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The increasing deployment of doubly-fed induction generator (DFIG)-based
wind energy systems (WESSs) requires effective voltage regulation and power-
quality enhancement under varying operating conditions. This paper proposes
a coordinated voltage regulation and load-compensation technique using a
rotor-side converter (RSCR) and a stator-side series converter (SSSCR). The
RSCR provides two-directional slip-power control through cascaded voltage
and current control loops, while the SSSCR provides series voltage injection
for voltage regulation and load compensation. The proposed system is
developed in MATLAB/Simulink and validated using an OPAL-RT OP4512
real-time platform under variable wind speed, unbalanced and non-linear
loading, and voltage sag/swell conditions. Quantitative results show
reductions in overall current total harmonic distortion (THD) of 25.34% and
36.78% under non-linear and unbalanced load conditions, respectively. The
voltage regulation error is reduced from 9% to 3%, while the settling time
decreases from 0.24 s to 0.12 s under non-linear loading. The proposed
configuration also reduces the voltage overshoot from 2.61% to 0.02% during
speed transition. These results demonstrate the effectiveness of the
coordinated RSCR-SSSCR configuration for simultaneous voltage regulation
and load compensation.
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NOMENCLATURE
Symbol Definition Unit  Symbol Definition Unit

P, : Mechanical power extracted W Vinj . Voltage injected by the SSSCR \%
from the wind turbine through the coupling transformer

ci, C2, €3 C4, : Empirical coefficients of the  — Vssscr - SSSCR converter-side output \Y

Cs,Cs model voltage

p : Alir density kg/md i, ¢ : Three-phase rotor current A

Uy : Wind velocity mis v : Stator terminal voltage \%

A : Swept area of wind turbine m? g : Grid voltage \Y
blades
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Symbol Definition Unit  Symbol Definition Unit

R : Turbine blade radius m m : Converter modulation index -

G : Turbine power coefficient - Vsape - Three-phase stator voltage V

B : Blade pitch angle degree A : Tip-speed ratio -

Vsa, Usq : Stator d- and g-axis voltage \Y Vsq, Vsq - Reference stator d- and g-axis \Y
components voltages

@, : Turbine angular speed rad's  v,q, v, - Rotor d-and g-axis voltages \Y

Vsa, Usq : Stator d- and g-axis voltages  V isq,isq - Stator d- and g-axis currents A

Vra, Vg : Reference rotor d- and g-axis  V ira,irq - Rotor d-and g-axis current A
control voltages components

Vyabe : Three-phase rotor reference \% ira,irq - Reference rotor d- and g-axis A
voltage signals currents

lrarirg : Rotor d- and g-axis currents A W, : Actual rotor angular speed rad/s

Ysa,sq - Stator d- and g-axis flux Wb : Reference synchronous angular rad/s
linkages speed

Yra, Prq - Rotor d-and g-axis flux linkageswWb e, : Rotor speed error rad/s

Wg : Synchronous/reference-frame  rad/ls  wy : Synchronous/reference-frame rad/s
angular speed angular speed

Wy : Rotor electrical angular speed rad/s 6, . Electrical reference-frame angle rad

Ry, : Stator resistance Q J : Rotor moment of inertia kg-m?

Rotr : Rotor resistance Q B : Friction/damping coefficient N-m-s/rad

Lgtr : Stator inductance H P : Number of poles -

Lytr : Rotor inductance H P, : Stator active power W

Lint . Interlinking (mutual) inductance H P. : Rotor active power W

T, : Electromagnetic torque N-m s : DFIG slip -

T : Mechanical torque N-m Vg, : DC-link voltage (DCLV) V

Iy : DC-link current A Cac : DC-link capacitance F

1. INTRODUCTION

The rapid penetration of renewable energy (RE) into the power system network enables the modern
power grids to meet the ever-increasing load demand and acts as solution for many stabilities related issues of
grid. Among the various RE, wind energy systems (WES) are the most mature and widely deployed one owing
to the environmental benefits, and economic viability. In specific, the variable speed, doubly-fed induction
generator (DFIG)-WES are widespread with wide acceptance owing to its operation over a wide speed range,
ruggedness, and dual power retrieval capability on both stator and rotor ends [1]. These capabilities allow
improved energy capture and efficient grid integration, making DFIG systems a preferred choice in large-scale
wind farms [2].

In modern power system networks, maintaining stable operation under fluctuating wind conditions is
a critical requirement. The integration of wind energy systems into power grids can introduce voltage
fluctuations, harmonic disturbances, and voltage asymmetries, which can adversely affect power quality and
system stability [3], [4]. Additionally, the existence of unbalanced and non-linear loads at the point of common
coupling (PCC) exacerbates power quality issues [5]. During such conditions, there arises a need for DFIG
systems to perform both voltage injection and load compensation along with mitigation of power quality issues.
Moreover, during the grid integration of WES at the upstream, to manage the trade-off between voltage
injection and load compensation, a simultaneous operation of all the above in a single unified setup without
any additional component or equipment becomes the need of the problem.

Under grid disturbances, DFIG-based WESs are sensitive to voltage variations due to their partial-
scale power converter structure, where only the rotor is directly controlled while the stator remains connected
to the grid. The system is greatly affected with power quality issues and also suffers from stability issues due
to unbalances in voltages and distorted currents [6]-[8]. Upon coupling with power grids, voltage fluctuations
can be addressed using an additional dynamic voltage restorer (DVR) [9], [10] to improve voltage quality and
system stability. Conventionally, a two-stage back-to-back connected converter structure is deployed in DFIG
based WECS and the grid side connectivity is shunt-based concentrating on only the load compensation [11].
The unified power quality conditioner (UPQC) structure and the two-stage back-to-back connected converters
proposed [12], [13], with one converter performing load compensation and another converter performing
voltage regulation, having two different operations performed by two different converters leading to costlier
and complex control system [14]-[16]. To cope up with simultaneous voltage regulation and load
compensation, dual-converter structure is proposed in [17] having different control schemes leading to complex
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control schemes and large DC link requirement. In this work, the stator side converter itself acts as one unified

converter performing voltage regulation primarily and compensates the load to a greater extent overcoming the

setbacks of the other conventional structures in the literature. The proposed configuration uses an RSCR for
rotor-side power control and an SSSCR connected in series with the DFIG stator through an injection
transformer for controlled voltage injection and load compensation, thereby reducing the converter cost.

