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Abstract:

This extensive summary provides an integrated framework for analyzing the sustainability and optimization of the
performance of wind energy conversion systems in direct current networks. In this study, it is shown that ignoring the
mechanical dynamics of the wind turbine can hide the hidden resonances from the view of purely electrical analyses and
lead to an increase in the ripple voltage of the DC link, especially when constant power loads with negative differential
impedance are present in the network. For this purpose, the electromechanical model of the system by combining the
two-mass model of turbine-shaft-generator and the DC link model and the control structure of the voltage source
converter has been developed. Then, an adaptive control mechanism based on fuzzy logic is designed to inline the
coefficients of the DC bus voltage loop PI controller to increase effective attenuation against wind and load changes.
Also, the hybrid stability analysis approach is used by combining time domain and frequency domain analysis to identify
and control critical resonance points. The simulation results are shown in resistive load, constant power, and dynamic
combined load scenarios. The proposed method significantly reduces DC voltage fluctuations and mechanical fluctuations
and improves the stability of the system in critical conditions.
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1. Work Motivation

With the increasing use of wind energy in DC microgrids,
the stability of DC bus voltage has become an important
challenge [1, 2] In DC networks, constant power loads
(CPL) due to negative differential impedance can
exacerbate voltage fluctuations and push the system
towards instability [3]. On the other hand, wind
turbine mechanical dynamics (especially the two-
mass model) include low-damping torsional modes
that can be converted into converter power/current
fluctuations and ultimately appear as DC-link voltage
ripple [4]. The motivation of this research is to provide a
comprehensive framework for stability analysis and an
adaptive control strategy to reduce the resistance to wind
and load changes, DC voltage fluctuations, and
mechanical fluctuations and improve the stability margin
of the system.

2. Contributions

This research presents three main achievements over
conventional fixed-gain PI control approaches and purely
electrical analyses. First, an integrated electromechanical
modeling is proposed for a wind energy conversion system
in the DC grid in which the dynamics of a two-mass
turbine (turbine—shaft—generator) are explicitly presented
alongside the DC-link model, and the voltage source
converter is considered, so the torsional modes and the
effect of transferring mechanical oscillations to DC
voltage ripple can be observed and analyzed [4]. Second,
a hybrid stability analysis framework has been proposed
that integrates time-domain analysis (state space and
transient response) with a frequency-domai perspective
(impedance/spectral response analysis) and allows for the
identification of latent critical resonances [3, 5]. Third, a
fuzzy-adaptive control mechanism is designed to tune the
PI coefficients of the DC bus voltage-loop controller
online, which adjusts the gains under load and wind
changes without dependence on a fixed operating point,
such that the initial voltage drop is suppressed (especially
in constant power loads with negative differential
impedance) and then, by increasing damping, persistent
oscillations and resonance excitation are prevented [6].
This set improves stability and reduces DC voltage
oscillations and mechanical oscillations compared to
classical fixed-gain methods.

3. Methods

In this study, a wind energy conversion system (WECS)
connected to the DC grid is modeled, which includes a
wind turbine, a permanent magnet synchronous generator
(PMSG), a voltage source converter (VSC), and a DC-
link capacitor. The mechanical subsystem is represented
by a two-mass power transmission system (turbine—shaft—
generator) to record torsional states and track how
mechanical oscillations are propagated to power or
transducer current.

DC-bus voltage dynamics are formulated using capacitor
current balance:

avy,
Cdcd_tc = Igc — Lioaa

where the controlled flow is injected by the VSC and the
load flow. For constant power loads (CPL), the following
relationship is used:l;.1;5qq

P
ligaa = E

which reflects the negative incremental impedance
behavior during voltage drop. The DC-link voltage
adjustment loop is considered as the main stabilization
mechanism, and a fuzzy-adaptive layer is added to adjust
the PI gains based on the voltage error and its change rate
online. This tuning strategy temporarily increases the
gains in extreme transients to limit the initial voltage drop
And then adjusts the interests to improve attenuation and
.prevent stable volatility(1) resistive load with a stepwise
decrease in resistance ,(2) CPL load with a stepped
increase in power as a critical state, and ,(3) dynamic
combined load. In each scenario, the temporal response
and mechanical indicators (e.g., shaft torsion oscillation)
were recorded and compared withV,. classical PI
.control In each scenario, time domain response and
mechanical indicators (such as shaft torsional oscillations)
are recorded and compared with a typical fixed-gain PI
controller. In addition, FFT-based frequency analysis is
performed to investigate resonance behavior and quantify
oscillation attenuation.

4. Results

The simulation results show that considering the
mechanical dynamics of the turbine (two-mass model)
causes the emergence of torsional modes and its direct
effect on the DC bus voltage ripple, so that the
power/current fluctuations of the converter side near
normal frequencies can stimulate the DC link voltage.
Frequency analysis (FFT) showed that the PI controller
with constant gain in the range of natural modes undergoes
response amplification, while The proposed fuzzy-
adaptive method significantly reduces the amplitude
of oscillation, e.g. the amplitude of oscillation in 10Hz
has been reduced from 94.9V to 74.7V (an improvement
0f21.3%), in 20Hz from 69.5V to 32.5V (an improvement
of
53.2%),andin30Hzfrom13.1Vto2.5V(animprovementof8 1
2%).

In load scenarios, the difference is small in the resistive
load state (0.19V in PI vs. 0.17V in the proposed method).
However, in the critical state of constant power load
(CPL), the PI control reaches extreme fluctuation and
boundary stability due to negative differential impedance,
so that the maximum voltage fluctuation is reported to be
67.3V, while the proposed method reduces this value to
19.2V (71.4% reduction) and increases the surge from
349V to 5.6V. In the combined load scenario, the
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amplitude of voltage fluctuations is reduced from 46.5V
(PI) to 19.2V and the system is stable It remains. In
addition to electrical improvement, the oscillation of the
torsion angle of the shaft was also reduced from 0.0102rad
in PI to 0.0078rad in the proposed method (an
improvement of 23.4%), which indicates an increase in
electromechanical damping and a decrease in mechanical
stresses of the system.

S. Conclusion

In this study, it was shown that the stability of wind energy
conversion systems in DC networks cannot be fully
explained by purely electric models alone, because the
dynamics of a two-mass turbine can create low damping
torsional modes and transfer the voltage ripple of the DC
link from the power/current path of the converter, which is
intensified in the presence of a constant power load (CPL)
which has a negative differential impedance. To improve
stability, The proposed fuzzy-adaptive controller inhibits
the initial voltage drop by inline adjustment of the PI
coefficients of the DC bus voltage loop and then prevents
the formation of stable fluctuations by increasing the
damping. The simulation results showed that in the CPL
critical scenario, the amplitude of voltage fluctuation
decreased from 67.3V to 19.2V (71.4% decrease) and the
amplitude increased from 349V to 5.6V. Also, in
frequency analysis, amplitude reduction in resonance
frequencies (including 81.2% at 30Hz) and the reduction
of shaft torsion fluctuation from 0.0102rad to 0.0078rad
(an improvement of 23.4%) indicates an increase in the
damping of the total electromechanical system. This
framework is suitable for the sustainable design and
operation of WECS in DC microgrids and has the potential
to be extended to multi-source structures.
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