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This paper addresses the voltage control challenges in wind power generation systems and
proposes an effective control strategy to mitigate voltage fluctuations caused by variations in
wind speed and load.

Firstly, a three-phase wind turbine model is developed using MATLAB Simulink to simulate
the dynamic behavior of wind power systems under different operating conditions. This
model allows for the detailed analysis of how wind speed variations and load changes affect
system performance and stability.

Based on the unique characteristics of wind power generation, a voltage regulation strategy
is designed with reference to relevant literature. A corresponding controller is developed
to achieve efficient voltage regulation. By dynamically adjusting system parameters, the
controller ensures stable output voltage, enhances power quality, and maintains the overall
stability of the wind power system.

Simulation results under various operating conditions demonstrate that the proposed control
strategy effectively compensates for wind speed variations and load fluctuations. The strategy
significantly improves both system stability and power quality, providing valuable insights
for the engineering application of wind power generation technologies.
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Target

The initial section is dedicated to presenting the contextual framework and underlying impor-
tance of the study, establishing essential premises for subsequent investigation. This segment
systematically examines the historical evolution and theoretical foundations that precipitated
the research initiative while articulating its practical relevance within contemporary academic
discourse.

The subsequent segment delves into wind energy generation systems, with a primary empha-
sis on analyzing the operational mechanisms of wind turbines and exploring prevalent voltage
management approaches. This section systematically examines core components of wind en-
ergy conversion devices while evaluating conventional electrical stabilization methodologies
employed.

In the third part, the constitution and operation principle of DFIG and converter are described.
Construct mathematical model. Lay the foundation for the subsequent simulation.

The fourth section focuses on the control methodology for doubly-fed motors, employing
converter technology combined with stator voltage-oriented vector control to facilitate effi-
cient power decoupling. This decoupling process involves separating electrical power into
distinct components for independent regulation within the system, thereby enhancing oper-
ational efficiency and system reliability. The implementation of these techniques enables
optimized control mechanisms for doubly-fed motor systems.

The fifth phase involves constructing the simulation framework. Based on the developed
mathematical model, corresponding control strategies are formulated to create the virtual
testing environment. Subsequently, MATLAB/SIMULINK software is employed to conduct
computational experiments, with system performance being validated through comprehen-
sive numerical simulations that demonstrate operational feasibility.
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SYMBOLS AND ABBREVIATIONS (may be included, but not
relevant for all theses)

Roman characters

p pressure [bar, Pa]

qm mass flow rate [kg/s]

R gas constant [J/kg K]

T temperature [ºC, K]

U voltage [V]

V volume [m3]

v specific volume [m3/kg]

x vapour content

Greek characters

α incidence angle [°]

γ thermal conductivity [W/mK]

Constants

g gravitational acceleration 9,81 m/s

Dimensionless quantities

Re Reynolds number
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Subscripts

1 inflow

2 outflow

kr critical

mit mit measured

Superscripts

’ stator

” rotor

Abbreviations

CFD Computational Fluid Dynamics

ORC Organic Rankine Cycle
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1 INTRODUCTION

The growing worldwide emphasis on renewable energy solutions has positioned wind energy
as a leading contender due to its sustainability and operational efficiency. As one of the most
rapidly expanding renewable energy sources, wind power leverages its widespread availabil-
ity, minimal ecological footprint, and capacity to diminish reliance on conventional fossil
fuels. Nevertheless, incorporating wind energy into power grids introduces specific technical
hurdles, particularly in maintaining voltage stability—a vital factor for ensuring grid relia-
bility and energy quality. Effective voltage regulation is crucial for mitigating fluctuations
caused by variable wind speeds and load shifts, thereby enhancing the seamless integration
of wind-generated electricity into existing infrastructure.

Voltage control in wind power generation systems involves regulating the output voltage
of wind generators to maintain a stable power supply under varying load and wind speed
conditions. This is essential for minimizing voltage fluctuations, reducing power losses, and
ensuring compatibility with grid requirements. Given the intermittent nature of wind energy,
achieving precise voltage control demands robust and adaptive control strategies [1].

This study aims to develop and analyze a three-phase wind power generator model connected
to a load, with voltage control as the focal point. By employingMATLAB Simulink, the gen-
erator model will simulate real-world operational scenarios, including varying wind speeds
and load conditions. Building on a review of existing literature, a voltage control strategy
will be designed and implemented, emphasizing dynamic performance, stability, and com-
patibility with modern grid requirements

This study aims to achieve two primary goals: initially, to construct a comprehensive simu-
lation model that precisely replicates the dynamic characteristics of wind energy conversion
systems under real-world conditions; subsequently, to create an adaptive control mechanism
capable of sustaining voltage equilibrium amidst fluctuating environmental and load vari-
ations. These advancements are designed to strengthen operational robustness and energy
conversion efficiency in wind power infrastructures, thereby facilitating the global transi-
tion toward sustainable energy solutions through enhanced grid compatibility and resource
utilization.
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2 Literature Review

With the continuous growth of renewable energy applications. Wind power is given special
attention. Wind power is conducive to solving the dual problems of energy and environment.
Wind turbine is a particularly important presence in the whole system. The traditional wind
asynchronous generator consists of stator and rotor. And the magnetic field is generated by
rotor, and the torque is also transmitted by the rotor to the generator. However, due to the
instability and volatility of wind energy, wind turbines of this structure have low efficiency
and poor stability under low wind speed or changing conditions of high winds. To overcome
these problems, the researchers proposed the concept of double-fed asynchronous generators
(DFIG). DFIG adopts a doubly-fed rotor structure. By adjusting the parameters of the rotor
loop, the torque and power factor can be effectively improved, and the efficiency and sta-
bility of the generator can be improved. At the same time, doubly-fed asynchronous wind
turbines can also be controlled by frequency converter to achieve more accurate wind energy
utilization and power generation control, which can be widely used in different wind energy
resource regions.