The control scheme coordinates cascaded RSCR voltage/current loops with SSSCR power-based
compensation. However, the cost of implementation is high. Several control strategies are also adopted to
address the regulation issues. The control strategy proposed in [18], [19] for DFIG systems addresses
unbalanced grid voltages and demonstrated that negative-sequence voltage components adversely affect rotor
currents, electromagnetic torque, and power oscillations. Similarly, the AC voltage and reactive power control
strategies for DFIG-based wind farms connected to compensated and weak networks are discussed
in [20]-[22]. The study revealed that improper reactive power management can intensify sub-synchronous
resonance phenomena and compromise system stability. Apart from voltage-related issues, harmonic distortion
remains a major concern in DFIG-based wind energy systems due to the extensive use of electronic power
conversion systems. The comprehensive review of suppressing harmonic techniques for grid-integrated DFIG
systems in [23] highlighted that converter switching actions, nonlinear loads, and grid disturbances contribute
significantly to harmonic generation. Intelligent and adaptive controllers with fault ride through capability are
proposed in [24] to indicate the necessity for voltage recovery, improved transient stability, and enhanced fault
tolerance. The stability degradation and resonance-related issues [25]-[27] are also addressed using controllers
that define boundary framework and demonstrated that improper controllers may lead to oscillatory behavior.
The findings to address the power quality issues, voltage injection during faults, regulation of voltage and
frequency, mostly have restricted to address any one of the problem statements and not all of them on one
unified approach. Moreover, in DFIG based WES, the grid connected converter is intended to perform load
compensation only and is the most widely reported structure.

The above studies demonstrate the importance of coordinated voltage regulation, load compensation, and
power-quality enhancement but fail to address them in a simultaneous manner in DFIG-based WESs. Furthermore,
the control schemes involve complex mathematical formulations leading to control complexities during
implementation. The entire state of art along with research gaps are depicted in Figure 1 for easier reference.

In this work, a capricious speed, DFIG-based WES is proposed to provide simultaneous voltage
injection and load compensation under grid voltage disturbances and load variations. The system employs two
converters: one interfaced to the rotor as rotor side converter (RSCR) while the other is linked to the stator as
stator side series converter (SSSCR). The main merit is the connectivity in the stator in series fashion so as to
inject voltage and compensate for reactive power through a unified control scheme exerted through a current
controlled, reference current generation technique. The proposed control strategy supports the system voltage
and load during unbalanced and non-linear loading at the point of common coupling (PCC). A simplified,
coordinate transformation less, current controlled, reference current computation technique is proposed for
SSSCR to exert, i) two-directional rotor slip-power exchange, ii) load compensation, iii) regulation of voltage
and frequency at the stator, iv) reduced THD, and v) enhanced voltage support during sag/swell-all with one
single unified system/approach claims to be the main merit of this work. The entire system is validated through
computer-based simulation with MATLAB software and real time through Opal-RT (OP4512) based
hardware-in-loop (HiL) approach. The major contributions of the work reported in this paper are
— Design and development of variable speed, DFIG based WES that would operate under various wind

velocities, various loads — unbalanced and nonlinear loads and voltage sag and swell conditions.

— Deployment of coordinated, cascaded, outer voltage and inner current loop structure for RSCR and
simplified, coordinate transformation less current controlled, reference current computation technique for
SSSCR.

— Validation of multiple objectives: i) two-directional slip-power exchange, ii) load compensation, iii)
regulation of voltage and frequency at the stator, iv) reduced THD, and v) enhanced voltage support during
sag/swell — all with one single unified system/approach.

— Comprehensive investigation through computer-based simulation using MATLAB software and real time
validation through Opal-RT (OP-4512) based hardware-in-loop (HiL) approach.

The structure of this article is organized as follows: i) The fundamental architecture of the proposed
system is outlined in section 2; ii) Detailed modelling of the components in the system is elaborated in
section 3; iii) The control methodologies for stator side series converter (SSSCR) and rotor side converter
(RSCR) are provided in section 4; iv) The computer simulation-based performance results and real-time
Hardware-in-Loop (HiL) validation are presented in section 5; and v) The main findings and contributions of
this paper are furnished in section 6.
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Problem Rationale

* WES to operate for wide
speed range

* Need to tackle weak grid
condition - voltage
regulation

« Mitigation of power quality

issues

Research Gap

@

+ Wider speed range operation

* Anyone (voltage regulation/ reactive
power compensation) is only dealt
by WES

= Additional converter
(DVR/STATCOM) is employed

* Power quality issues are addressed
partially

Proposed System

@)

+ Unified WES for tackling voltage
regulation and reactive power

compensation
+ No additional equipment / system
* Addressal of multiple power quality issues
* Wide speed range of operation
+ Simplified coordinate transformation less
control approach

Figure 1. State-of-art for the proposed work

2. SYSTEM FRAMEWORK

A variable speed WES employing DFIG as the wind generator is proposed for the study and the same
is depicted in Figure 2. The gear arrangement links the DFIG to the wind turbine. The DFIG is rated to about
1 kW and delivers a stator voltage of 575 V and a 1.75 kVA transformer (T1) steps up the voltage from 575 V
to 25 kV. The transmitted power travels along a 30 km transmission line to reach the 25 kV bus. At transformer
T, the voltage is again stepped up to 120 kV to join the utility grid. The rotor end is interfaced with the rotor
side converter (RSCR), and the DC end is linked to a DC-bus energy-storage capacitor. This DC terminal is
then tied to the stator side series converter (SSSCR), whose AC end is connected in series with the generator
stator. The SSSCR is connected to the 575 V bus, which is designated as the point of common coupling (PCC).
The DC-link capacitor maintains a constant V,;,. to accommodate power fluctuations arising from variations in
generator output and grid disturbances.

