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Sandeep Kumar Sahoo , Member, IEEE, Bhim Singh , Fellow, IEEE, and Subhadip Chakraborty , Member, IEEE

Abstract—This article presents operation and control of a grid-
interactive wind microgrid (MG) designed for remote areas. MG
comprises a doubly fed induction generator (DFIG) and a bat-
tery energy storage, operating in both grid-tied and standalone
modes. DFIG tied wind turbine functions in maximum power
point tracking zone for maximum energy utilization. Based on
synchronization/disconnection of DFIG stator to point of com-
mon interconnection (PCI) and PCI to the grid, four operating
states are identified, managed through solid-state power electronic
switches. To address power quality issues under weak distorted grid
conditions, this article propose a weight-optimized variable step
size adaptive filter-based control for battery-based grid following
or grid forming converter. Main novelty of proposed control is
its ability to provide enhanced estimation dynamics and stabilize
inverter control loops, ensuring superior power quality even dur-
ing voltage disturbances. Control ensures smooth synchronization
and rapid mode transitions using an adaptive enhanced complex
coefficient filter-phase locked loop, enabling fast and reliable phase
and frequency tracking. MG ensures uninterrupted power supply
across all operating states while providing ancillary services, such
as harmonic suppression, reactive power injection, and voltage
regulation. MATLAB simulations and laboratory validation using
a dSPACE DS1202 controller demonstrate that proposed control
delivers better dynamic performance and improved power quality
compared to conventional approaches.

Index Terms—Adaptive phase locked loop (PLL), battery,
doubly fed induction generator (DFIG), grid forming converter,
optimized variable weight filter, power quality, synchronization,
weak grid.

I. INTRODUCTION

AMID growing energy crisis and environmental challenges,
distributed power generation technology has gained sig-

nificant attention. Key components of this technology include
wind turbines, photovoltaic power stations, and energy storage
systems. These are interfaced to grid by converters [1], [2].
With pace of rapidly growing energy demand, 8% of worldwide
electricity is being harvested from wind [3]. Among various
wind generators, doubly fed induction generator (DFIG) is more
popular because of reduced converter rating, low price, better
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efficiency [4], [5]. Battery energy storage (BES) and wind pow-
ered DFIG-based microgrid (MG) may be a favorable option for
feeding remote prosumers in arctic locations. In remote areas,
grid often exhibits erratic behavior, making it challenging for
green energy sources to operate independently due to lack of a
stable voltage reference. This necessitates use of a grid-forming
(GFM) or grid following converter (GFC) (control mode de-
pends on system state and grid availability), which stabilizes
voltage and frequency in an MG. In [6], a BES-based GFC is
described, where inverter connected to BES ensures regulation
of voltage and frequency. In [7], a point of common intercon-
nection (PCI) is established with system using a BES-based
GFC. PMSG-based wind energy conversion system (WECS)
operates in grid-following (GFL) mode, while BES is utilized to
mitigate subsynchronous oscillations. However, this article does
not address synchronization control techniques. A reconfigured
converter architecture for DFIG, incorporating SMES, is pro-
posed in [8] to enhance fault ride-through performance and GFM
capabilities. Dai et al. [9] have proposed a hybrid architecture for
conventional GFL PMSG, integrating a GFM-controlled SMES
with PMSG. However, SMES systems are costly to construct
and maintain, primarily due to high manufacturing expenses of
superconducting coils and their maintenance requirements.

Nonlinear or unbalanced loads at PCI often cause unbalanced
voltages and currents, adversely affecting power quality. To
address this, MG control must mitigate these issues by elimi-
nating harmonics and balancing voltages and currents, thereby
protecting sensitive equipment connected to the network. Power
quality can be improved using synchronous reference frame
(SRF)-based controllers, as discussed in [10]. However, in dq
control, achieving a harmonic-free fundamental component of
load currents, requires a tradeoff between steady-state and dy-
namic performance, influenced by cutoff frequency of low-pass
filter [11]. To enhance dynamic performance, several adaptive
filtering techniques have been proposed in the literature. In [12],
variable sparsity with two least mean square framework-based
control is implemented for power quality improvement. How-
ever, time complexity of controller is high. In [13], least mean
square with an exponential function (LMSEF)-based adaptive
control is implemented for grid tied EV charging station sup-
ported by solar PV array. An optimized fractional order modi-
fied adaptive variable step size LMS control is utilized in [14]
for enhancing performance of DVR. In [15], active detection
technique-based controller is executed for alleviating power
quality issues. However, poor dynamic performances are noticed
in these controllers. Model predictive and sliding mode control
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(MPSMC)-based shunt active power filter is proposed in [16] for
improving non ideal grid power quality. However, combination
of MPSMC increments time complexity. Along with that control
action is dependent on accuracy of model.