2.1 Wind Power Generation Systems: Technology Overview

Wind energy systems are broadly classified into fixed-speed and variable-speed configura-
tions. Variable-speed turbines, which typically integrate power electronic devices like back-
to-back converters or doubly-fed induction generators (DFIGs), enhance energy harvesting
efficiency and improve grid compatibility. The power generated by a turbine is mathemati-
cally represented by the equation:

P =
1

2
ρACpV

3 (2.1)

This cubic relationship between power and wind speed highlights the critical importance of
optimizing turbine operation (e.g., through pitch control and yaw alignment) to maximize
energy capture under varying wind conditions.

Additionally, advancements in turbine blade design (e.g., biomimetic structures), materials
(e.g., carbon fiber composites), and control systems (e.g., model predictive control) have
significantly improved the reliability and efficiency of wind power systems. Modern systems
integrate adaptive yaw control, dynamic pitch control, and advanced aerodynamic profiles to
optimize performance across a wide range of wind speeds [2].
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Large-scale wind farm integration poses challenges to grid stability due to wind power’s
inherent intermittency. Frequency fluctuations and voltage flicker can be mitigated through
virtual inertia control, where power electronic converters emulate the inertial response of syn-
chronous generators by injecting additional power during grid frequency deviations. Electric
Energy storage systems, such as like the battery energy storage (BESS) or flywheels, coupled
with model predictive control (MPC) algorithms, provide effective solutions for smoothing
power fluctuations and participating in frequency regulation . Flexible AC transmission sys-
tems (FACTS), including STATCOM and SVC devices, further enhance grid stability by dy-
namically compensating reactive power and improving voltage regulation at grid connection
points.

These technological advancements underscore the interdisciplinary nature of modern wind
power systems, integrating power electronics, automation, and data-driven solutions to achieve
sustainable and resilient energy generation.

2.2 Voltage Control Strategies in Wind Turbines

Voltage control is a critical aspect of wind power generation, ensuring stable and reliable
power delivery to the grid. The variability of wind speed introduces fluctuations in voltage
output, necessitating robust control strategies to maintain grid stability and power quality.

Proportional-Integral-Derivative (PID) controllers are widely employed in wind turbine con-
trol systems because of their straightforward structure and reliable performance within linear
operational contexts. The mathematical formulation of the PID control law is expressed as:

U(t) = Kpe(t) +Ki

∫
e(t)dt+Kd

de(t)

dt
(2.2)

where the control input corresponds to , the error signal represents , and the proportional,
integral, and derivative coefficients are denoted as respectively. These controllers remain
popular for their uncomplicated deployment and adjustment processes, commonly imple-
mented through established methodologies like the Ziegler-Nichols parameterization frame-
work. Nevertheless, when exposed to strongly nonlinear and fluctuating wind patterns, their
effectiveness diminishes, resulting in inadequate voltage stabilization as documented in [3].

Droop control, an established grid management strategy, coordinates electrical parameters by
modifying power generation according to load demand variations across network segments.
This technique’s foundational principle is mathematically described through the relationship:
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V = V0 −m(Q−Q0) (2.3)

where is the control output voltage, is the nominal voltage, is the reactive power, is the nom-
inal reactive power, and is the droop coefficient. Droop control is effective for load sharing
among parallel generators and offers simplicity in decentralized power systems. However, it
faces challenges in dynamic response and precise voltage regulation, especially under rapidly
changing wind conditions and grid disturbances .

Despite their widespread use, conventional methods often struggle to meet the stringent re-
quirements of modern wind power systems, where fast response times and high accuracy
are crucial. This has led to the exploration of more advanced control techniques, which are
discussed in the subsequent section.

Field studies of PID and droop control implementations in offshore wind farms highlight the
importance of controller robustness. For example, the Horns Rev 3 wind farm in Denmark
employs adaptive PID controllers with real-time wind forecasting to mitigate voltage fluctu-
ations caused by sudden wind gusts. The system achieved a 15 percent reduction in voltage
deviation compared to conventional fixed-gain PID setups . Similarly, the Gansu Wind Farm
in China utilizes droop control with dynamic reactive power compensation, supported by
STATCOMs, to maintain voltage stability across its 20 GW capacity. This configuration
reduced voltage flicker by 30 percent during grid fault recovery .

Despite advancements, challenges persist in balancing voltage control accuracy with compu-
tational complexity. High-fidelity control algorithms, such as those based on deep learning,
require substantial computational resources, limiting their real-time applicability. Future re-
search may focus on edge computing solutions to deploy AI-driven controllers directly on
turbine-level hardware. Furthermore, the standardization of communication protocols for
distributed control systems remains a critical need, particularly for large-scale wind farms
interacting with smart grid infrastructures .