'
Gear i

Wind
box ! Turbine
) 575V 30km 25kV
Coupling Bus Transmission  Bus
Transformer Z % line
1kW, 50Hz y Veee | , _
4 Pole \Q.Q.QJ I"‘W—]l “ /I M
rmm\ Feeder . ,
Impedance PCC  S7SV/25kV
1.75 kVA
Transformer (T1)
120kv |
DC Link Bus
Cdc J_ Vdc i
1 "
Rotor Side Grid Side Utility Grid
Converter Converter 120KV, 50 Hz

Figure 2. Single-

line schematic of the proposed wind energy system

25KkV/120 kV

15 MVA

Transformer (T2)

The load parameters used for the scaled 1 kW system are selected consistently with the rated operating
conditions. For the linear-load condition, a balanced three-phase RL load comprising a resistance 300 Q and
an inductance of 0.3 H is considered. For the nonlinear-load condition, a three-phase diode-bridge rectifier load
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with a resistive load of 110 Q and a filter capacitance of 0.001 F on DC-side is employed. The system
specifications are provided in the Table 1.

The power quality issues, which are usually caused by various anomalies and unexpected events that
happen with the electrical supply including unbalanced and non-linear loads, significantly impacts the
proposed network's efficiency, dependability, and performance. Some of the main reasons for these problems
are using nonlinear loads, fluctuations in voltage, electromagnetic interference, and incorporating renewable
energy sources. The SSSCR is regulated utilizing simplified current controlled reference current controlled
reference current generation technique and aims at simultaneous compensation load and voltage regulation at
the PCC. Coordinated, voltage and current loops in a cascaded configuration are used to control the RSCR.
The control methods are explained in more detail in the subsequent sections. The parameters are implemented
in the OPAL-RT real-time simulation platform (OP4512) through the hardware-in-loop (HiL) approach to
validate the outcomes of the computer simulation.

Table 1. System configuration specifications

Parameters Ratings Parameters Ratings

DFIG Rated power 1kw Feeder Feeder impedance 0.05+j1.57 Q

Rated voltage 0.575 kV DC Link DC bus voltage 1150 V

Frequency 50 Hz DC bus capacitance 220 pF

No. of poles 4 Converters Snubber resistance 1000 Q

Interlinked inductance 282.64 uH Snubber capacitance 0.1 uF

Stator-side resistance 0.00074 Q On-state resistance 1 mQ

Stator-side inductance 15.60 uH Switching frequency 5 kHz

Rotor-side resistance 0.05879 Q

Rotor-side inductance 7.54 uH

Inertia constant 0.0139 kg-m2

Friction factor 0.01 N.m.s/rad

3. MODELLING OF THE SYSTEM
The dynamic behavior of the WES is described through detailed mathematical models of its
constituent subsystems, ensuring reproducibility and analytical clarity.

3.1. Wind turbine

The wind turbine model is formulated based on aerodynamic power extraction, where the mechanical
power depends on wind velocity, air density, and turbine characteristics. The coefficient of performance is
expressed as a nonlinear function of tip-speed ratio and pitch angle, enabling realistic emulation of wind
variations. The wind energy captured by the turbine is computed in (1) with p (1.225 kg/m3), indicating the
specific density of air, 1, indicating the wind velocity, denotes the swept area of the wind turbine blades, which
is 4.08 m? and C,sf indicating the coefficient of turbine power which is computed in (2) and (3). The
corresponding turbine blade radius, R is approximately 1.14 m.

Pm = 0.5C,;; (Ao, B)PAVS = 0.5Cor (Ao, )pmr2V3 0

Ao =35 )
c _

Cerr (A0, B) = C1(ﬁ — 3B — Cy)e ™ 5/*0 + (g, 3)

In this expression, B and A, corresponds to the blade pitch angle and tip speed ratio respectively. The coefficient
constants are C1-Cg are 0.5234, 110, 0.6, 4.37, 23, 0.0036 respectively [28].

3.2. Wind generator - DFIG

The DFIG model is developed in the synchronous reference frame model incorporating stator and
rotor voltage equations, flux-linkage relationships, and electromagnetic torque dynamics. This formulation
captures the electromechanical coupling and allows independent control of active and reactive power through
rotor currents. The voltage equations of the DFIG with flux linkage in (4)-(7) are as:

Vas = Rser-las + pPas — wlpqs' Vqs = Rgr. Iqs + pl/)qs + Wiy (4)

Var = Regr-lar + phar — (0 — (Ur)l»bqr War = Rytrdgr + pgr + (@ — 0 )ar ®)
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lpds = Lstr- Ids + Lint- [dr' qu = Lstr- [qs + Lint- [qr (6)
lpdr = Lint- Ids + Lrtr- [dr' 1pqr = Lint'[qs + Lrtr- [qr (7)

where voltages in the dg-axis of stator are represented by Vgs and Vg and in dg-axis of rotor by Vgr and Vg,
currents in the dg-axis of stator by lgs and lgs, and dg-axis of rotor by lgr and lgr, flux linkages in the dg-axis of
stator by 1gs and g, and dg-axis of rotor by pgr and g, © is the frame's angular speed, the speed of the
electrical rotor is denoted as wr, L is the inductance of the stator-side , Ly is the inductance of the rotor-side,
Lint is the interlinked inductance, Ry is the resistance in the rotor and Ry is the resistance in the stator. The
electrical torque as well as the equation that describes the rotor rotation is given in (8).

T, = (z) (2) (Lljdslqs - quslds) (8)

The mechanical dynamics of the DFIG can be represented by the torque-balance equation in (9), which
relates the rotor acceleration to the mechanical torque, electromagnetic torque, and mechanical damping torque.
The equation provides the mechanical basis for the turbine-generator dynamics.

dwy
dt

] = (Tm -T, — B(‘)r) (9)

Where | denotes the rotor moment of inertia (kg-m?), w, corresponds to the rotor angular speed (rad/s), and
% represents the rotor angular acceleration (rad/s?), T,, and T, represents the mechanical torque (Nm) and
electromagnetic torque (Nm), B is the friction coefficient (Nm), and the term B w,. represents the friction/damping
torque (Nm).

The DFIG is operated over a variable-speed regime spanning the synchronous speed to accommodate
wind-speed variations and to facilitate sub-synchronous as well as super-synchronous operating conditions
[28]. The total power delivered by the DFIG is given in (10).

