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Abstract: This paper presents a dynamic performance evaluation of a permanent magnet synchronous generator (PMSG)—-wind energy
conversion system (WECS) with integrated DSTATCOM functionality. The system employs back-to-back voltage source converters
(VSCs), where the grid-side VVSC not only transfers power but also compensates for harmonics and reactive power, enhancing grid power
quality. The control strategy utilizes field-oriented control for PMSG and indirect current control for the VVSC to ensure unity power factor
and harmonic suppression at the Point of Common Coupling (PCC). Real-time simulations using the Typhoon HIL 604 simulator are
conducted for two scenarios: (1) gradual wind speed variation and (2) sudden load reduction. The results demonstrate effective PMSG
speed tracking, stable grid voltage, reduced harmonic distortion (THD < 5%), and smooth power adaptation, confirming the system's
capability to improve grid stability and power quality under varying wind and load conditions.

Keywords: DSTATCOM, harmonic compensation, power quality, PMSG, real-time simulation, Typhoon HIL, wind
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I. INTRODUCTION

The rising integration of renewable energy sources, especially wind energy, into modern power grids poses
challenges to power quality, grid stability, and reliable energy integration. Among these sources, permanent
magnet synchronous generator (PMSG)-wind energy conversion systems (WECS) have gained prominence due to
their high efficiency, direct-drive configuration, and improved reliability [1]. However, the fluctuating nature of
wind speeds leads to variable power output, which can result in voltage instability, harmonic distortion, and poor
power factor in the grid [2].

To mitigate these challenges, modern power systems increasingly adopt multifunctional power electronic
converters, such as voltage source converters (VSC), to serve dual roles: facilitating efficient power transfer and
providing grid support functionalities like harmonic compensation and reactive power management. By integrating
distributed static compensator (DSTATCOM) functionality [3-5] within the grid-side VSC of a PMSG-based
WECS, it is possible to significantly enhance grid power quality while ensuring stable system operation, even
under varying wind and load conditions. The three-phase four-wire configuration further ensures effective neutral
current compensation and handling of unbalanced loads [6].

The integration of WECS poses significant challenges to power quality and grid stability, necessitating the use of
advanced control strategies. Studies have highlighted the critical role of DSTATCOM in mitigating grid issues
such as voltage sags, swells, and harmonic distortions, while enhancing reactive power compensation and voltage
regulation [7]. Additionally, the optimal tuning of PI controllers is essential for achieving precise control over
active and reactive power, reducing system oscillations, and maintaining voltage stability in PMSG-WECSs [8].
Advanced converter control methods, including vector control and direct torque control, offer dynamic power
decoupling and effectively reduce harmonic distortion, improving system performance, as discussed in [9]. For
handling nonlinear loads, intelligent controllers have been introduced to adaptively manage harmonic distortion
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and significantly improve power quality [10]. Nonlinear adaptive control mechanisms are further proposed to
maintain optimal performance under fluctuating operational conditions, enhancing both power factor and
frequency regulation [11]. Moreover, real-time state estimation techniques play a crucial role in detecting and
correcting transient disturbances, thereby ensuring continuous voltage stability [12]. The control of torsional
oscillations and power damping is also key to maintaining overall system stability and improving power flow
management, as explored in [13]. The studies [14-26] emphasize the importance of integrating advanced control
and compensation techniques to enhance power quality, mitigate harmonics, and ensure stable grid performance in
PMSG-WECSs.

This paper proposes and analyzes a grid-connected PMSG-WECS with integrated DSTATCOM functionality
aimed at improving grid power quality. The system is designed not only to generate and deliver clean energy but
also to actively participate in harmonic suppression, and reactive power compensation. Through real-time
simulations, the proposed system's performance is evaluated under varying wind speeds and load disturbances,
demonstrating its effectiveness in ensuring grid power quality.

The key contributions of this work are threefold: (1) the development of a control strategy that combines field-
oriented vector control for the PMSG and indirect current control for the grid-side VSC, (2) a detailed real-time
simulation-based analysis of the system's dynamic response to wind speed variations and sudden load changes, and
(3) validation of the system's ability to maintain total harmonic distortion (THD) of the grid current within IEEE
standards (<5%) while ensuring unity power factor. The results demonstrate the potential of integrating
DSTATCOM functionality into wind energy systems for seamless and reliable renewable energy integration into
modern grids.