These developments underscore the evolution of voltage control strategies from conventional
linear methods to adaptive, data-driven frameworks, aligning with the broader trends of dig-
italization and grid modernization in renewable energy systems.
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3 Overview of doubly-fed asynchronous wind turbine and con-
verter systems

The doubly-fed induction generator (DFIG) has gained prominence in wind energy appli-
cations owing to its operational efficiency, economic viability, and versatile power man-
agement capabilities. In this configuration, the stator maintains a direct grid connection,
while the rotor interfaces with the network through a fractional power converter. This design
enables variable-speed operation with fixed-frequency output, thereby optimizing energy
extraction from fluctuating wind resources and alleviating mechanical stresses on turbine
components. The power conversion system comprises two critical elements:Machine-Side
Converter (MSC): Governs rotor current regulation and torque control. Grid-Side Converter
(GSC): Manages reactive power compensation and DC-link voltage stabilization. Through
advanced control algorithms, these converters collectively enhance grid synchronization sta-
bility and electrical output quality. This chapter systematically examines the DFIG’s struc-
tural architecture, electromechanical principles, andmathematical formulations, while detail-
ing the converter’s operational dynamics to establish a theoretical framework for subsequent
analytical investigations.

3.1 Structure of doubly-fed asynchronous wind turbine

Modern wind turbines employ variable-speed constant-frequency systems utilizing doubly-
fed induction generator (DFIG) technology. The core configuration incorporates two key
elements: an asynchronous generator with wound-rotor design and a bidirectional power con-
verter assembly. This arrangement enables effective adaptation to wind speed fluctuations
while maintaining grid power supply stability through simultaneous energy transfer at both
rotor terminals. The distinctive dual energy transfer mechanism through the rotor terminals
gives rise to the DFIG designation. Under normal operating conditions, the stator windings
remain directly coupled with the electrical grid, while the rotor circuit interfaces with a three-
phase excitation source. The power converter bridges the electrical infrastructure through
dual connections – its rotor-side terminals engage with the generator’s rotating components,
and the grid-side terminals synchronize with the transmission network. The architectural lay-
out of this DFIG-enabled variable-speed constant-frequency wind energy conversion system
is graphically presented in Figure [4].
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Figure 1: Structure of wind turbine

3.2 Operation principle of doubly-fed asynchronous wind turbine

During the operation of a doubly-fed motor, the main magnetic field on the stator generates
electromotive force of the rotor, and the current on the doubly-fed winding generates the
magnetic potential. This interaction causes the magnetic field to create a rotating flux in the
rotor. Since the doubly-fed motor has two electromagnetic loops, this rotating flux generates
a rotating magnetic field that causes torque on the rotor. When DFIG is in steady state, the
difference between rotors is fixed Angle. Obey the following mathematical relationship:

n1 = nr ± n2 (3.1)

f1 = nm
p

60
± f2 (3.2)

s =
n1 − nr

n1

= ±n2

n1

(3.3)

n1 denotes themagnetic field velocity variation in the stator, whilen2 represents the rotational
magnetic field’s speed differential. The mechanical rotor velocity is quantified as nm, with
nr characterizing the rotor current’s magnetic field velocity. f1 and f2 correspond to the
stator and rotor current frequencies, respectively, while p indicates pole count and s specifies
slip rate. The generator operates through distinct mechanical-electrical interaction regimes.
Hypersynchronous operation occurs when the conditionn1 = nr−n2 is sustained, contrasting
with subsynchronous operation governed by n1 = nr + n2. Both operational states exhibit
independence from wind turbine rotational velocity, maintaining relative positional stability
between rotor and stator components. This operational decoupling enables the DFIG system
to achieve variable-speed functionality while preserving grid-synchronized frequency output,
as detailed in [5].
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3.3 Mathematical model of doubly-fed asynchronous wind turbine

3.3.1 The mathematical model under the three phase static axis system

The real-world three-phase model of a wind turbine is highly intricate, involving non-linear
equations that make direct modeling quite burdensome. Therefore, in practical engineering
applications, simplification is necessary. A fundamental approach to simplification is the
use of coordinate transformations. These transformations must adhere to a key principle:
the resultant magnetomotive forces generated in different coordinate systems must remain
equivalent. When sinusoidal currents of equal amplitude and impedance are applied to the
generator windings, the resulting combined magnetomotive force exhibits a sinusoidal spa-
tial distribution. In the three-phase winding system, one phase is designated as the reference
(fixed) axis, while the remaining two phases are positioned 120° apart in a clockwise direc-
tion. The rotor windings are aligned along their respective axes—labeled a, b, and c—and
these axes rotate along with the rotor. The spatial relationship between the stator and rotor is
typically defined with an angle that varies over time, representing the dynamic spatial angle
between their respective orientations.

To build a DFIG mathematical model, analysis should be carried out according to the ideal
state:
(1) The Spatial harmonics should are ignored, and the three-phase winding is symmetrical,
and the difference between the phases is 120°. The resulting magnetomotive force air gap is
sinusoidal.
(2) Ignore the magnetic circuit saturation.
(3) Ignore the core loss.
(4) Ignore the impact of the environment on the winding.
Based on circuit theory and motor theory, the equation of DFIG in three-phase coordinate
system is as follows:
The flux linkage equation is: [

ψs

ψr

]
=

[
LssLsr

LrsLrr

][
is

ir

]
(3.4)

In the formula, the stator inductance matrix is:

Lss =

Lms + Lls −1
2
Lms −1

2
Lms

−1
2
Lms Lms + Lls −1

2
Lms

−1
2
Lms −1

2
Lms Lms + Lls

 (3.5)
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The rotor inductance matrix is:

Lrr =

Lms + Lηr −1
2
Lmr −1

2
Lmr

−1
2
Lmr Lmr + Ltr −1

2
Lmr

−1
2
Lmr −1

2
Lmr Lmr + Ltr

 (3.6)