Py, = Psp+ Prp = (1+|S|)Psp (10)

Fora DFIG, P, = —s P,, where Py, and P, corresponds to the stator and the rotor active power respectively,
with the sign determined by the adopted power-flow convention. Hence, for super synchronous operation.

3.3. Modelling of RSCR and SSSCR

The power electronic converters (RSCR and SSSCR) are represented using state-space equations
incorporating dg-axis currents and DC-link voltage (DCLV) dynamics. The rotor side converter (RSCR) along
with stator side series converter (SSSCR) are utilized for slip power recovery are designed using (11).

Alyq 0 —Uxd 1
4ixd w —
dat o Lse ([1, Lse Via
dhxg | _ |~ 0 =g 0o — 0 ||n
= Wy xq |+ — xq (11)
dt Lse Lge
Vac Urd  Uxgq 0 Vac 0o 0 -—-- lac
dt Cac  Cac Cac

Where, Ls is the impedance in the feeder, V. is the voltage in the dc connection, lq is the current in the dc
connection, w, is the angular speed ux, Ux are the switching pulses and V,, and V., represent the d—q
components of the voltage at the converter terminals and. lyq, Ixqare input currents of the converters on the AC
end where the subscript x serves as a common notation denoting either r for the RSCR or s for the SSSCR.

index -Vdc
Veer = mi—ﬁd (12)
Where V., represents the RMS value of the fundamental phase voltage of converter x, the subscript xdenotes
either the RSCR (x = r) or the SSSCR (x = s). V. is the DC-bus voltage and m;,4e« Signifies the modulation
index of the sinusoidal pulse-width modulation (SPWM) scheme [29].

3.4. DC link dynamics

The DC-link capacitor is modelled to maintain energy balance between the converters, ensuring stable
operation during transient conditions. The DC link is positioned between SSSCR and RSCR through an
intermediary energy storage component. A capacitor (Cqc) is typically employed in the DC link that smooths out
voltage fluctuations, ensuring stable DC voltage during power exchange [30]. It maintains power balance between
RSCR and SSSCR, enabling efficient energy transfer. The dynamics of the DC bus voltage are described by (13).
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ave
Cdcd—? = Lge — Igdc (13)

Where Cqc is the DC-link capacitance, I represents the DC current from the RSCR, lgqc represents the DC
current to the SSSCR. During extended voltage sags or swells, the energy storage dynamics becomes critical.
In a capacitor-based storage system, the current through the DC link (1,.) can be described in (14).

aVgc

IdC = CdC dt (14)

3.5. Coupling transformer

An injection transformer is employed to interface the SSSCR output with the stator terminals, enabling
compensation voltage injection during disturbances. This transformer ensures voltage level matching between
the converter and the grid. The correlation between the injected voltage V;,,; and the voltage at the converter
output Ve, is given in (15).

Vinj =N Vssscr (15)

Where N is the coupling transformer’s turn ratio. This facilitates efficient injection of the compensating voltage
under symmetrical and asymmetrical disturbances [31].

3.6. Modelling of AC grid

The AC transmission system interfaced to the stator terminal of the DFIG is modelled using a series
impedance to represent line losses and capacitive effects. The SSSCR, coupled in series with the stator through
the coupling transformer, plays a key role in dynamic voltage compensation under grid disturbances. At the
PCC, the stator terminal voltage is determined by the combined effects of the low-voltage bus, the transmission
line drop, and the voltage injected by the SSSCR, as described in (16).

Vse = Vpce = Zse *Ipcc + Vinj (16)

Where Vg, is the stator-side terminal voltage, Vpc is the PCC voltage of the grid, Z, is the series impedance
at the transmission line, I represents the line current at the PCC, and V; is the voltage injected by the SSSCR
through the coupling transformer [32].

4, CONTROL METHODOLOGY FOR RSCR AND SSSCR

The system employs two converters, RSCR and SSSCR, to achieve objectives; i) two-directional rotor
slip-power exchange, ii) load compensation, iii) regulation of voltage and frequency at the stator, iv) reduced
THD, and v) enhanced voltage support during sag/swell — all with one single unified system/approach.

4.1. Control scheme of RSCR

The overall control scheme for RSCR is illustrated in Figure 3 and it employs cascaded control scheme
with an internal loop for controlling rotor current and external loop to regulate the stator voltage. The 3¢ stator
voltages Vg, are transformed from abc frame into 2¢ dg-orthogonal parameter V¢ and V,; and are compared
with their dq reference voltages V,;; and V to get voltage error values Vg, and V., are given in (17). The
reference Vj, is set as 469 V (RMS).

Vaser = Vs — Vas; Vqser = qu? - VZ]S (17)

The resultant voltage errors are then processed by proportional—integral (P1) controllers to generate
the reference rotor current components /5, and Iz, using gains K, ,, and K; ,, as shown in (18) and (19). The
proportional and integral gains of the voltage controller are represented by parameters K,, and K;,,
respectively. The voltage control errors obtained from the deviation between the measured and reference values
are fed to the PI controllers and the values of the loop gains are determined according to the Zeigler — Nichols
tuning approach, which delivers the overall gain K,=1.8 and ultimate period P,= 0.06s. Using this tuning
technique, the voltage-loop PI gains K, ,, and K;, are determined as 0.9 and 20, respectively, using K,,,, =
K,/2,T; = P,/1.2,and K;,, = 1/T;.

Igr = Kp,v(Vdser) + Ki,vf (Vaser)dt (18)

Iq*r = p,v(Vqser) + Ki,vf (Vqser)dt (19)
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Where the terms I, and I, represent the resultant rotor current references in the dq reference frame. The 3¢
rotor currents I, are transformed from abc frame into 2¢ dg-orthogonal parameter I and I, by
implementing park transformation which are compared with the outer loop resultant dq reference currents 1,
and I, to calculate current errors Iy, and Iy, is shown in (20).

larer = lar = lar 5 Igrer = Igr — Igr (20)

These resultant current errors are regulated using the PI controllers to generate the reference control
rotor voltages V- and V;. as shown in (21) and (22). Similar to the voltage loop, the PI gains for the current
loop are also designed and are Kp,and Ki;; are 0.6 and 10 respectively.