This paper is structured as follows: Section Il outlines the system configuration and modeling approaches. Section
I11 provides a detailed explanation of the control methodology employed. Section IV presents and analyzes the
simulation results, highlighting system performance. Section V concludes with a summary of key findings and
implications.

Il. SySTEM CONFIGURATION AND MODELING
The proposed system, as depicted in Figures 1 and 2, consists of a grid-connected PMSG-WECS with a two-
level back-to-back converter configuration. The converter at the machine-side (MSC) controls the PMSG, while
the converter at the grid-side (VSC) functions as both a power transfer interface and a DSTATCOM for grid
support.
A Wind Turbine
The mechanical power output B,, of the wind turbine is determined by
1
Py =3 (pCpAV3) D

where p represents the air density (kg/md3); A denotes the swept area of the blades (m?); V,, indicates the wind
speed (m/s); and C,, stands for the power coefficient.
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where 1 denotes the tip-speed-ratio (TSR), & indicates the pitch angle, R is the radius of the turbine blades, and w,
represents the mechanical rotor speed of the PMSG.

B. PMSG

The surface mounted PMSG is modeled in the d-q reference frame. The voltage equations are

da . . .
Vas = Ls (E lds) + Rgigs — wsl’slqs (%)
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da . .
Vas = Ly (515 ) +Rslqs + 0sLolas + @A ©)

The generator torque equation can be written as
T, = 0.75(PAniqs) (7
where V,, and V,, are the d-q axes stator voltages; iys and i, are the d-q axes stator currents; R, is the stator

resistance; L is the stator inductance; A,, is the rotor flux; w, is the electrical speed of the PMSG; and P is the
number of poles of the PMSG.

C. Converter Interface

The proposed system features a two-level back-to-back VSC setup comprising a MSC and a grid-side VSC. The
MSC connects to the PMSG to manage the generator’s power output, while the VSC interfaces with the grid,
fulfilling dual roles of power transfer and functioning as a DSTATCOM to compensate for harmonics and reactive
power to enhance grid power quality.

D. Point of Common Coupling (PCC)

At the PCC, the system interfaces with a diverse range of loads, including both single-phase and three-phase
configurations. These loads encompass both linear and non-linear types.

E. Power Grid
The equations for the grid voltages are expressed as follows
d . . .
€ag = Lg (E ldg) + Rgldg - (l)nglqg + Vag (8)
_ d . , 9
€qg = Lyg (E lqg) + Rylgg + wglgiag +vgg ©)

where, eq, and e,, denote the components of grid voltage along the d-axis and g-axis, respectively; R, represents
the coupling resistance; L, stands for coupling inductance; vq, and v, are the d-axis and g-axis grid-side VSC
voltage components, respectively; and wy signifies the grid angular frequency.

I1l. CONTROL METHODOLOGY

The PMSG control is implemented through field-oriented vector control (FOC), utilizing a PI controller for speed
regulation in the outer loop and a hysteresis controller for generator current control in the inner loop. For the grid-
side VSC, an indirect current control scheme is employed, with a Pl controller regulating the DC link voltage and
a hysteresis controller managing the VSC current. This control scheme effectively addresses harmonics,
compensates for non-linear loads at the PCC, and ensures efficient power transfer to the grid, thereby enhancing
both the quality and stability of the grid power.

A. MSC Control

In the proposed WECS, the control of the PMSG is crucial for optimizing power extraction and ensuring efficient
operation. The control strategy for the MSC, as illustrated in Figure 1, is designed to maximize energy capture
from the wind while maintaining stable generator performance. To achieve optimal power generation, the
generator speed is controlled to follow the maximum power point (MPP). The tip-speed ratio (TSR) control
algorithm is used for maximum power point tracking (MPPT) to determine the optimal generator speed by taking
into account the wind speed and turbine characteristics. The TSR control algorithm provides a reference speed
(w"e) that the generator should aim to achieve to operate at the MPP. The PI controller takes the difference
between the reference generator speed (") and the actual generator speed (w,) to calculate the required reference
torque (T"). This PI controller adjusts the generator's torque to minimize the speed error, ensuring the generator
operates at its optimal point. The reference torque is given by the equation

