this experiment, the output power quality index of a generator was used as a target of the
experimental layout and operation. We simulated wind power generation systems with electric motors
instead of wind-turbine-driven generators. The generator output was connected to a rectifier and then
to an adjustable DC load bank for basic experiments without energy storage. Pre-experiments without
energy storage were performed at different speeds and loads. Moreover, parameters such as generator
output current and voltage were recorded using experimental instruments, such as the DH5902 data
acquisition and analysis system, Fluke190 wave meter system, and Fluke Norma 5000 power analyzer.
The experimental range was 250-420 rad, with a test interval of 10 rad. The experimental data were
recorded and processed according to national standards, and Fig. 3 shows the experimental setup.

Figure 3: Diagram of the experimental equipment. (a) Steady-state test bench. (b) Rectifier. (¢) Fluke
Norma 5000 power analyzer

After completing the basic experiment without energy storage, a comparative experiment of
adding energy storage devices was performed. Three different battery energy storage devices were
added in parallel with the DC load box: lead—acid batteries, lead—carbon batteries, and lithium
batteries. The load and speed settings were based on basic experiments as references, the relevant data
of the power quality indicators were recorded and analyzed, and the influence of different energy
storage devices on each power quality index was explored. Fig. 4 shows the experimental system
diagram.
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Figure 4: Experimental system block diagram

4.2 Analysis of Factors Influencing Power Quality

Before adding the energy storage experimental device, research on the correlation between
power quality, generator speed, and load was performed. Without adding the energy storage device,
experiments of setting different negative loads to rated speeds and over-rated speeds were performed
to explore the correlation characteristics between the five quality evaluation indices, load, and speed.
The whole process was recorded and the results were analyzed, as shown in Fig. 5 below.

Figure 5: (Continued)
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Figure 5: Correlation characteristics of power quality with rotational speed and load. (a) Total current
harmonic distortion rate. (b) Voltage fluctuation. (¢) Voltage deviation ratio. (d) Frequency deviation
ratio. (e) cos ¢

Fig. 5 shows that the current harmonic distortion rate shows a decreasing trend with the increase
in generator speed in the stage of 250-340 rad/min, where it was minimum at ~340 rad/min and then
gradually increased after 340 rad/min. Finally, the increasing trend became slow and stable near the
rated speed. It is positively correlated with the load, and its value decreases gradually as the load
increases. Fig. 5b shows that the voltage change d and speed have a trend of first increasing and then
decreasing (reaching a maximum value at ~270 rad/min), gradually decreasing with the increase in
speed, and gradually becoming stable near the rated speed, respectively, where the voltage fluctuates
with the change in the load. d is basically stable. Fig. 5¢ shows that the voltage deviation ratio is
negatively correlated with the rotational speed and that the downward trend is gradually stable when
it reaches ~390 rad/min near the rated speed. Moreover, the Fig. 5¢c shows that the voltage deviation
ratio slightly increased with the increase in the load. Fig. 5d shows that the frequency deviation ratio
decreases with the increase in speed until the decreasing trend near the rated speed becomes slow and
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stable and that the load increase has little effect on it. It can be seen from Fig. 5e that cosgp has a
downward parabolic change trend with the increase in speed, reaching a maximum of ~365 rad/min
and gradually stabilizing near the rated speed at 390 rad/min. Under the conditions of 672 w load and
395 rad/min, its value showed the lowest point of the experimental value (0.9248). The changing trend
is negatively correlated with the load, and the increase or decrease of the load has a greater impact on
it than the other four power quality parameters.

5 Power Quality Index and Loss Correlation Analysis

The output power quality of the wind power system was measured and calculated according
to national standards. Five representative power quality evaluation indicators were discussed and
analyzed according to the four aspects of power, frequency, voltage, and current: THD;, frequency
deviation rate, voltage variation rate d, voltage deviation, and power factor cosp. The weighting
percentages of each indicator were first determined according to the Analytic Hierarchy Process (AHP)
method.

5.1 Power Quality Indicator Weighting Analysis

As shown Fig. 6, the relative importance of the evaluation indicators in the hierarchical model
was evaluated using the IEC and national standards as follows: power indicators are more important
than frequency indicators and slightly more important than voltage and current indicators, and
voltage fluctuation indicators are more important than voltage deviation indicators. Therefore, a
judgement (pairwise comparison) matrix could be constructed based on the D-S evidence theory as

follows:
Power quality
indicators
Current

Voltage Frequency
indicators indicators indicators

Cur.rent harmomc Voltage deviation Voltage Freqpep <y Power Factor
distortion rate fluctuation deviation

Figure 6: Power quality evaluation hierarchy model

Power indicators

The judgement matrix of Level I to Level I is shown below:
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1
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The judgment matrix of the voltage indicators in Level II for the voltage fluctuations and voltage
deviations in Level I1I is shown below:

1 3
b=l 9)
3

The maximum eigenroot Amax (A) and eigenvector of matrix A were calculated by MATLAB, and
amax(A) was found to be 4.0944. The corresponding regularized eigenvector could be approximated
as the weight vector of matrix A, which characterizes the influence weight of Level II indicators on
Level I targets.