V;r = Kp,i (Idrer) + Ki,if ([drer)dt (21)
Vq; = Kp,i(lqrer) + Ki,if ([qrer)dt (22)

Where the terms Vg, and V5 represent the resultant reference control rotor voltages in the d- and g-axes,
respectively. To achieve proper synchronization, a speed feedback loop is added to this loop by contrasting the
rotor speed response w, against the reference synchronous speed w;.. The resulting error w,,.. is then used to
provide the necessary angular signals @ for synchronization as shown in (23).

Wery = W) — w5 0 = [ wdt (23)

Where the symbol w, denotes the angular rotor speed (rad/s), w;: is the reference synchronous speed and w,,
is the resultant speed error. The inverse of the park transformation is applied to the control voltages V,,, and
angle 0, converts them into the abc frame and produces the voltage signals V.4, Which are fed to the RSCR
by converting them into PWM signals by fixed frequency mode with a switching frequency of 5 kHz. This
closed-loop vector control approach ensures that the rotor current references are tracked accurately and
improves the system'’s performance in both normal and disturbed conditions.

From
Wind
Turbine

Rotor Side To PCC/575V
Converter Bus
mr
Wy =
werr
Angle P
Computation N

Vqser

Vqr
Iq Iy
- | fdrer ® r | Pl
' ( g'»,) Pl
\i’ I I

qrer qr

Figure 3. Schematic of RSCR control scheme

4.2. Control scheme of SSSCR

The control scheme for the stator side series converter (SSSCR) is illustrated in Figure 4 and it
functions primarily as a series voltage regulator at the PCC, especially under non-linear and unbalanced loads.
The SSSCR compensates during disturbances by injecting a series voltage and also performs load
compensation at the PCC, ensuring that the voltage remains at its nominal value. To exert the above, a current
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controlled reference generation technique is employed that mitigates various voltage irregularities such as
phase unbalances, non-linearities, voltage sags and swells.

Coupling
Transformer
VALY L\ 000

To PCC/
575V Bus

1kW, 50Hz
DFIG

W
L[

Stator Side
Series
Converter

PWM

Pre[

lsnbc labc

Figure 4. Schematic of SSSCR control scheme of the proposed system

The control scheme decomposes the instantaneous three-phase quantities and generates the total real
power which is a culmination of average and oscillatory real powers as in (24) and (25) respectively.

P =v,i, + vyip + i, (24)
P=p+p (25)

To obtain the average real power, a low pass filter (LPF) is executed to the total power and the average
real power is subsequently used with stator voltage to get the reference current I, as resultant as given in
(27). The LPF used to extract the average power component is implemented as a fifth-order Butterworth low-
pass filter configured for a cutoff frequency of 30 Hz. Since the dominant power oscillation occurs at the
frequency corresponding to the second harmonic (100 Hz for a 50 Hz system), the 30 Hz cutoff effectively
attenuates the oscillatory component and extracts the average power component. A fifth-order LPF was adopted
to achieve an improved trade-off between filtering performance and dynamic response. The filter parameters
were determined through simulation studies to minimize phase delay while maintaining accurate extraction of
the average power component required for compensation.

p = LPF(P) (26)

The oscillatory power component 7 represents the disturbances caused by voltage unbalance and
harmonic components, which are compensated by the SSSCR. The measured three-phase stator voltages Vg,
are applied to a phase-locked loop (PLL), which estimates the grid phase angle fand extracts the fundamental
positive-sequence voltage magnitude V;,. The estimated voltage magnitude V,, is subsequently utilized to
compute the reference compensation current, which is expressed in (27).

e = @7

m
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Where I, denotes the three-phase reference compensation current to be injected by the SSSCR, and v,
represents the voltage magnitude. The DCLV of the back-to-back converter is maintained at its reference value
through an outer voltage control loop. The measured DCLV V. is compared with its reference value Vj., and
the resulting voltage deviation is processed through a PI controller. The PI controller subsequently generates
the reference active-power component P* is expressed in (28) and (29).

Ver = V;c = Vac (28)
Pref = Kp(]/e'zr) + Kif (Ver)dt (29)

To regulate the active power flow, a Pl controller processes the error between the regulated reference
signal of the active power and the measured regulated active power to generate the control signal J,. The PI
controller gains of the active power control loop are selected using Zeigler-Nichols tuning approach as
mentioned in Section 4.1 and the controller gains are given in Table 2. The tuning objective is to achieve fast
active-power regulation, minimum overshoot, negligible steady-state error, and stable converter operation. The
active power error is calculated using the (30) and (31).

B, = ref — P (30)
517 = Kp(Per) + Kif (Per)dt (31)

Where F,, represents the active-power error signal, P, is the reference active power, P is the measured
instantaneous active power and &,, denotes phase shift in the modulating signals that is required for the effective
regulation. The parameters K, and K; denote the proportional and integral gains of the active-power controller,
respectively. To determine the phase angle, the stator voltage is aligned utilizing a PLL to extract the grid angle
0 = wt from the stator voltage Vyup.. The symbol 6 is then combined with J, and i}, to get the
reference/modulating waveform of the stator current i, .. This is then evaluated against the actual signal of
the stator current iq,.. The reference current i, is differenced with the measured current iy, and the
resulting error is processed and fed to the controller as in (32).

labe = lsabe — Lsabe (32)

The quantities i,,. and iy, denote the reference and measured three-phase currents, respectively, and i,
represents the current error. A PWM controller processes the resultant error signal with a switching frequency
of 5kHz and a sampling time of 5 ps S0 as to generate the PWM signals for SSSCR.