Hence, the focus of this work is development of a distributed
MG architecture with a GFM converter. This work also presents
a control strategy for a DFIG-based wind energy conversion sys-
tem that ensures reliable operation during voltage disturbances.
This is achieved through advanced PLL-based synchronization
and an adaptive weight-optimized filter that enhances power
quality and enables accurate estimation. System involves a MG
comprising BES system and a wind driven DFIG. BES-based
GFC establishes a local grid at PCI. Proposed control framework
ensures smooth synchronization (of both stator and grid) and
enhances power quality. Key contributions of this article are as
follows:

1) Four operating states of DFIG-based MG are identified
based on system architecture and PCI’s synchronization
with grid, with schematics, control, and performance ana-
lyzed via simulation and experiments under varying loads
and wind conditions.

2) To validate reliable performance of presented control in
weak grid situations in simulation and hardware tests. To
deploy adaptive enhanced complex coefficient filter-phase
locked loop (AECCF-PLL) [18] for fast, stable, and pre-
cise frequency and phase-angle estimation, enabling faster
synchronization than SRF-PLL under utility restoration,
load unbalance, and wind speed variations.

3) To develop a weight-optimized variable step-size adap-
tive (WOVSSA) filter-based current controller for GFC
to extract fundamental components accurately from dis-
torted load currents, with impulsive noise resistance. It
is observed to outperform LMSEF [13] and MPSMC
[16] counterparts in terms of dynamic and steady-state
performance.

4) To present a comparison of computational complexity,
settling time, oscillation amplitude, MSD, and % total
harmonic distortion (THD) to confirm its effectiveness in
overall power quality enhancement.

5) To utilize GFC through control to provide reactive power
support, voltage regulation, and harmonic mitigation to
improve overall power quality.

Proposed MG is simulated using MATLAB/Simulink and
validated through a hardware test bench.

The rest of this article is organized as follows. Section I
presents literature review. Section II discusses structure and
functioning of MG. Control is presented in Section III.
Sections IV presents analyze simulation. Section V describes
hardware test results. Finally, Section VI concludes this article.

II. MICROGRID STRUCTURE AND FUNCTIONING

Organization of MG is as follows: A wind-driven DFIG-BES-
based MG, synchronized with grid, is illustrated in Fig. 1(a).
BES establishes local grid at PCI through a GFM converter
(GFC), and DFIG is connected to PCI.

Fig. 1 System architecture∗. ∗Cable (Rx, Lx) and grid Thevenin (Rg, Lg)
impedances [values in Appendix].

Fig. 2 Generation of (a) stator and (b) grid synchronization signals Ss and Gs.

Wind turbine powers DFIG, which consists of two voltage
source converters: load-side converter (LSC) and rotor-side con-
verter (RSC), both linked through a common dc bus. Operational
schematic with inter-state mode transition flow diagram is shown
in Fig. 2. Stator is synchronized to load PCI via stator static
transfer switch (STS), activated by signal SS. Wind system is
synchronized to the grid via grid STS with signal GS, utilizing
both end voltage parameter information and logic checks, as
shown in Fig. 2. During high fluctuations in grid voltage beyond
threshold, system is disconnected from grid and battery tied
inverter operation shifts from grid following to grid forming
mode.

In situations when wind speed (Vw) is between cut-in speed
(Vwl) and cut-out speed (Vwh), power can be harnessed from
DFIG-based WECS, and status of Swind is activated. RSC estab-
lishes voltage across stator terminal. Stator synchronized (SS)
status is activated when errors between PCI voltage peak (Vppk)
and stator voltage peak (Vspk), PCI frequency (fp) and stator
frequency (fs), and angles of PCI voltage (θp) and stator voltage
(θs) are all within permissible IEEE-1547-2018 [17] range. This
connects stator to PCI through a solid-state bidirectional power
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TABLE I
MODES OF OPERATION BASED ON SIGNAL STATES

Fig. 3 Different operating states of the microgrid. (a) S1. (b) S2. (c) S3.
(d) S4.

electronics switch (PESs). Operation schematic is illustrated in
Fig. 2(a). Furthermore, islanding detection scheme identifies
presence of utility by monitoring utility voltage peak (Vgpk)
and frequency (fg) to ensure they remain within permissible
limits. Grid synchronized (GS) status is activated when differ-
ences between PCI voltage peak (Vppk) and utility voltage peak
(Vgpk), PCI frequency (fp) and grid frequency (fg), and angles of
PCI voltage (θp) and grid voltage (θg) fall within IEEE-1547-
2018 [17] specified range. This synchronization connects MG
with utility through a solid-state bidirectional power electronics
switch (PESg). Operation schematic is illustrated in Fig. 2(b).
For reducing switching ripples in voltage, RC filters are used.