* Tis+1 *
T, = Kps (ppTiS ) (w e we) (10)

where Tis stands for integral time constant and Kgs stands for the proportional gain of P1 speed controller.

i"gs = (4/3) (;m) (11)
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The g-axis reference generator current component is determined from the reference torque using equation (11).
This component controls the generator's torque production and is crucial for achieving the desired mechanical
output. In contrast, the d-axis reference generator current component is set to zero to optimize performance.
Setting the d-axis generator current to zero allows the system to achieve maximum torque with minimal current.
This approach enhances efficiency by reducing electrical losses. The d-q axes reference generator currents are
transformed into abc reference currents (I"sac). After comparing the actual currents (Isac) With the reference
currents (I"sanc), the error is fed into the hysteresis controller, which regulates the generator current and generates
the switching signals for the MSC. Choosing the appropriate hysteresis band ensures that the switching frequency
of the MSC remains within its allowable range.

Anemometer

MSC

Fig.2. The indirect current control scheme for the grid-side VSC with DSTATCOM functionality.

AC
DC

L

1

P/2

sabe

_|_- abc

dinck

VSC

PCC

dq
HCC AC
g8
0 -
* l"',&
Non-
S Linear
Load
B
PLL

Fig.1. The control for MSC of proposed grid-connected PMSG-WECS.

i

5351



J. Electrical Systems 20-10s (2024):5348-5359

The machine-side control, as illustrated in Figure 1, regulates the generator’s speed and torque effectively. By
maintaining the generator at or near its MPP, the MSC ensures that the WECS operates efficiently under varying
wind conditions.

B. Grid-side VSC Control

In the proposed WECS, the grid-side VSC performs two key functions: it regulates the DC-link voltage and
compensates for harmonics and reactive power, thereby improving power quality at the PCC. The VSC control
strategy is implemented using a two-loop cascaded control system designed to handle fluctuating wind power and
grid disturbances efficiently as depicted in Figure 2. The main goal of the outer control loop is to keep the DC-link
voltage stable. This helps maintain the power balance between the wind power generated and the power
transferred to the grid. The error between the reference DC-link voltage (V") and the actual DC-link voltage
(Vpc) is processed by a PI controller, which produces the reference direct-axis grid current (i"g). This current
manages the active power exchange between the WECS and the grid and is defined as

14+pTiy

"ag = Kpv ( e ) “(Vpe™ = Ve) (12)

where Tjy stands for integral time constant, K,y stands for the proportional gain of the DC link voltage PI controller.

The inner current loop plays a critical role in managing the grid-side currents to ensure effective harmonic
suppression and reactive power compensation. The VSC actively compensates for the reactive power and
harmonic currents generated by nonlinear loads connected at the PCC. By doing so, it ensures that the grid current
predominantly consists of the fundamental active current component, thereby enhancing power quality and
maintaining operation at a unity power factor (UPF). Consequently, the grid is relieved from supplying reactive or
harmonic currents, leading to a sinusoidal grid current and improved power quality. To achieve UPF, the reference
quadrature-axis grid current (i"qg) is set to zero, as the reactive power should be fully compensated by the VSC.
The active power supplied to the grid is controlled by the direct-axis current component (i4,), which also regulates
the DC-link voltage.

This control scheme utilizes only three current sensors and four voltage sensors to monitor voltage and current,
enabling the grid-side VVSC to function effectively without needing detailed information about the grid-side VSC
current and load current profiles. The proposed control ensures that the grid currents remain sinusoidal, regardless
of the non-linear nature of the load, effectively reducing the THD at the PCC.

Fig. 3. Typhoon HIL 604 based real-time simulation setup.
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IV. REAL-TIME SIMULATION RESULTS

The proposed PMSG-WECS, with integrated DSTATCOM functionality, is rigorously evaluated through
detailed real-time simulations. The simulation setup, as illustrated in Fig. 3, is implemented using the Typhoon
HIL 604 real-time simulator, ensuring high-fidelity testing and analysis. The system parameters utilized for this
real-time simulation are outlined in Appendix, reflecting practical operating conditions. Results obtained from
the mixed-signal oscilloscope provide clear evidence of the system’s capability to maintain robust power quality
and grid stability under varying conditions. The data showcases the effectiveness of the control strategy in
mitigating harmonics, ensuring reactive power compensation, and stabilizing voltage levels even in the presence
of fluctuating wind speeds and non-linear loads.