The stability of the controllers employed in the above control schemes are validated through frequency
response analysis — Bode plots as shown in Figures 5(a)-5(¢). Increasing the proportional and integral gains
enhances the controller bandwidth by shifting the crossover frequency to higher values while maintaining
stable high-frequency characteristics. With this note, the plots are analyzed, and suitable gains that ensure
stability are deployed in the control. The RSCR voltage and current controllers exhibit consistent magnitude
and phase responses over the investigated gain ranges, indicating robust loop dynamics and sufficient stability
margins as shown in Figures 5(a) and 5(b). Similarly, the SSSCR power controller, PLL, and DC voltage loop
demonstrate improved bandwidth with increasing controller gains while preserving stable phase characteristics
as in Figures 5(c), 5(d), and 5(e). Based on this analysis, the final controller parameters as listed in Table 2 are
selected as (Kp,v = 0.9, Kjy = 20) for the RSCR voltage loop, (Kp,i = 0.6, Ki,i = 10) for the RSCR current loop,
(Kp = 8, Ki = 100) for the SSSCR power controller, and (KppLL = 2, KipLL = 75) for the PLL. These gain values
provide positive gain and phase margins while achieving a suitable compromise between bandwidth, transient
response, overshoot, and settling time, thereby indicating the stability of the system. The controller tuning
parameters and frequency-response characteristic are given in Table 2.

Table 2. Controller tuning parameters and frequency-response characteristic

Controller Kp Ki  GM(@dB) PM(°) g (rad/s) foc (Hz) oy (rad/s)
RSCR voltage loop 09 20 32 111 175 28 185
RSCR current loop 06 10 335 101 30 4.8 183
SSSCR power controller 8 100 17 57 26 4.1 95
PLL controller 2 75 27 71 29 4.6 138
DC voltage loop control 4 80 40 70 81.4 13 239
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Figure 5. Frequency response for PI controller gain values: (a) RSCR voltage loop, (b) RSCR current loop,
(c) SSSCR power controller, (d) SSSCR PLL controller, and (e) DC voltage loop controller

5. COMPUTER SIMULATION AND HARDWARE-IN-THE-LOOP (HiL) EVALUATION

The system is developed in MATLAB/Simulink R2024a to evaluate its dynamic performance under
different operating conditions. To validate its real-time implementation, the simulation model is executed on
an OPAL-RT OP4512 hardware-in-the-loop (HIL) platform. The OPAL-RT OP4512 is an FPGA-based real-
time simulation platform with high computational performance specifically engineered for the rapid
prototyping and closed-loop testing of power electronics and energy conversion systems [33]. The OP4512
real-time simulator incorporates a Xilinx Artix-7 XC7A100T FPGA, selected for its parallel processing
architecture and deterministic execution capability, enabling high-speed implementation of real-time control
algorithms. The FPGA architecture enables simultaneous implementation of the computationally intensive
functions required by the proposed DFIG controller. The FPGA resources, comprising 101,440 logic cells, 240
DSP slices, and 4.9 MB of Block RAM provides adequate computational capacity to execute within a 5 ps
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sampling interval, ensuring low computational latency, deterministic timing, and accurate real-time control of
the RSCR and SSSCR under varying wind, load, and grid disturbance conditions.

The simulated model and the controller communicate through the analogue output (2B) and analogue
input (2A) channels, where the analogue output signals are looped back as controller feedback. The model is
executed using the RT-LAB environment in a Master—Slave architecture, enabling closed-loop real-time
operation. The analogue signals are appropriately scaled to emulate hardware interfacing, while the controller
operates with a sampling time of 5 s, satisfying the real-time requirements of the proposed control scheme.

The HIL setup is configured using RT-LAB, enabling real-time model execution, parameter tuning,
and signal monitoring. A Tektronix MSO58B 5-BW-350 mixed signal oscilloscope (MSQ), featuring a
350 MHz bandwidth and a maximum sampling rate of 6.25 GS/s, is used to capture and record key electrical
waveforms and converter switching signals for performance evaluation. The schematic and experimental
implementation of the HIL platform is presented in Figures 6(a) and 6(b), respectively.

(@)

ETHERNET I

MATLAB/SIMULINK

CONTROL DESK

DIGITAL STORAGE
OSCILLOSCOPE

(b)

OPAL-RT OP4512
SIMULATOR

Figure 6. Hardware-in-the-loop setup: (a) schematic and (b) photograph

5.1. Dynamic response of the system with varying wind speeds

The dynamic response of the WES under varying wind speed conditions is illustrated with simulation
and experimental results in Figures 7 and 8, respectively. The rotor speed is varied at time instant t = 1 s from
sub-synchronous to super-synchronous speed (1350 to 1750 rpm). The stator-side voltage, as in Figure 7(a)
tends to remain stable throughout the speed transition, indicating effective voltage regulation. The
corresponding stator current in Figure 7(b) exhibits a balanced sinusoidal waveform during sub- and super-
synchronous operation. The rotor-side voltage and current shown in Figure 7(c) and Figure 7(d) clearly indicate
a change in magnitude and phase sequence during the transition from sub-synchronous to super-synchronous
mode, reflecting the reversal of slip power. The load-side voltage and current responses in Figure 7(e) and
Figure 7(f) confirm that the load is not affected by the generator-side transients and that the load is of balanced
in nature. The waveform of DCLV during the speed transition is shown in Figure 7(g). The corresponding real-
time results are obtained through OP4512 and are shown in Figures 8(a)-8(f) to validate the simulation
outcomes. The stator voltage (Figure 8(a)) and stator current (Figure 8(b)) are seen to maintain stability, while
the rotor variables (Figure 8(c) and Figure 8(d)) capture the dynamic transition accurately. The changeover in
the phase sequence and the frequency changes with respect to the speed change are clearly seen in the figures.
The load voltage and current (Figure 8(e) and Figure 8(f)) remain regulated, confirming that the control ensures
seamless operation across operating regions.

5.2. System performance evaluation during unbalanced and non-linear load

The dynamic response of the system under unbalanced loading, that are validated through computer
simulation and real-time testing, is presented in Figures 9 and 10, respectively. Also, the system performance under
non-linear load, validated through simulation and real-time testing, is shown in Figures 11 and 12, respectively.

- Case 1 - Unbalanced load: A 30% load unbalance is introduced in the system with the load currents being
lsa= lsp= 1.7 A and 1sc=1.19 A, respectively. With load being unbalanced, a speed change is introduced in
the system at instant ‘t’ = 1 sec as, similar to previous case.

- Case 2 — Non-linear load: The non-linear load proposed in this study is three phase diode bridge rectifiers
feeding a resistive load, acting as balanced non-linear load.