Depending upon synchronization/desynchronization of stator
to PCI and synchronization/desynchronization of PCI to grid,
four operating states (S1, S2, S3, and S4) of MG are possible,
as given in Table I. States S1 and S2 come under standalone
mode operation, whereas states S3 and S4 come under grid
mode operation. Schematic diagram of these operating states
is portrayed in Fig. 3(a)–(d).

In state S1, load demands are catered to by BES-based GFC.
In state S2, wind powered DFIG caters to load demands and
surplus wind power charges BES. In State S3, power from
wind generator is unavailable. So, loads are catered to by the
utility. Nevertheless, to safeguard utility from detrimental effects
caused by nonlinear loads connected at PCI, GFC acts like a

distribution static compensator (DSTATCOM). Furthermore,
GFC is responsible for power quality improvement of grid.
Since grid at remote locations becomes weak due to cabling
impedance, GFC helps in voltage regulation at PCI or ensures
unity power factor (UPF) operation at grid terminal. BES re-
mains in floating mode. In state S4, surplus wind power is
delivered to grid. Additionally, GFC acts like a DSTATCOM
to improve power quality of grid. However, BES stays in idle
mode.

III. CONTROL FRAMEWORK

Control architecture of a MG includes management of GFC,
RSC, and LSC. This integrated system ensures efficient and
seamless operation of MG. Additionally, phase angle estimation
technique is portrayed.

A. Frequency and Phase Angle Detection Using AECCF PLL

Accurate estimation of frequency and phase angle is crucial
for synchronization and mode transition operations of a MG.
In this article, these tasks are addressed using an AECCF-PLL
[18]. Grids at remote locations are not ideal because of cabling
impedances. So, frequency deviations can arise during synchro-
nization or desynchronization of DFIG stator with PCI, or during
connection or disconnection of a MG to main grid, depending on
system conditions [19]. This phenomenon is linked to behaviors
that arise when forming or disconnecting link between two sys-
tems. To achieve seamless synchronization, MG must align its
voltage magnitude, frequency, and phase angle with those of grid
at PCI. If MG’s frequency is not sufficiently matched to grid’s
frequency prior to synchronization, a sudden frequency correc-
tion may occur as MG adjusts to grid. Grid frequency serves
as a reference, and MG adjusts its frequency to synchronize
with grid. However, this process can lead to transient frequency
fluctuations if controller is slow. Additionally, sudden changes
in load or generation during grid connection can introduce tran-
sients, manifesting as frequency deviations. When MG discon-
nects from grid and enters islanding mode, frequency regulation
shifts from grid dependence to local generation-demand balance.
Any mismatch between load and generation during this transi-
tion can result in significant frequency deviations as MG’s con-
trollers work to stabilize system. Moreover, if synchronization
controllers (PLLs) lack sufficient speed or robustness, frequency
jumps become more likely. If these frequency deviations persist
across multiple mode transitions, they can lead to high transient
currents, dynamic oscillations, voltage flicker, protection system
tripping, and even load supply failure [20]. SRF-PLL encounters
steady state phase error issue when input signal’s frequency
undergoes a ramp change [18]. However, AECCF PLL handles
this issue without hampering stability. Fig. 4 depicts AECCF-
PLL, deployed for evaluation of phase angle and frequency. This
is an advanced version of ECCF PLL, which incorporates two
adaptive complex-coefficient filters to extract positive-negative
sequence components, along with an adaptive proportional inte-
gral (PI)-based PLL to determine frequency and phase of positive
sequence components. To reduce dynamic interactions between
voltage-controlled oscillator (VCO) and frequency feedback,
VCO input is combined with the integrator output from PI
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Fig. 4 Structure of AECCF PLL.

controller to estimate frequency. This estimated frequency is
used as feedback for filter signal, while an adaptive enhanced
PLL structure is utilized to detect parameters of fundamental
positive sequence component. Closed loop transfer function is
given as

CL(s) =
θ1

+

θ1
=

ωp(Ki +Kps)

s3 + (Kp + ωp)s2 + ωpKps+ ωpKi
(1)

where as the open loop transfer function is

OL(s) =
(Kp + ωp)s

2 + ωpKps+ ωpKi

s3
. (2)

Here, ωp, Kp, and Ki denote cut off frequency of PLL,
proportional and integral gains of PI controller. By combining
characteristic polynomial of AECCF-PLL transfer function with
unit step response of a third-order system, parameters are ob-
tained as: δ1 = δ2 = 0.707 and δ3 = 0.1215. In detail analysis
can be referred from [18].