W, , = [0.4596 0.1256 0.2074 0.2074]" (10)

Similarly, Amax (B) = 2, i.e., the weight vector of the influence of voltage variations and voltage
deviations on voltage indicators in layer I indicators. The weight vector of the judgment matrix results
as follows:

W, , =[0.65 0.35]" (11)

From the above calculation, it can be seen that the influence of the power indicators, frequency
indicators, voltage indicators, and current indicators located in the second level on the optimal weight
of power quality is 0.4596, 0.1256, 0.2074, and 0.2074, respectively. Moreover, the influence of the
voltage variation and voltage deviation in the third level on the voltage indicators in the second level
is 0.65 and 0.35. Thus, the combination of the third level on the first level. The results of the weight
vectors are as follows:

W =1[0.4596 0.1256 0.1348 0.0726 0.2074]" (12)

This shows that the subjective weight sizes of the power factor, frequency deviation, voltage
variation, voltage deviation, and current harmonic distortion rate on the power quality of the unit
are 0.4596, 0.1256, 0.1348, 0.0726, and 0.2074, respectively.

5.2 Current Total Harmonic Distortion Rate

Referring to the algorithm of THD; in the national standard “Power Quality Harmonics of Public
Power Grids”, 10 non-overlapping measurement periods were calculated and averaged [14]. Since the
rated speed of the selected generator in this experiment is 400 rad/min, to analyze the characteristics
effectively and reliably, the speed range of 260—420 rad/min was selected. Since the voltage harmonic
distortion rate is close to the current harmonic distortion rate, the test results were used to analyze the
influence of the degree of the electrical signal harmonic distortion by various original factors. Then,
the correlation characteristics with the system entropy production were analyzed.

Fig. 7 shows that there is a negative correlation between the THD, and monitor speed. When
the speed was ~310 rad/min, the THD, with an energy storage device began to be better than the one
without an energy storage device. This is because the battery was in a discharged state, supplying power
to the load with the generator, at which point the THDi was approximately 13.58%. After 310 rad/min,
the generator supplied power to the battery and the load at the same time. At this time, the battery was
in a charged state, and the THD, was ~2.17%-4.05% lower than the no energy storage device when
the energy storage device was added. In the range of 310-390 rad/min, the improvement effect of the
lithium battery on THD, was better than that of the lead—acid battery and lead—carbon battery, and
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THD; tended to be stable after reaching 390 rad/min, with a minimum value of 6.61% occurring near
the rated speed. When the speed was higher than the rated speed of the generator, internal insulation
aging and demagnetization occurred after the long-term over-temperature operation, and the three
energy storage devices increased by ~8.6%—13%.

2? ——————————————— ————————
[ —f— No energy storage
| we=++ Lead-acid batteries
20}k = & -Lead carbon battery |
E —&— Lithium battery

=

Total Current Harmonic Distortion Rate
=

6 A L A A " 1 " A A 1 L A L A A L A A 1 " A
260 280 300 320 340 360 380 400 420
Rotating speed(rad/min)

Figure 7: Total current harmonic distortion rate

When the current harmonic distortion rate was too high, the harmonic current in the motor
winding increased. Thus, the heating of the winding increased, and its temperature increased. The
induced electromotive force of the winding coil in the cogging of the generator was affected by
harmonics, the output current also contained a large number of harmonics, and the internal iron loss
and eddy current loss of the motor increased [15].

5.3 Voltage Fluctuation and Voltage Deviation

The voltage variation d was used as a measure of generator output voltage fluctuations according
to ICE and national standards. The Root Mean Square (RMS) variation of the voltage square root
curve over five cycles was selected, and the larger value of AU was the measured value (calculated
according to the national standard “Voltage fluctuations and flicker in power quality”). Fig. 8 shows
the test and analysis results [16,17].

As the speed of the generator increases, d showes the trend of first rising and then decreasing.
The downward trend slows as it approaches the rated speed. When there was no energy storage device,
the maximum value of d was 3.53% when the rotation speed was ~290 rad/min. After adding the
energy storage device, when the speed gradually increased, d gradually decreased and the downward
trend gradually became slower. When the speed reached ~380 rad/min, the fluctuation value basically
reached a minimum value of 0.32%, which is ~12.5%—14.6% lower than the maximum value. The lead—
carbon battery worked best at the speed range of 240-320 rad/min, and the lithium battery had the
best effect on d in the speed range of 320-420 rad/min.