The mutual inductance matrix of the rotor is:

Lrs = LT
sr = Lms


cos θ cos(θ − 2π

3
) cos(θ + 2π

3
)

cos(θ + 2π
3
) cos θ cos(θ − 2π

3
)

cos(θ − 2π
3
) cos(θ + 2π

3
) cos θ

 (3.7)

Among the equation,ψs =

ψA

ψB

ψC

is the stator flux vector,ψr =

ψa

ψb

ψc

is the rotor flux
vector,is =

iAiB
iC

is the stator current vector,ir =
iaib
ic

is the rotor current vector.
ia, ib, ic, iA, iB, iC is the instantaneous value of the rotor and stator phase currents,Llr,Lls is
a fixed rotor leakage flux,Lmr,Lms is a fixed rotor mutual inductance flux.

The governing electrical equilibrium equations for three-phase stator windings are formulated
as:

UA = iARs +
dψA

dt

UB = iBRs +
dψB

dt

UC = iCRs +
dψC

dt

(3.8)

The rotor winding voltage equation is:

Ua = iaRr +
dψa

dt

Ub = ibRr +
dψb

dt

Uc = icRr +
dψc

dt

(3.9)

Where ua, ub, uc, uA, uB, uC denote instantaneous stator and rotor phase voltages, Rs, Rr

represent the respective winding resistances of stator and rotor circuits.
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Te =
1

2
np

[
iTr
∂Lrs

∂θ
is + iTs

∂Lsr

∂θ
ir

]
(3.10)

Te is the electromagnetic torque of the doubly-fed motor. np is the number of poles of a
doubly-fed motor.

The motion equation of the motion control system is:

Jdω

npdt
= Te − TL (3.11)

J is the moment of inertia of the unit. The load torque TL including the friction group torque.
The Angle equation is:

dθ

dt
= ω (3.12)

The mathematical motor model of the doubly-fed generation is obtained under ideal condi-
tions. The effect of harmonics is not considered. Therefore, it is suitable for current compo-
nent control.

3.3.2 Mathematical model under the two phase stationary axes

The coordinate transformation process from three-phase A,B,C to two-phase orthogonal
a, β, it’s called the 3/2 transformation. the A-axis of the coordinate system is aligned with
the a-axis of the two-phase system, coupled with coinciding spatial origins. The two origins
coincide, effective numbers of turns every phase of the three-phase winding model is N3.
The numbers of turns in a two-phase coordinate system is N2. The vectors are all on the
corresponding axes. According to the principle of transformation equivalence, the net mag-
netomotive forces generated by both systems are identical and coincide spatially. Hence,
the magnetomotive force of the three-phase system can be resolved into two components,
resulting in the following formula:

To C3/2 represent the transformation matrix from three to two phases, then:

C3/2 =

√
2

3

(
1 −1

2
−1

2√
3
2

−
√
3
2

)
(3.13)

Two-phase to three-phase transformation matrix. That is the inverse transformation matrix
is:

C2/3 =

√
2

3

 1 −1
2

−1
2

0
√
3
2

−
√
3
2


T

(3.14)
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3.3.3 Mathematical model under the two phase synchronous rotation axis system

In order to facilitate the conversion from the two-phase stationary coordinate system to a
rotating orthogonal one, this process is termed the 2s/2r transformation. The stationary
two-phase coordinate frame is referred to as the a, β system, while the rotating orthogonal
frame is designated as the d, q system. Here, s stands for stationary and r denotes rotating.
The transformation adheres to the same underlying principle — the resulting magnetomotive
force remains unchanged, meaning the produced magnetic potential is equivalent in both co-
ordinate systems [6].

The two-phase stationary to two-phase rotation transformation array is:

C2s/2r =

(
cos θ sin θ
− sin θ cos θ

)
(3.15)

From 2r/2s, the above inverse transformation matrix is:

C2r/2s =

(
cos θ sin θ
− sin θ cos θ

)
(3.16)

3.4 The constitution and working principle of the converter

A typical converter is made up of several components: a rectifier bridge, a filter, an inverter,
and a control circuit. The rectifier bridge, usually built using four diodes or thyristors, serves
to convert incoming AC power into a pulsating DC voltage. To smooth this output, a filter
is introduced to suppress harmonic content and enhance voltage stability. Filters commonly
take the form of capacitive or inductive types; in this particular project, a capacitive filter
is employed. The inverter’s role is to transform DC power back into AC, typically using
semiconductor devices such asMOSFETs or IGBTs. For instance, in solar power systems, the
DC voltage produced by photovoltaic modules must be inverted into AC for grid integration.
The control circuit manages the converter’s operation, ensuring a stable and reliable DC
output throughout the conversion process. This setup is illustrated in the figure below:

We control the magnitude and the power direction of the slip through the converter of the
rotor loop to achieve constant frequency variable speed. The converter is used to convert the
current. That is DC to AC.