B. Control Strategy for Battery Driven GFC

Fig. 5 illustrates GFC control, responsible for following.
1) Establishing a local grid at PCI to maintain terminal volt-

age and frequency at PCI.
2) Operating in both grid-tied and islanded modes. Providing

auxiliary services including reactive power compensation,
voltage control, and harmonic filtering in grid tied mode.

GFC control is further explained in two subsections: stan-
dalone mode control (SMC) and grid mode control (GMC).
States S1 and S2 come under SMC whereas, states S3 and S4
forces GFC GMC.

1) Standalone Mode Control (SMC): In this mode, direct
current control of GFC is utilized, and PCI voltage angle is
determined as follows:

θp =

∫
(2πfp∗)dt. (3)

Here, fp∗ (50 Hz) represents reference PCI frequency. Peak value
of PCI voltage is calculated as

Vpp
r = (VLL/

√
3)×

√
2. (4)

Reference voltages of PCI are acquired as

vpa
r = Vpp

r sin ωt, vpb
r = Vpp

r sin (ωt− (2π/3))

vpc
r = Vpp

r sin (ωt+ (2π/3)). (5)

Values Vpd
∗ and Vpq

∗ are derived using abc-to-dq trans-
formation. Similarly, Vpd and Vpq are obtained by applying
abc-to-dq transformation to sensed PCI voltages (vpabc). Errors
between reference and sensed dq voltages are calculated as

eV pd = Vpd
r − Vpd, eV pq = Vpq

r − Vpq. (6)

Errors are processed using PI controllers for Idq∗ as

Id
∗ = Ki

∫
eV pddt+KpeV pd

Iq
∗ = Ki

∫
eV pqdt+KpeV pq. (7)

GFC reference currents (ivabc� ) are obtained through dq to
abc transformation. These reference currents are then compared
with sensed currents, and resulting errors are regulated by hys-
teresis current controllers to generate GFC gating signals.

2) Grid Mode Control (GMC): GFC operates in an indirect
current control mode. Taking motivation from [21], in this arti-
cle, a weight optimized variable step size adaptive (WOVSSA)
filter-based current control is proposed and implemented for
GMC.

a) Description of WOVSSA filter: WOVSSA filter
schematic is portrayed in Fig. 6. WOVSSA filter facilitates
active power weight estimation of load currents, enabling UPF
operation at grid terminal. In this article, a WOVSSA filter is
proposed using least mean fourth (LMF) filter. Equation of
weight updation using LMF [22] as

Gj(k + 1)=Gj(k) + ζup(k)e(k)
3, where j=0, 1, . . . ..Z − 1.

(8)
Here, ζ is step size, up(k) is unit template and e(k) is error

function. Four different processes are used for optimization
of weights which are: finite impulse response (FIR) filtering,
interim estimation of weight, interim estimation of step size and
Z-tap adaptive weight updation blocks. Assessment of weight

Optimization is achieved by choosing weight having lower
cost function. Let λ represents selection parameter, that estab-
lishes relationship between number of filter weights used before
and after weight optimization process. Let P be number of opti-
mized weights employed for filtering and Z represents number
of weights utilized during optimization, which are correlated
as Z = [Pλ]. Where [.] is round off operator. Let ψ(k) be cost
function of LMF filter. According to steepest descent algorithm,
(8) can be modified as

Gj(k + 1) = Gj(k)− ζ[dψj(k)/dGj(k)]. (9)

Rearranging (9), replacing k by k-1 and dψj(k)/dGj(k) by
ψj(k + 1)- ψj(k), equation is updated as

ψj(k) = ψj(k − 1) + 1/ζ[Gj(k − 1)−Gj(k)]. (10)
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Fig. 5 BES inverter control schematic in standalone and grid-tied modes.