A. Performance Evaluation

The performance evaluation focuses on two cases: gradual wind speed variation (9 m/s to 11 m/s) and sudden load
reduction at rated wind speed (11 m/s). These cases highlight the system's adaptability and power quality
management under dynamic conditions.
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Fig. 4. Real time performance of MSC control when wind speed gradually changing from 9 m/s to 11 m/s—CH1: wind speed
(1.5 m/s per div—blue trace), CH2: rotor speed (6 rad/s per div—red trace), CH3: generator current (25 A per div—qgreen
trace), CH4: generated power (4000W per div—magenta trace).
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Fig. 5. Real time performance of proposed WECS when wind speed gradually changing from 9 m/s to 11 m/s at fixed
linear/nonlinear load connected at PCC—CHL1: voltage at PCC (400V per div—blue trace), CH2: source (grid) current (25 A
per div—red trace), CH3: VSC current (25 A per div—green trace), CH4: load current (5A per div—magenta trace).
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Fig. 6. Total harmonic distortion (THD) of—(a) load and source (grid) currents (Phase—a) at wind speed of 9 m/s; (b) load and
source (grid) currents (Phase—a) at rated wind speed of 11 m/s.

Case 1: Gradual Wind Speed Variation (9 m/s to 11 m/s) —As the wind speed increases gradually from 9 m/s to
11 m/s, the PMSG rotor speed adjusts smoothly from about 19.6 rad/s to 24 rad/s, demonstrating effective tracking
of the reference speed set by the MPPT algorithm (see Fig. 4). This adjustment ensures optimal power generation
in response to changing wind conditions, accompanied by a corresponding increase in PMSG stator current. The
grid-side VVSC, operating as a DSTATCOM, plays a crucial role in maintaining power quality. Despite the gradual
change in wind speed, the grid-side VSC effectively compensates for harmonics and reactive power, ensuring that
the grid current remains sinusoidal (Fig. 5). The THD of the grid-injected current remains consistently below 5%,
adhering to IEEE standards, while the load current THD is higher at 16.09% due to the presence of non-linear
loads (Fig. 6). This performance underscores the grid-side VSC’s capability to mitigate harmonic distortion and
enhance overall grid power quality.

Case 2: Sudden Load Reduction at Rated Wind Speed (11 m/s)—During a sudden load reduction while operating
at the rated wind speed of 11 m/s, the system exhibits exceptional adaptability. The grid-side VSC promptly
adjusts its output, ensuring that the grid current remains sinusoidal and the grid voltage stays stable (see Fig. 7(a)).
The current injected into the grid rapidly adapts to the load change, preserving sinusoidal waveforms and
maintaining unity power factor. This quick response is made possible by the indirect current control scheme,
which effectively regulates the grid current even under sudden load variations. The DC link voltage remains steady
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at 900 V, demonstrating the system’s stability and precise voltage regulation (see Fig. 7(b)). Despite the abrupt
load changes, the neutral current on the grid side stays near zero, showcasing the system's efficient handling of
load imbalances and minimal impact on the grid (see Fig.7). Additionally, the THD of the load current reduces to
12.69% after the load reduction, while the THD of the grid current remains well within the 5% limit, highlighting
the system’s capability to manage dynamic conditions effectively (see Fig. 8).
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Fig. 7. Real time performance of proposed WECS under reduced load condition—(a) CH1: voltage at PCC (400V per div—
blue trace), CH2: source/grid current (25 A per div—red trace), CH3: VSC current (25 A per div—green trace), CH4: load
current (5A per div—magenta trace); (b) CH1: DC link voltage (200V per div—blue trace), CH2: source (grid) neutral current
(5 A per div—red trace), CH3: VSC neutral current (1 A per div—green trace), CH4: load current (1A per div—magenta trace).