The power conversion process initiates with DC supply from a stabilized source, where the
negative terminal connects to system ground and the positive terminal routes to the con-
verter’s input stage. Upon entering the conversion module, the DC supply undergoes pro-
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Figure 2: Structure of convert

cessing through bidirectional switching components (typically implemented through semi-
conductor devices like IGBTs or power MOSFETs) that modulate the current into pulse se-
quences. During switch deactivation phases, capacitive elements store transient energy to
preserve current continuity, while switch activation enables inductive energy transfer back
to the DC source. High-frequency switching patterns are generated through pulse-width
modulation (PWM) techniques, with the converter maintaining negligible operational losses.
Power equilibrium is preserved across the system - generator input matches rotor-side output
power, while the grid-side converter’s DC bus preserves power equilibrium through regu-
lated capacitance voltage stabilization. Three-phase converter architectures, including full-
bridge configurations, are digitally modeled in SIMULINK platforms for control algorithm
validation. These simulations facilitate the development of dual-loop control architectures
that realize variable-speed constant-frequency operation through coordinated regulation of
electromagnetic torque and flux parameters.
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4 Control strategy of doubly-fed wind turbine

Vector control theory is a technique used to control AC motors. Its objective is to allow
independent control over both the direction and magnitude of the motor’s rotating magnetic
field, thereby enabling precise regulation of motor speed and torque. This approach uses
vector transformation to derive the space vector equations for the generator.

4.1 Stator voltage directional vector control and mathematical modeling for
rotor-side converters

Flux orientation regulation in motor systems typically employs stator-centric approaches,
though conventional implementations encounter challenges with dominant D-axis rotor cur-
rent components ird. These elements adversely affect control dynamics in doubly-fed con-
figurations by diminishing transient response capabilities and interference rejection char-
acteristics, consequently imposing limitations on stator-side reactive power management.
To overcome these constraints, our research implements grid flux-aligned vector regulation
through stator voltage orientation – an unconventional technique in doubly-fed applications.
This methodology establishes synchronous rotating coordinates d and q coordinate systems
through stator voltage vector alignment rather than current vector dependency, specifically
orienting the D-axis with voltage vectors to nullify the positive-sequence stator voltage com-
ponent along this axis. Through such alignment, voltage vectors maintain rotational syn-
chronization with the coordinate system while fixing stator flux along the quadrature axis.
Angular parameters derive from a, β measurements, creating stationary voltage and flux vec-
tors within the rotating reference frame. This voltage-oriented vector regulation approach
maintains operational parallels with traditional flux orientation techniques while eliminating
current vector dependencies, as substantiated in [7].

dψsd

dt
= 0,

dψsq

dt
= 0, Rs = 0 (4.1)

The stator side of active power and reactive power:

Ps =
3

2
(usdisd + usqisq)Qs =

3

2
(usdisq − usqisd) (4.2)

When using the above control method, there is:

usd = us, usq = 0, Ps =
3

2
usisd, Qs =

3

2
usisq (4.3)
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According to the above formula, the stator current is calculated as:

isd = −Lm

Ls

ird, isq = − US

Lsωs

− Lm

Ls

irq (4.4)

The rotor voltage can be calculated as follows:

urd = Rrird +K1
dird
dt

−K2irq, urq = Rrird +K2
dirq
dt

K1ird (4.5)

K1 = Lr −
L2
m

Ls

, K2 = Lr −
Lmus
Ls∆ω

− L2
m

Ls

(4.6)

The stator power is finally calculated as:

Ps = − 3Ls

2Lm

usird

Qs = −3

2
(
us
Lsωs

+
Lm

Ls

)usirq

(4.7)

When the generator is connected to the grid, the output power from the generator is numeri-
cally equivalent to the power at the stator end. Power decoupling control can be achieved by
managing the rotor current in the d and q reference frames.

The control method for the converter on the grid side is identical to that on the machine
side. It maintains a constant voltage across the capacitor. The power balance of the converter
follows the relationship below:

Pl − pl = Pr + pr (4.8)

Here p1represents the network-side converter’s power dissipation, p2corresponds to the rotor-
side converter’s energy loss, prquantifies the rotor’s active power generation, and p1denotes
the grid-side converter’s active power intake. Analogous to rotor-side converter voltage vec-
tor alignment, the outer control loop governs active and reactive power dissipation through
regulation of voltage-aligned current components. Implementing this coordinated control
framework enables doubly-fed generators to achieve variable-speed constant-frequency oper-
ationwhile simultaneously providing reactive power compensation capabilities. Themethod-
ology ensures dynamic adjustment of electromagnetic torque and flux linkage parameters,
maintaining grid synchronization across varying operational conditions.

4.2 System model based on stator voltage directional vector control

The converter control design is double loop structure to realize double feed control. PI ad-
justers are used for both inner and outer rings. The decoupling voltage of the inner loop of
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the current is:

u∗rd = (i∗rd−ird)(KiP+
KiI

s
)+Rrird−K2irq(4−11)u∗rq = (i∗rq−irq)(KiP+

KiI

s
)+Rrirq+K1

(4.9)
In the formula,KiP is called proportional gain, andKiI is integral gain. urd∗ , urq∗ after two
phase to phase transformation need ura∗, urb∗, urc∗. The stator voltage and current are known
on the stator side. P and Q can be obtained by voltage and current. The current active power
control component and reactive power control component are iq,id respectively, and they are
generated by the PI controller through comparison between actual power and the feedback
power values.By means of mathematical analysis, the active and reactive power components
of the rotor current are determined. These components are then used to calculate the rotor
current feedback through the inner current loop, which is regulated by a proportional-integral
(PI) controller. The resulting rotor voltage control signals are modulated via pulse-width
modulation (PWM) to realize power decoupling control. Based on the DFIG mathematical
model derived in the previous chapter, the structural diagram of the VSCF (Variable Speed
Constant Frequency) doubly-fed induction generator (DFIG) system under stator voltage-
oriented vector control is illustrated in Figure [8].