A total of Z minimum cost functions in the weight optimiza-
tion block can be represented as

[ψl,min(k)
′]P×1 = [ψ0,min(k)

′ ψ0,min(k)
′ . . . ψP−1,min(k)

′]T .
(11)

The variable step size for the adaptive filter can be obtained
from (10) as

ζj(k) =
Gj(k − 1)−Gj(k)

ψj(k)− ψj(k − 1)
. (12)

Therefore, the step size employed for the proposed weight
optimization in the WOVSSA filter is expressed as

ζl,j(k)
′ =

Gj(k − 1)−Gj(k)

ψl,j(k)− ψl,j(k − 1)
. (13)

In WOVSSA filter, in each iteration step size changes adap-
tively. Here cost function for weight optimization block is es-
timated with respect to weights before optimization Gj(k), past

optimized weights Gj(k-1)’, past step size ζ l,j(k-1)’ as

ψl,j(k)
′ = ψl,j(k − 1)′ + 1/ζl,j(k−1)

′ [Gj(k − 1)′ −Gj(k)
′] .

(14)
In the proposed WOVSSA filter, abrupt variations in weights

between successive iterations are mitigated through the use of
an interim weight estimation block and an interim step-size
estimation block, as illustrated in Fig. 6. These interim values
are determined based on the minimum cost function.

The interim step size µl,j(k)’ is estimated using

μl,j(k)
′ =

Gj(k − 1)′ −Gj(k)
′

ρl,j(k)− ρl,j(k − 1)
. (15)

Here, the cost function for the interim step-size evaluation
process ρl,j(k) is computed as

ρl,j(k) = ρl,j(k − 1) + 1/μl,j(k−1)
′ [Gj(k − 1)′ − Cl,j(k)]

(16)
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Fig. 6 WOVSSA filter schematic.

where Cl,j(k) represents interim estimated weight by using
following equation as

Cl,j(k) = 1/2 [Cl,j(k − 1) +Gj(k)
′] . (17)

Based on the minimization of a cost function, an interim step
size estimation block calculates the optimal step size for the
subsequent Z-tap adaptive weight update process as

ζj(k) = arg minμl,j(k)
′{ρmin,j(k)}. (18)

When the interim estimation finds multiple weights with the
same minimal cost, the algorithm uses the average of their step
sizes, i.e., ζj(k). For next iteration, minimal cost interim weight
is estimated as

qj(k) = arg minCl,j(k)′ {ρmin,j(k)}. (19)

Before optimization, weights are updated as

Gj(k + 1) = Gj(k) + ζj(k)up(k)e(k)
3 + qj(k). (20)

Then by using optimized weights Gj(k)’, filtered output of
FIR filter is estimated as

y(k) =

P−1∑
l=0

Gl(k)
′up(k − l) (21)

e(k) = i(k)− y(k) = i(k)−G(k)′up(k)T . (22)

WOVSSA filter algorithm optimization process is given as
b) Estimation of unit templates of grid voltages: From

three phase line to line grid voltages (vgab, vgbc), phase voltages
are evaluated as

vga = (2vgab + vgbc)/3, vgb = (−vgab + vgbc)/3

vgc = (−vgab − 2vgbc)/3. (23)

To overcome adverse effect of grid voltage on current control,
these three phase voltages are passed through AECCF-based
positive sequence extractor block to obtain two phase positive
sequence voltages (vgαβ1+). Then αβ-abc transformation is
performed to have three phase filtered voltages (vgabc+). Phase

Algorithm
Input: Primary inputi(k), reference signal up(k)
Output: Extracted errore(k)
1. Initializeζj,l(0)’, Z, P, Gj(0), Gl(0)’, ψl,j(0)’

2. k←1
3. While k≤Ns do
4. Calculate cost function of weight optimization block
ψl,j(k)’ using (14).

5. Calculate step size that is used for weight optimization
ζ l,j(k)’ using (13).

6. Calculate minimal cost function of weight optimization
block ψl,minj(k)’ using (11).

7. Find out interim weight Cl,j(k) and interim cost function
ρl,j(k) (17) and (16).

8. Calculate interim step size µl,j(k)’ by using (15).
9. Estimate the minimal cost interim step-size ζj(k) and

interim weight qj(k) using (18) and (19) respectively.
10. On basis of optimized weight Gj(k)’ using (21) to get

y(k).
11. By using (22), error signal is obtained.
12. Z weights are to be updated prior optimization using

equation: Gj(k + 1) = ζj(k)up(k)e(k)
3 + qj(k).