Enhanced voltage control and load compensation for DFIG-based wind energy ... (Preethicaa Ramesh)
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In both cases, the stator voltage shows slight distortion due to the imposed unbalances and non-
linearity, as in Figures 9(a) and 11(a), while Figures 9(b) and 11(b) indicate the compensating stator currents
that are injected by the SSSCR. The stator currents seem to be balanced sinusoids irrespective of the load
nature. The rotor-side voltage and current (Figures 9(c), 11(c) and Figures 9(d), 11(d)) adapt dynamically to
support compensation, and the phase sequence changeover indicates the two-directional slip-power exchange
irrespective of speed and load changes. The unbalanced load voltage (Figure 9(e)) is maintained close to
nominal despite a 30% unbalance, and the unbalanced load current initially reflects asymmetry before
compensation (Figure 9(f)). Similarly, the non-linear load voltage and the non-linear load current
(Figures 11(e) and 11(f)) exhibit the double peak nature, indicating the high non-linearity in the waveform.
The distorted waveform of the DCLV under the unbalanced and non-linear load conditions is shown in
Figures 9(g) and 11(g), respectively. Under these conditions, the DC-link voltage varies around its nominal
value of 1150 V, increasing to approximately 1170 V and decreasing to approximately 1130 V. The real-time
validation is shown in Figures 10 and 12 for both cases, respectively, wherein the stator voltage and current
(Figures 10(a), 12(a) and Figures 10(b), 12(b)) remain balanced despite the speed change at instant ‘t’. The
rotor responses shown in Figures 10(c), 12(c) and 10(d), 12(d) exhibit the two-directional slip-power exchange
capability of the system in accordance to the speed changes, whereas, the load parameters exhibit the
unbalances and non-linearity nature shown in Figures 10(e), 12(e) and 10(f), 12(f). It is observed that the
unbalances and non-linearity at PCC are effectively compensated, and balanced sinusoids are maintained at
the stator thereby maintaining the quality of stator power.
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Figure 7. Response of the wind energy system during speed transition from sub-synchronous speed to super-
synchronous speed at (a) stator-side voltage, (b) stator-side current, (c) rotor-side voltage,
(d) rotor-side current, (e) load-side voltage, (f) load-side current, and (g) DC link voltage
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Figure 9. System response for the parameters: (a) stator-side voltage, (b) stator-side current,
(c) rotor-side voltage, (d) rotor-side current, (e) load-side voltage, (f) load-side current, and
(9) DC link voltage during unbalanced load conditions in the software simulation
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Figure 10. Real-time system response for the parameters: (a) stator-side voltage, (b) stator-side current,
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and (g) DC link voltage during non-linear load conditions in the software simulation
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Figure 12. Real-time system response for the parameters (a) stator-side voltage, (b) stator-side current,
(c) rotor-side voltage, (d) rotor-side current, (e) load-side voltage, and
(f) load-side current during non-linear load conditions

5.3. Performance of the system during symmetrical and asymmetrical voltage unbalance — voltage sag
and swell

The system is investigated for its performance during voltage sag and swell at PCC. The computer
simulation validation is shown in Figures 13 and 14 for sag and swell respectively, and the experimentation is
depicted in Figure 15.

- Case 1: voltage sag

A voltage sag of 30% is introduced between 0.5 sec and 0.7 sec (simulation), during which the line-
to-line voltage at the stator drops from 575 V to 400 V, as depicted in Figure 13(a). The proposed SSSCR
injects the required compensating voltage and achieves 100% sag compensation. Thereby, the PCC voltage is
restored to its nominal 575 V level.

- Case 2: voltage swell

A voltage swell of 30% is introduced between 1.5 sec and 1.7 sec (simulation), during which the
voltage (line-to-line) at the stator from 575 V to 750 V is depicted in Figure 14(a). The proposed SSSCR injects
the required compensating voltage to counteract the voltage swell and achieves 100% swell compensation,
thereby restoring the PCC voltage to its nominal value of 575 V.

- Case 3: asymmetrical unbalance — single-phase unbalance (line-ground)

In this case, a single phase is grounded, so as to exert asymmetrical unbalance. A voltage asymmetrical
unbalance of 65% is introduced between 0.5 sec and 1 sec (simulation), during which the single-phase voltage
(line-to-line) at the stator reduces from 575 V to 200 V is depicted in Figure 15(a).

In cases 1 and 2, the performance validation with simulation is made by exerting voltage sag and swell
and asymmetrical balance at the grid side as shown in Figures 13(b), 14(b) and 15(b) and the SSSCR control
injects the required voltage so as to maintain the PCC voltage stable, balanced and regulated at 575 V with the
same being shown in Figures 13(c), 14(c) and 15(c) respectively. Case 3 is validated in real time alone.

The real-time validation is performed using the real-time controller OP4512, and the performance is
shown in Figure 16. The grid voltage exhibits sag, swell, and asymmetrical unbalance at three different instants
as in Figure 16(a). The injected/compensated voltage by the SSSCR is depicted in Figure 16(b), with the
regulated PCC voltages as in Figure 16(c). The PCC current is also depicted in Figure 16(d), which is distorted
owing to the fluctuations that exist in the voltages.

The quantitative results of the system, including PCC current THD, voltage regulation error, and
voltage settling time, are summarized in Table 3. The obtained results demonstrate the effectiveness of the
proposed compensation scheme in improving power quality. Furthermore, the proposed scheme enhances
voltage regulation under both nonlinear and unbalanced loading conditions.
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Figure 13. System’s response during symmetrical voltage unbalance — voltage sag: (a) grid-side voltage,
(b) SSSCR voltage, and (c) PCC voltage
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Figure 14. System’s response during symmetrical voltage unbalance — voltage swell: (a) grid-side voltage,
(b) SSSCR voltage, and (c) PCC voltage
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Figure 15. System’s response during asymmetrical voltage unbalance: (a) grid-side voltage.
(b) SSSCR voltage, and (c) PCC voltage
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Figure 16. System’s response during symmetrical unbalance and asymmetrical unbalance:
(a) grid-side voltage, (b) SSSCR voltage, (c) voltage at PCC, and (d) current at PCC
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Figure 17. THD spectrums of the PCC current during: (a) non-linear load case and (b) unbalanced load case

5.4. Limitations and future directions

Certain limitations remain in the present study. Although the proposed control framework has been
validated through MATLAB/Simulink- based analysis and real-time validation, a full-scale physical
hardware prototype was not considered. Such an implementation would provide further insight into practical
effects such as converter switching delays, sensor inaccuracies, communication and computational latencies,
parameter uncertainties, thermal limitations, and non-ideal switching behavior.