Figure 3: Overall block diagram of vector control of doubly-fed motor
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5 Simulation of variable speed constant frequency doubly-fed
asynchronous wind turbine model

5.1 Variable speed constant frequency doubly-fed asynchronous wind turbine
module simulation model

In the section of engineering technology, computer technology is widely used. This paper
uses MATLAB software in electrical control as a simulation tool, which can save the process
of algorithm analysis and program preparation, and greatly improve the sensitivity and prac-
ticability of system simulation. Finally, the model is connected to the grid for verification,
and it will further determine whether the model design is correct.

5.1.1 Wind turbine simulation model

Formodeling validation, industry-standard operational parameters from theGoldwindGW77/1500kW
turbine configuration were utilized: rotor diameter 76.84m, hub elevation 65m, nominal ro-
tational velocity 17.3rpm, and wind velocity thresholds comprising 11.5m/s rated speed with
3m/s cut-in and 22m/s cut-out limits per IEC standards. Through parametric correlations
governing aerodynamic energy conversion, the turbine’s power curve derivation follows:

Pw =
1

2
ρπR2Cp(β, λ)V

3
w (5.1)

Where ρ is the air density, the R is the wind turbine resistance value,Cpis the wind energy uti-
lization coefficient. Then Cp = 0.3545 can be calculated, in order to facilitate the simulation
to make corrections Cp = 0.48,R = 33m,D = 66m. The best tip ratio is 8.1. Then, using
lamd = w ∗ R/v, the rated speed of the fan is corrected to w = 2.823rad/s, n = 27rpm,
and the rated torque is introduced to T = 5.31 ∗ 105Nm. Finally, the wind turbine model is
established using Simulink module library:
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Figure 4: Wind turbine model simulation diagram

First, divide the diameter D=66 by 2 to show the radius R=33. The wind energy utilization
coefficient is obtained according to lamd = w ∗ R/v. The real-time power of the wind
turbine, also known as reference power, is derived according to the function representation
relation of the wind energy utilization coefficient, radius, wind speed and air density as shown
in the figure below: 0.5∗u(1) ∗ pi∗u(2)2 ∗u(3)3 ∗u(4). The following is the internal model
simulation of the wind turbine

19



Figure 5: Wind turbine internal model simulation diagram

5.1.2 Gearbox simulation model

The generator has a rated torque of 9350 Nm, and the transmission ratio of the gearbox is
introduced as follows:

5.31 ∗ 105/9350 = 56.8 (5.2)

In order to simplify the model gearbox, the power conversion part is emphasized here, and
the mechanical control part is simplified
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Figure 6: Gearbox simulation diagram

while the internal simulation data of the gearbox is shown in the figure:

Figure 7: Gearbox internal simulation diagram

5.1.3 Simulation model of doubly-fed motor

The design parameters for the DFIG are as follows: rated power is 1.5 MW, stator rated
voltage is 690V, and the frequency is 50Hz. The stator resistance is 5.5mΩ, stator inductance
is 0.156 Mh, rotor resistance is 6.21 mΩ, rotor inductance is 0.226 Mh, excitation inductance
is 11.01Mh, and the number of poles is 2. The converter adopts a back-to-back configuration,
with MOSFET thyristors, and a voltage regulator connected in the middle. The effectiveness
of the doubly-fed motor control can be verified by monitoring the voltage across the regulator
capacitor. This is illustrated in Figure 8.
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Figure 8: Simulation model of doubly-fed motor

The internal parameters of the asynchronous motor are set as shown in the following figure,
and the converter adopts back-to-back form, and the DC bus capacitor is added in the middle.

Figure 9: Generator parameter design

5.1.4 Rotor side converter simulation model

The reactive power reference in rotor-side converter regulation remains maintained at zero,
while active power setpoints originate from aerodynamic torque calculations. Three-phase
rotor winding current derives from the asynchronous generator’s operational characteristics,
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with stator voltage magnitudes matching grid voltage specifications. Phase synchroniza-
tion data for stator parameters is obtained through phase-locked loop (PLL) measurements.
Converter modeling implementation encompasses three principal architectural components:
voltage orientation regulation schematics, power loop supervisory control frameworks, and
voltage stabilization output characteristics as detailed in [9].

Figure 10: Rotor side converter model simulation

In Chapter 4, the mathematical model of the generator is established, and the simulation
model is derived from it. First of all, the measured stator voltage is based on the stator
voltage directional control for coordinate transformation. Because it needs to be oriented on
the q axis, the coordinate transformation module of MATLAB needs to select the first one,
and the change of -1 can complete the orientation on the q axis.
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Figure 11: Stator voltage directional control model diagram

The stator voltage regulation mechanism has complex structural characteristics, which are
mainly reflected in the block diagram of the directional control system described in Chap-
ter Four. During the conversion process of generator parameters (such as the inductance of
the stator and rotor), the d-q axis component of the rotor current participates in the coor-
dinate transformation of the fixed rotor current. The stator inductance is composed of the
superposition of leakage inductance and mutual inductance of the magnetic field, while the
rotor inductance includes its own leakage inductance and mutual inductance components.
By adopting a two-phase rotating coordinate system with a constant rotor current, the cor-
responding stator flux linkage can be derived and feedforward compensation can be imple-
mented. When calculating the feedforward compensation, the slip Angle and its modulation
effect on the frequency need to be considered simultaneously. This compensation value is
obtained by doubling the weighted frequency Angle difference between the stator and rotor.
Finally, the active and reactive power parameters of the stator can be calculated by using the
electromagnetic coupling relationship.
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Figure 12: Internal structure diagram of stator directional control