13. k←k+1
end while.

peak of grid voltages (Vgpk) is given as

Vgpk =

√
0.67× ((vga+)

2 + (vgb+)
2 + (vgc+)

2). (24)

In phase unit templates of grid voltages are obtained as

upa = vga
+/Vgpk, upb = vgb

+/Vgpk, upc = vgc
+/Vgpk.

(25)
The quadrature unit templates of grid voltages are estimated

as

uqa =
−upb + upc√

3
, uqb =

√
3upa
2

+
upb − upc

2
√
3

uqc = −
√
3upa
2

+
upb − upc

2
√
3

. (26)

c) Estimation of fundamental active load current weight:
Using WOVSSA algorithm, from load currents (iLabc) funda-
mental active and reactive components of load currents are
separated. This adaptive variable step size algorithm ensures
accurate and fast estimation of weights of load currents during
steady state and dynamic conditions. For phase “a” load current,
estimation of fundamental active component is performed as

Gpa(k + 1) = Gpa(k) + ζ(k)upa(k)ela(k)
3 (27)

where the error is as

epa(k) = iLa(k)−Gpa(k − 1)upa(k). (28)

Similarly, active power weights of phase “b” and phase “c”
load currents (Gpb, Gpc) are extricated using WOVSSA filter by
using (27). Mean of active power weights are estimated as

Gpm = (Gpa +Gpb +Gpc)/3. (29)
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Thereafter, a low pass filter (LPF) filters Gpm, which gives
net active weight component of load currents i.e., Gpt.

Likewise, for phase “a” of load current, estimation of funda-
mental reactive component is performed as

Gqa(k + 1) = Gqa(k) + ζ(k)uqa(k)eqa(k)
3 (30)

where error is as

eqa(k) = iLa(k)−Gqa(k − 1)uqa(k). (31)

Similarly, reactive power weights of phase “b” and phase “c”
load currents (Gqb, Gqc) are extricated using WOVSSA filter by
using (30). Mean of active power weights are given as

Gqm = (Gqa +Gqb +Gqc)/3. (32)

Thereafter, an LPF filters Gqm, which gives the net reactive
weight component of load currents, i.e., Gqt.

d) Estimation of reference active grid current components:
Depending upon availability of wind power generation i.e., SS
= 0 or 1, the net active weight component of grid current (Gpn)
is estimated as

Gpn =

{
Gpt, whenSs = 0
Gg, whenSs = 1

}
. (33)

When, SS = 0, i.e., wind power is unavailable, at that time
load demand is fulfilled by utility. When SS = 1, surplus power
of MG is delivered to grid. Gg is estimated as follows. Net active
weight component of load currents i.e., (Gpt) is multiplied with
unit templates of grid voltages (upabc) to obtain fundamental
component nonlinear load currents (ilabcf) as follows:

ilaf = Gpt ∗ upa, ilbf = Gpt ∗ upb, ilcf = Gpt ∗ upc. (34)

Fundamental instantaneous load active power is derived as

pL = vga ∗ ilaf + vgb ∗ ilbf + vgc ∗ ilcf . (35)

Then fundamental load active power (PL) is estimated from
pL by processing it through a LPF of cut off frequency 100 Hz.
Surplus MG power is reference grid power, estimated as

Pg∗ = Pdfig − P b − PL (36)

where Pdfig and Pb are power generated from wind driven DFIG
unit and BES power, respectively. Gg is evaluated as

Gg = Pg/(3 ∗ Vgd/2) (37)

where Vgd is d-axis component of grid voltage. Reference active
components of grid currents are evaluated by product of grid
voltage in phase unit templates and net active weight as

igpa∗ = upa ×Gpn, igpb∗ = upb ×Gpn, igpc∗ = upc ×Gpn.
(38)

e) Estimation of reference grid reactive currents: An error
between reference and actual peak values of PCI voltage is
expressed as

Vpe = Vppk ∗ −Vppk. (39)

A PI voltage regulator is used with this error to maintain PCI
voltage by producing reactive loss component Gv as follows:

Gv = KpvVpe +Kir

∫
Vivdt. (40)

Fig. 7 RSC control prestator synchronization.

Net reactive weight component of load currents is subtracted
from reactive loss component to produce net reactive weight
component of grid current (Gqn) as follows:

Gqn = Gv −Gqt. (41)

Moreover, for UPF at grid, Gqn is taken as zero. Reference
reactive components of grid currents are evaluated by product of
grid voltage quadrature unit templates and net reactive weight
of grid currents as follows:

igqa∗ = uqa ×Gqn, igqb∗ = uqb ×Gqn, igqc∗ = uqc ×Gqn.
(42)

f) Generation of switching pulses for GFC: Adding re-
spective active (igpabc∗) and reactive components of grid currents
(igqabc∗), three phase reference grid currents (igabc∗) are pro-
duced. Then acquired grid reference currents (igabc∗) and sensed
grid currents (igabc) are compared, and errors are controlled by
hysteresis current controllers for generating gate pulses for GFC
in GCM.