EE, 2024, vol.121, no.10 2973

3 L

—%— No energy storage

+«+@@-++ Lead-acid batteries
= @ -Lead carbon battery|
~Pp— Lithium battery

Voltage fluctuation

0 PR WU S W S W WS W WV W W W W W WU W W VI W TR T T mm—r—.
240 260 280 300 320 340 360 380 400
Rotating speed(rad/min)

Figure 8: Voltage fluctuation

When the voltage fluctuates greatly, the magnetic flux density in the motor core also fluctuates,
resulting in an increase in the iron loss and eddy current loss in the core. Moreover, in the case of large
voltage fluctuations, current fluctuations can occur, resulting in increased winding heating, thereby
increasing its temperature. Fig. 8 shows that at low speeds, the losses caused by voltage fluctuations
inside the generator are large.

The arithmetic mean value of the generator output voltage rms value curve was taken as the
voltage calibration value, and the average value of 16 voltage rms values in the fixed period of the
curve was taken as the measurement value. Then, the “Power Quality Supply Voltage Deviation” in
the national standard was used as the standard calculation to obtain the voltage deviation value [18].
Fig. 9 shows the analysis of the relationship between voltage deviation and rotational speed.

It can be seen from Fig. 9 that as the generator speed increases, the voltage deviation gradually
decreases, and the downward trend of the voltage deviation slows down when it is close to the rated
speed. When the speed is 415 rad/min, the minimum value of the voltage deviation is 0.076. After
adding the battery energy storage device, the voltage deviation at low speed can be reduced by up
to 11.4%-34.1%. At high speed, the energy storage device has less effect on the improvement of the
voltage deviation of the generator, and the improvement effect of the lead—carbon battery is better than
that of the lithium battery and lead—acid battery, with the lithium battery having a gradual decreasing
effect on the voltage deviation at a speed of 390 rad/min.

In the case of a large voltage deviation, current deviation occurred inside the motor, resulting
in increased winding heating. At the same time, the heating of the iron core increased; thus, its
temperature increased and magnetic permeability decreased, resulting in increased iron and eddy
current losses of the core [19,20]. As shown in Fig. 9, the loss caused by the voltage deviation was
large at low generator speeds.
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Figure 9: Voltage deviation ratio

5.4 Frequency Deviation Ratio and Power Factor

For easy comparison, the frequency deviation ratio could be obtained by comparing the frequency
deviation with the system nominal frequency. From the relation between the rotational speed NV and the
number of pole pairs P, it can be concluded that the voltage fundamental frequency of the generator
at different rotational speeds is the nominal frequency of the system [21]. The frequency deviation of
the electrical signals corresponding to 16 groups of different rotational speeds was measured, and the
deviation ratio was calculated. Fig. 10 shows the variation trend of the frequency deviation ratio with
the rotational speed.

Fig. 10 shows that there is a negative correlation between the generator speed and power quality
frequency deviation ratio. Moreover, it shows a decreasing trend near the rated speed, and this trend
then gradually slows down to a stable trend, dropping to its lowest point when the speed reaches 390
rad/min, showing a minimum value of 0.96, and then remaining stable. The rate of the output frequency
deviation was significantly reduced after the addition of the energy storage device. In the speed range of
240-340 rad/min, the three different energy storage batteries had a similar improvement effect. When
the lithium battery energy storage device was added, the improvement effect on the output frequency
deviation ratio of the system was more prominent when the rotation speed was 330-390 rad/min, and
the frequency deviation ratio decreased by ~21.3%-25.7%.

Excessive frequency deviation can lead to a decrease in the operating stability of generators, and it
is easy to produce overvoltage and overcurrent phenomena, which cause the temperatures of the motor
winding and bearing to increase, resulting in an increase in the losses inside generators [22]. Since the
frequency in the experimental operation did not exceed the upper limit, when the frequency deviation
of the generator was within the specified frequency, a significant increase in the internal temperature
of the motor did not occur, and the loss inside the generator did not increase significantly.
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According to the national standard “Measurement and Evaluation Method of Power Quality of
Wind Turbines”, the sizes of active power and reactive power also determine the quality of power. In
the collected power factor, the average value of cosg at 19 random time points was obtained as the
measured value.