The proposed control strategy was primarily evaluated under voltage sag, voltage swell,
unbalanced-load, and nonlinear-load conditions. More severe operating conditions, including three-phase
faults, cascading disturbances, large grid-frequency excursions, and prolonged low-voltage ride-through
(LVRT) events, were not investigated in the present study. These conditions may impose higher transient
stresses on the converters and DC-link and may require additional protection and energy-balancing
mechanisms.
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In addition, the coordinated operation of the RSCR and SSSCR introduces interactions among the
converter controllers, DC-link dynamics, PLL, and grid-side disturbances. Therefore, controller parameters
optimized for the investigated operating conditions cannot be directly transferred to all grid strengths and
power ratings. Further studies involving adaptive gain tuning, grid-strength variations, and systematic
stability assessment are required.

Future research will focus on adaptive and intelligent control techniques based on artificial
intelligence and machine learning- based control techniques to improve dynamic response and disturbance-
rejection capability. Experimental implementation using real-time digital controllers and power-converter
prototypes will also be considered to further verify the practical applicability of the proposed scheme.
Furthermore, the proposed framework can be extended to offshore wind farms, hybrid renewable -energy
systems, and microgrid applications involving both grid-forming and grid-following converter operation.

Table 3. Quantitative analysis of the system during nonlinear load and unbalanced load conditions

Cases Performance metric Without With
proposed control  proposed control

Non-linear load  R-phase 8.21% 6.12%
Y-phase 8.05% 5.98%
B-phase 8.32% 6.25%
Overall THD 8.19% 6.12%
DC link voltage 9 3
regulation error
DC link voltage — 240 ms 120 ms
settling time

Unbalanced load  R-phase 5.82% 3.52%
Y-phase 5.36% 3.47%
B-phase 5.38% 3.49%
Overall THD 5.52% 3.49%
DC link voltage 8 3
regulation error
DC link voltage — 210 ms 100 ms
settling time
Voltage unbalance factor 3.12 0.8

Speed transition ~ DC link voltage - Overshoot 2.61% 0.02%
DC link voltage deviation 5.49% 1.24%

5.5. Practical scalability

The proposed RSCR-SSSCR coordinated control philosophy is applicable to higher-power DFIG-
based WESs; however, direct transfer of the controller parameters and converter ratings from the present
implementation to a higher-power system is not recommended. At MW-scale ratings, the semiconductor
devices, series injection transformer, filters, and associated thermal-management systems must be
appropriately sized according to the required compensation voltage, load current, and transient operating
conditions. Higher-power implementations may also require multilevel converter topologies to reduce
device voltage stress and switching-related losses while maintaining the required power-quality
performance.

The converter rating is particularly important during severe voltage disturbances because the
SSSCR must generate the required series compensation voltage without exceeding its voltage, current, and
thermal limits. Similarly, transient active-power exchange between the converters must be considered in the
design of the DC-link capacitor and its protection and energy-balancing mechanisms. Therefore, DCLV
regulation, converter protection, and energy management should be re-evaluated when the proposed
architecture is scaled to higher power levels.

At larger wind-farm ratings, the interaction between the RSCR, SSSCR, PLL, filters, and grid
impedance may also become more significant, particularly under weak-grid conditions. Consequently,
controller gains, bandwidths, and stability margins should be systematically re-tuned using the
corresponding per-unit machine, converter, filter, and grid parameters rather than directly adopting the
values used in the present study. Measurement uncertainties, computational delays, communication delays,
and controller interactions should likewise be included in a full-scale implementation assessment.

In addition to the technical considerations, practical deployment requires compliance with
applicable grid-code requirements concerning low-voltage ride-through, reactive-power support, voltage
regulation, and harmonic distortion. The economic feasibility of the proposed architecture should also be
evaluated by considering the ratings of the SSSCR, injection transformer, DC-link capacitor, semiconductor
devices, protection system, and associated control hardware. Therefore, the proposed architecture
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demonstrates a promising scalable control concept, while detailed converter sizing, protection coordination,
cost-benefit analysis, and full-scale experimental validation remain necessary before industrial deployment.

6. CONCLUSION

This paper addresses the simultaneous voltage injection and load compensation framework for a
DFIG-based WES operating under weak-grid conditions. The proposed architecture integrates a rotor-side
converter (RSCR) and a stator-side series converter (SSSCR) through a common DC-link. The RSCR
employs coordinated cascaded voltage-current control loops to facilitate two-directional rotor slip-power
exchange and regulation of stator parameters over a wide range of wind speeds. The SSSCR is controlled
using a current-controlled reference current generation technique, and it functions as a series voltage
regulator capable of compensating for voltage disturbances and load-induced power quality issues at the
PCC. Alongside, the WES addresses multiple objectives: i) two-directional slip-power exchange, ii) load
compensation, iii) regulation of voltage and frequency at the stator, iv) reduced THD, and v) enhanced
voltage support during sag/swell — all with a single unified system/approach. The proposed control strategy
is validated through detailed MATLAB/Simulink based computer simulation and real-time hardware-in-the-
loop (HiL) assessment using the OPAL-RT OP4512 platform. The real time results are seen to closely match
with the simulation findings demonstrating the practical feasibility of the proposed control and the key
findings of the work are summarized as: i) seamless transition between sub-synchronous and super-
synchronous operating regimes with stable stator voltage and balanced current profiles, ii) under unbalanced
and nonlinear load conditions, the proposed controller effectively compensated load asymmetry and restored
balanced operating conditions at the PCC and also mitigated waveform distortions and maintained
acceptable power quality levels, iii) the voltage sag and swell are addressed at PCC through the injection of
required series voltage and the PCC voltage is restored to its nominal value.
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