C. Control Strategy for LSC

In this article, a VOC-based LSC strategy is implemented.
Control tasks assigned to LSC include: maintaining the inter-
linking dc-bus voltage.

Detailed information about LSC control technique imple-
mented in this work can be found in [23].

D. Control Strategy for RSC

RSC controller is responsible for the following tasks.
1) Control Before Stator Synchronization: It establishes and

maintains voltage and phase across stator terminals.
2) Control After Stator Synchronization: It delivers reactive

power support to ensure the stator operates at UPF while
maximizing power extraction from WECS.

1) RSC Control Prestator Synchronization (i.e., When SS =
0): Fig. 7 illustrates the RSC control process prior to stator
synchronization. Voltage buildup process at stator terminal is
initiated when status of Swind becomes active. (27) demonstrates
estimation of peak value of grid voltage (Vgpk). Similarly, peak
value of stator voltages (Vspk) is also estimated.

Error among peak of PCI and stator voltage is given as

Ve = Vpp − Vsp. (43)
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Fig. 8. RSC control post-stator synchronization.

Ve is then passed through a PI controller to derive Idrr , as

Idr
r = KprVe +Kir

∫
Vedt. (44)

Error between the angles of PCI voltages and stator voltages
is expressed as

θe = θp − θs. (45)

This error is regulated by an integral controller to obtain Iqrras
follows:

Iqr
r = Kθ

∫
θedt. (46)

To obtain IrD� and IrQ� , dq transformation is done as
follows:

IDr
r = Idr

r cos(θslip)− Iqrr sin(θslip)
IQr

r = Idr
r sin(θslip) + Iqr

r cos(θslip). (47)

Reference RSC currents are obtained as

iar1
r = IDr

r, ibr1
r = −1/2IDr

r +

√
3/2IQr

r

icr1
r = −1/2IDr

r −
√

3/2IQr
r. (48)

Hysteresis controllers manage errors between sensed and
reference RSC currents to generate switching signals for RSC.

2). RSC Control Poststator Synchronization (i.e., When SS =
1): Fig. 8 shows RSC control after stator synchronization. As
synchronization is achieved, control mode transitions to power
control. Reactive power demand of DFIG is fulfilled by RSC,
resulting in a stator reference reactive power of zero. Error
between reference and actual stator reactive power is given as

Qe = −Qs. (49)

PI controller is used with error to generate Ird2� as follows:

Idr2
r = Kpr2Qe +Kir2

∫
Qedt. (50)

Optimum tip speed ratio-based maximum power point track-
ing algorithm is used to determine reference rotor speed for max-
imizing power extraction. Error between reference and measured
rotor speed is given as

ωe = ω ∗ −ω. (51)

PI controller is used with error to generate Irq2� as follows:

Iqr2
r = Kpr4ωe +Kir4

∫
ωedt. (52)

Idr2r is compared with Idr2, and resulting error is as

Idr2e = Idr2
r − Idr2. (53)

Iqr2r is compared with Iqr2, and resulting error is as

Iqr2e = Iqr2
r − Iqr2. (54)

These errors are fed to two PI controllers as follows:

Vdr2 = Kpr5Idr2e +Kir5

∫
Idr2edt

Vqr2 = Kpr5Iqr2e +Kir5

∫
Iqr2edt. (55)

Vdr2 and Vqr2 are then combined with decoupling term
“D” to derive Vdr2

r and Vqr2
r , respectively. Subsequently,

dq-DQ and DQ-abc transformations are performed to generate
three-phase rotor reference voltages (vrabcr). These voltages are
scaled by a factor of 2/Vdc to implement SPWM control, which
ultimately generates gate pulses for RSC.

IV. ANALYSIS OF SIMULATION RESULTS

System is modeled and simulated in MATLAB/Simulink
2017b, incorporating nonlinear loads. In State S4, performance
is evaluated under dynamic load variations, and extreme wind
speed fluctuations representing severe weather conditions. Pa-
rameters and system ratings are given in Appendix.