Fig. 11 shows that the relationship between the generator speed and power factor presents an
approximately open downward parabolic, and its upward trend slows down around the rated speed of
400 rad/min. A maximum value of 0.947 occurred at a speed of 415 rad/min. After adding the energy
storage system, cosg improved, and the lithium battery could improve cosg by ~0.56%—-1.76% at a
lower speed, with the lithium batteries outperforming the lead—acid and lead—carbon batteries. The
improvements in cosg for the three different energy storage batteries were close in the speed range of
370415 rad/min.

If the generator power factor is too low, the temperature of the windings, cores, and bearings inside
the motor increases, resulting in a corresponding loss [23,24]. At the same time, it causes additional
current losses to flow through the circuit, increasing the temperature and loss of the internal resistance
of the generator. Therefore, as seen in Fig. 11, when the generator speed was low, the loss caused by
cosg was large at a higher speed.

6 Correlation Analysis of the Power Quality and Entropy Production Characteristics

According to the mathematical entropy production model of wind power systems, the correlation
between system loss, power quality, and system entropy production was used as a medium, and the
correlation between the power quality index and entropy production was analyzed.

An increase in THD; causes copper, magnetic leakage, and motor winding temperature losses
inside generators. According to the system entropy production model, S,; and S, increase accordingly.
That is, entropy production and THD; would show positive correlation characteristics.
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Voltage fluctuations are greatly affected by the interharmonic impact generated by air gap
magnetic fields, causing generators to produce significant copper losses and leakages. That is, S,,
is larger in the system entropy production. Due to the high-speed operation of generators and the
instability of wind speed, the internal temperature increase of motors is large, resulting in large heat
losses. That is, S, 1s large; thus, d and entropy production have a positive correlation.

In the case of increased voltage deviation, current deviations can occur inside motors, resulting in
an increase in winding heating (an increase in S, in a system’s entropy production). Meanwhile, the
iron core heating increases; thus, the temperature increases and the magnetic permeability decreases,
resulting in increases in the iron and eddy current losses of the core, and S,, increases in the
system entropy production. Thus, voltage deviation is positively correlated with a system’s entropy
production.

Due to the fluctuation of wind loads, blade vibrations are larger when frequency deviations are
large, resulting in large vibration losses, overvoltage, and overcurrent, which cause the temperature of
the motor winding, bearing, and other parts to increase, resulting in an increase in internal losses. Since
frequency does not exceed the upper limit during operation, it does not increase a system’s entropy
production. Thus, frequency deviation is not absolutely related to system entropy production when
the upper-frequency limit is not exceeded.

A low cose mainly affects the high-order harmonics in currents, and an effective reduction in
high-order harmonics can effectively reduce S,; in system entropy production, showing that cosg and
system entropy production have a negative correlation.

7 Conclusion

In this work, the theory of entropy generation in wind power systems was analyzed based on
engineering thermodynamics. The correlation between the output power quality, speed, and load of



EE, 2024, vol.121, no.10 2977

wind power systems with or without energy storage was analyzed by experimental comparison. Taking
the loss of a system in operation as a link, the correlation and distribution law of the system entropy
generation and the parameters of the energy storage link were obtained. The obtained conclusions are
as follows:

1) The performed Ansys simulation showed that the maximum entropy production position of
the generator during system operation was inside the stator, winding end, middle of the rotor, and
middle of the permanent magnet. Moreover, the iron loss, copper loss, and eddy current loss inside the
generator increased with the increase in speed, which is consistent with the analysis of electric energy
indicators.

2) By adding different energy storage batteries, the necessity of energy storage device in wind
power system is proved, and the variation law of variable speed, load and each index is explored: Speed
is negatively correlated with the power quality parameters of voltage deviation, cosg, and frequency
deviation ratio. THD, first decreased and then increased, while d first increased and then decreased
when the speed increased. The load has the most significant effect on cosg.

3) The performed analysis showed that entropy generation in wind power systems is positively
correlated with THD,, d, and voltage deviation and negatively correlated with cosg. There was no
correlation between entropy generation in wind power systems and the frequency deviation ratio within
set frequencies.

4) After introducing the entropy generation theory related to the direct loss reduction into the
wind power system, the evaluation and analysis of power quality parameters based on entropy are
proposed. By linking the loss with system entropy, the power quality index could be evaluated more
directly. Thus, an optimization scheme could be directly proposed for the loss. It provides a proof for
exploring ways to improve power quality by reducing system loss.

The innovation of this paper is mainly taking the losses in the operation of wind power systems
as a starting point and exploring the correlation characteristics between the generation of entropy
and power quality indicators in wind power systems. It can provide help and guidance for subsequent
research on entropy in wind power systems and thus provide theoretical support for exploring ways
to improve power quality by reducing system losses.
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