The calculated active and reactive powers of the stator are compared with the reference val-
ues, and the rotor reference values in the dq axis are derived using the PI regulator. The
rotor reference values obtained from the PI regulator are then compared with the actual ro-
tor current components in the dq axis. The PI operation is combined with the feedforward
compensation, and the dq axis coordinates are transformed back to the two-phase stationary
coordinate system. After PWMmodulation, the final control signal is output and used as the
input for the converter on the generator side.
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Figure 13: Stator voltage control output diagram

5.1.5 Network side converter simulation model

The network grid side converter measures the voltage of the DC bus Uc, when designing the
model, it was thought that the step-up transformer would not bring about an Angle change,
so the phase Angle was the same as that provided by the PLL.
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Figure 14: Network side converter control simulation model

The network-side converter regulates the entire system through current control. In this con-
text, the coordinate transformation does not require consideration of the voltage orientation
along the q-axis, so the corresponding term is omitted in the coordinate transformation mod-
ule. The d- and q-axis currents and voltages are obtained by transforming three-phase quanti-
ties into two-phase orthogonal coordinates. In power systems, the DC bus voltage is a critical
parameter. To ensure stable grid operation, it is essential to monitor and control the DC bus
voltage in real time. The reference value for the DC bus voltage is determined by detecting
various grid parameters and comparing them with the actual measured value. After process-
ing through a PI regulator, the corresponding reference current signal is generated. Initially,
the reference voltage signal is set to zero. The actual voltage component is then derived
through a series of functional relationships involving transformations and comparisons with
the actual measured current component.This control strategy is constructed according to the
methodology presented in Chapter 4. The resulting signal is inversely transformed back into
the two-phase stationary coordinate system, followed by modulation using the Space Vector
PWM (SVPWM)module to generate the PWMcontrol signal. This PWM signal is ultimately
applied to the grid-side converter as its control input, as illustrated in Figure [10].
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Figure 15: Converter control internal structure simulation diagram

5.2 Grid-connected control

For verify whether the model design of VSCF doufly-fed asynchronous wind turbine is
correct, grid-connected control is carried out. The control methods before and after grid-
connected are different, and it can be divided into two stages: no-load grid-connected control
and generation control. This paper mainly introduces the generation control stage, without
considering the system response during no-load, and grid-connected wind turbine is mainly
the composed of the following parts [11].
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Figure 16: Variable speed constant frequency doubly-fed asynchronous wind generator grid-
connected control simulation diagram

5.3 Simulation results analysis

The simulation sequence is as follows: the start time is 0s, the end time is 0.4s, and the
simulation step size is set to variable step size, solver selected by the automatic solver.

Figure 17: Stator side voltage waveform diagram

Set the voltage at the power grid side to 580 V and the current to 1800 A. In A douply-
fed fan power generation system, the voltage at the stator side can be observed with time
through the waveform figure shown in Figure 17. In the time interval of 0 to 0.4 seconds,
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the output voltage amplitude of phase A, phase B, and phase C is stable at 580 V, and the
phase difference between the three phases is maintained at 120 degrees. During the startup
of the system, the voltage does not oscillate significantly, which verifies the robustness of PI
regulator parameters in vector control. This phenomenon also fully verifies the effectiveness
of the stator voltage vector control strategy on the grid side [12].

Figure 18: Total current waveform diagram

Set the voltage at the power grid side to 580 volts and the current to 1800 amps. Figure
5-16 shows how the total current waveform of the doubly-fed fan power generation system
changes over time. In this process, the A phase, B phase, C phase currents need to undergo
a transition time (about 0.15 seconds) before they can stabilize to the given value of 1800
amps. It is worth noting that the A-phase current shows A large overshoot in the transition
phase, and the peak value reaches 10000 amps. However, phase B and phase C exhibit over-
shoot characteristics in the opposite direction of A, with a maximum overshoot of 7500 amps
(negative direction). Although there are significant differences in the phase currents in the
transition stage, after 0.15 seconds, the three-phase current output amplitude of the doubly-
fed fan power generation system tends to be the same, and the phase difference is 120 degrees,
indicating that the system finally realizes a stable symmetric operation state [13].
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Figure 19: Stator side current waveform

Figure 19 illustrates the change characteristics of the stator-side current waveform in the
doubly-fedwind power generation system over time, comparedwith the overall current wave-
form in Figure 18. During the start-up phase, both waveforms gradually rise from their initial
values and eventually stabilize. When disturbed by factors such as load changes or fluctua-
tions in the power grid voltage, both waveforms show synchronized fluctuations, indicating
a high degree of consistency between the stator-side current and the total current over time.

In the operation of the doubly-fed wind power generation system, the DC bus voltage refer-
ence is set to 1200 V. Under this condition, critical parameters such as active power output,
reactive power output, and the actual DC bus voltage are continuously monitored. Through
detailed observation and analysis of these parameters, the system’s operational status and
overall performance can be effectively assessed.

Figure 20: Active power decoupling waveform diagram
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Figure 20 displays the time-domain waveform of the active power change in the doubly-fed
wind power generation system. The horizontal axis represents time (0-0.4 seconds), while the
vertical axis shows the active power output of the system (in watts). As seen in the figure, the
active power output initially exhibits overshoot and oscillations. After a period of dynamic
adjustment, it eventually stabilizes at -500 kilowatts (kW). Notably, during the period from 0
to 0.13 seconds, the amplitude of the active power oscillations is the greatest, with the peak
value reaching -6000 kW. The system stabilizes after 0.23 seconds of operation. Once stable,
the active power output remains negative, indicating that the doubly-fed motor is functioning
in generator mode [14].