B. Power Dynamics and System Performance

The power dynamics and overall system performance are critically assessed through Figure 9, which illustrate the
behavior of active and reactive power under varying operational conditions. As the wind speed increases from 9
m/s to 11 m/s, the PMSG generates more power to match the increased wind energy input. The grid-side VSC
efficiently manages this power transfer, ensuring the active power injected into the grid remains stable and in line
with available wind power. The grid-side VSC also adjusts reactive power to stabilize grid voltage and maintain
unity power factor, underscoring its dual role in enhancing power quality and facilitating efficient power transfer.
In the event of a sudden load reduction at the rated wind speed of 11m/s, the system demonstrates its robustness in
managing rapid changes in power demand. The grid-side VSC promptly adjusts its reactive power output to
compensate for the decreased load, thereby stabilizing the grid voltage. Concurrently, the active power injected
into the grid increases due to the reduced load at the PCC. This highlights the system’s robustness in managing
dynamic power flows while preserving grid power quality. The consistent DC link voltage at 900 V (see Fig. 7(b))
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further emphasizes the system’s stability and ability to handle variations in wind speed and load conditions,
ensuring reliable grid integration.
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Fig. 8. THD of load and source (grid) currents (Phase-a) under reduced load condition.
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Fig. 9. Power dynamics and system performance under both varying wind speed and reduced load conditions—(a) active power
dynamics: CH1: wind speed (1.5 m/s per div—blue trace), CH2: grid active power (4000 W per div—red trace), CH3: VSC
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active power (4000W per div—green trace), CH4: load active power (4000W per div—magenta); (b) reactive power
dynamics: CH1: wind speed (1.5 m/s per div—blue trace), CH2: grid reactive power (4000 W per div—red trace), CH3: VSC
reactive power (4000W per div—green trace), CH4: load reactive power (4000W per div—magenta trace).

C. Discussion

The real-time simulation results validate the effectiveness of integrating DSTATCOM functionality into the grid-
side VSC of PMSG-WECS. The system successfully maintains power quality and stability under gradual and
sudden changes in wind speed and load, respectively. This performance is attributed to the advanced control
strategies employed. The field-oriented vector control for the PMSG ensures precise rotor speed regulation and
optimal power extraction, while the indirect current control for the grid-side VSC efficiently handles harmonic
compensation and reactive power management. As summarized in Table 1, the system performs efficiently under
varying wind speeds and load conditions, showcasing its ability to regulate voltage, mitigate harmonics, and
maintain grid stability, all while adhering to IEEE standards. Overall, the proposed system demonstrates strong
potential for enhancing grid stability and power quality, making it a viable solution for renewable energy
integration while addressing the challenges of power quality in wind energy applications.

Table 1: Summary of the system performance

wind | Load PMSG | Grid | Load | noyin ! Grig Unity Grid
Test - Rotor Current | Current Power
Speed | Condition Voltage | Voltage Neutral
Case (mis) at PCC Speed THD THD V) ) Factor Current
(rad/s) (%) (%) Operation
9 T_‘(’)‘aeg 196 366 | 16.09 900 415 Yes Near Zero
Case
! ixed
11 Fixe 23.9 355 | 16.09 900 415 Yes Near Zero
Load
Case Sudden
2 11 Reduction 23.9 2.47 12.69 900 415 Yes Near Zero

V. CONCLUSIONS

This paper has demonstrated the effectiveness of a grid-connected PMSG-WECS with integrated DSTATCOM
functionality for enhancing grid power quality. Real-time simulations confirmed the system’s capability to
maintain stable grid voltage, reduce harmonic distortion, and ensure unity power factor under varying wind speeds
and load conditions. The control strategy, combining field-oriented vector control for PMSG and indirect current
control for grid-side VSC, enabled efficient power transfer and harmonic compensation. By maintaining the THD
of grid-injected currents within IEEE standards (<5%), the system proves its potential for seamless integration into
modern power grids. This approach offers a practical and reliable solution for improving grid stability and power
quality in wind energy applications.

APPENDIX
Rated wind turbine © P, =7.68kw PM flux © A,=2.6Wb
power
Wind turbine blade . R=26m System Inertia © J=10 kg-m?
radius
Optimal TSR i A, =5.66 Rated VSC capacity : S, =10kVA
Power coefficient © Comax=04412  DClink capacitance : C=2400.#
Rated wind speed © VvV, =11m/s DC link voltage i Ve =900V
Air density ! p=1.229 kg/m? Gridvoltage (rms.) : V, =415V
PMSG stator resistance : R =140 Grid frequency : f=50Hz
PMSG stator L =58mH Coupling resistance  : R, =15Q
inductance
PMSG poles o P=12 Coupling inductance : L, =27.5mH
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