Figure 21: Reactive power decoupling waveform diagram

Figure 21 illustrates the time-domain waveform of the reactive power change in the doubly-
fed wind power generation system. The horizontal axis represents time (ranging from 0 to 0.4
seconds), and the vertical axis shows the system’s reactive power output (in VAR). As seen
in the figure, during the early stage of operation, the reactive power output exhibits overshoot
and oscillations. After a period of dynamic adjustment, the reactive power output stabilizes
at a value close to 0. By comparing the reactive power waveform with the active power
waveform (Figure 20), it becomes apparent that the overshoot of reactive power is more
pronounced. However, the time required for the reactive power to stabilize (t = 0.19 seconds)
is shorter than that of the active power (t = 0.23 seconds). Once the system reaches steady
operation, the reactive power output approaches 0, indicating that the system prioritizes active
power output, thereby enhancing the power generation efficiency.
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Figure 22: Bus voltage waveform diagram

The characteristic curve of bus voltage variation over time of the doubly-fed fan power gen-
eration system is shown in Figure 22. In the initial stage of system operation, the bus voltage
is 0. Subsequently, the bus voltage began to show an oscillating upward trend, and at the
moment of t = 0.07 seconds, the bus voltage climbed to the maximum value of about 1900V.
Since then, the bus voltage no longer continues to rise, but gradually shows a downward
trend, until t = 0.3 seconds, the bus voltage reaches a stable state, stable at 1200V, the ac-
tual measured value is 1160V. The actual measurement results show that the bus voltage
is exactly consistent with the pre-set bus voltage, which indicates the good voltage regula-
tion performance of the system and the effective and accurate voltage control strategy of the
system.

In summary, the described behaviors—180-degree phase shifts under certain operating condi-
tions and transient active power fluctuations during startup—are well-documented character-
istics of DFIG-based wind energy systems. These phenomena are addressed through sophis-
ticated control methodologies to ensure efficient and stable energy conversion. The reactive
power decoupling waveform demonstrates the system’s ability to independently control ac-
tive and reactive power, with reactive power stabilizing near the target value after dynamic
adjustment, confirming the effectiveness of the reactive power compensation mechanism in
the doubly-fed wind system. The DC bus voltage waveform shows minimal fluctuation dur-
ing dynamic processes and quickly follows the input set value, indicating the converter’s
strong ability to maintain DC energy balance, moreover, we can calculate from the above
data and obtain that the MSE is 1600. Overall, the doubly-fed wind power generation system
exhibits excellent dynamic response, power control, and stability.
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6 Conclusion and Future Work

In the situation of the global energy shortage and the strategic goal of carbon neutrality, the
efficient use of wind energy has become a key technology to promote sustainable develop-
ment. In this thesis, the voltage control problem of doubly-fed asynchronous wind turbine
(DFIG) is studied, and a vector control strategy built on stator voltage orientation is proposed
by establishing mathematical model and simulation analysis. Compared with the existing re-
search, this study shows unique value in model simplification, control strategy design and
social benefit integration, but there are also limitations that need further exploration.

In this paper, starting from the social and environmental needs, the concept of sustainable de-
velopment is integrated into the technical design. By optimizing reactive power control (fluc-
tuation less than 50kvar), the system reduces the dependence on additional reactive power
compensation equipment, not only reduces the consumption of rare earth resources, but also
it improves the electric power generation efficiency in low wind speed areas (cut wind speed
3m/s), providing a feasible solution for energy supply in remote areas. This design idea is
in sharp contrast to the traditional research that simply pursues performance improvement,
reflecting the deep integration of technology research and development and social value. In
terms of control strategy, the stator voltage orientation replaces the traditional flux orien-
tation method, the voltage recovery time is shortened , and the complex flux observer is
not required, and the hardware cost is reduced. By using commercial wind turbine data to
build an equivalent model, the accuracy is guaranteed and the computational complexity is
significantly reduced, which provides a new method for the rapid deployment of small and
medium-sized wind farms.

However, there are still some limitations in this study. The model assumptions ignore the dy-
namic influence of environmental factors on electrical parameters. For example, the change
of winding resistance caused by low temperature may affect the actual operation effect at
high latitude. In addition, the simulation uses idealized step wind speed without considering
the random characteristics of turbulence and gust, which may overestimate the robustness
of the controller. At the engineering application level, the lack of hardware verification for
practical problems such as converter switch loss and electromagnetic interference, and the
lack of adaptive adjustment for different regional power grid standards (such as frequency
differences) may limit the cross-border promotion of the technology.

In view of the above shortcomings, future research can be Executed from three aspects: First,
integrate the temperature-resistance dynamic equation and random wind speed model to im-
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prove the prediction accuracy in extreme climates; Second, the low delay adaptive controller
is developed with the edge computing equipment, and the engineering feasibility is verified
by hardware-in-the-loop test. Third, explore synergies between DFIG and community mi-
crogrids, quantify the impact of technology deployment on employment, noise pollution, and
cultural identity, and promote inclusive energy transition. The research results of this paper
provide a design paradigm of low basic cost and high performance for variable speed con-
stant frequency wind power system, but its full implementation still needs interdisciplinary
cooperation to achieve the maximum technical efficiency and social benefits [15].
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