A. Performance Study During Dynamic Load Variations

Fig. 9(a) portrays performance during dynamic load varia-
tions. At 3.4 s, load changes from nonlinear load to combination
of linear and nonlinear loads. Power delivered to load (PL)
increases as magnitude of load current (iL) increases. As power
demand of load increases, the power delivered to grid decreases,
which is confirmed from decreased grid current (ig). Because of
proper harmonics and reactive power compensation by battery
converter, grid operates at UPF. As GFC acts as a DSTATCOM
(whose current is “iv”), ig becomes sinusoidal irrespective of
presence of nonlinear/combined linear and nonlinear loads at
PCI. In grid connected mode, BES remains in floating mode as
displayed in Fig. 9(a), which is confirmed from BES current (Ib).

B. Performance Study During Dynamic Wind Variations

Performance during extreme weather condition, which affect
wind generation is portrayed in Fig. 9(b). In state ‘S4’ at 3.55
s wind speed (Vw) changes from 6 to 11.55 m/s. Accordingly,
because of peak power point tracking operation, rotor speed is
changing from 102 to 195.5 rad/s. Tip speed ratio (TSR = λ)
is maintained at its optimal value (i.e., 8.1 m/s), which ensures
peak power point tracking operation of WECS. With changes in
wind speed, stator current (is) is changing accordingly. Increas-
ing wind power delivers more power to grid, as confirmed by
grid current (ig). Load current (iL) remains unperturbed during
wind speed transition. GFC provides harmonic and reactive
power compensation for maintaining terminal voltage, which is
confirmed by GFC current “iv.” In grid-connected mode, BES
remains in floating mode as displayed in Fig. 9(b), which is
confirmed from Ib.
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Fig. 9 (a) Performance during dynamic load variations. (b) Performance
during extreme wind speed change.

V. ANALYSIS OF TEST RESULTS

This system is implemented on a custom-developed hardware
rig, and its performance is evaluated. A DFIG with a rating of
11 kW, 415 V, and 50 Hz is mechanically coupled to a squirrel
cage induction motor (SCIM). SCIM is controlled to emulate
characteristics of a three-blade wind turbine. Control archi-
tecture is realized using a dSPACE MicroLabBox (DS1202).
Performance metrics are recorded using specialized instruments:
steady-state results are measured with a six-channel HIOKI
power quality analyzer, while dynamic responses are captured
using Keysight and Tektronix four-channel digital storage oscil-
loscope. Additionally, stator of DFIG is synchronized to point

Fig. 10 Hardware setup of distributed wind microgrid with battery.

Fig. 11. MG performance in stateS1during load unbalancing.(a)vpa= 500
V/div, iLa= 7.2 A/div, Vb= 1000 V/div, Ib= 5 A/div.(b)iLa= 5 A/div, fp=
100 V/div, Vppk= 520 V/div, Ib= 5 A/div.

of common intersection (PCI) through two solid-state switches,
facilitating delivery of generated wind power to PCI. Fig. 10
shows hardware setup.

A. Performance Study in Different Operating States

Performances of system are discussed in detail in each operat-
ing state. Performance of MG in state S1 is presented in Fig. 11.
When load is attached to phase “a,” BES shifts from charging
to discharging mode which is observed from BES current (Ib)
as shown in Fig. 11(a). BES voltage (Vb) is maintained. During
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Fig. 12 MG performance in stateS2 during load/wind change. (a)vsa= 500
V/div, Ps= 1 kV/div, Pload = 1 kV/div, Pb= 2 kV/div. (b)Vw= 3.7 V/div, ira=
20 A/div, Vppk= 45 V/div, fp= 50 V/div.

load unbalancing from phase “a,” regulated frequency (fp) and
peak of PCI voltage (Vppk) are shown in Fig. 11(b).

Fig. 12(a) and (b) illustrates performance of MG during
load/wind change in state S2. In this mode, after fulfilling load
demand surplus wind power is stored in BES, which is portrayed
in Fig. 12(a). In Fig. 12(b), during wide variation of wind speed,
peak value of PCI voltage and frequency remain regulated.

Performance of MG during load unbalancing in state S3 is
presented in Fig. 13. In this state, power from wind generator is
not available. So, load demand is fulfilled by grid. GFC acts like
a DSTATCOM. When nonlinear load is attached to phase “a,”
harmonic compensation is provided by GFC, which is viewed
from GFC current “iva.” Grid voltage and current are in phase,
which notifies UPF operation of grid. Load demand is fulfilled
by utility. These are demonstrated in Fig. 13(a). When load
is removed from phase “a,” no compensation is provided by
phase “a” of GFC whereas, compensation is provided by other
phases. These can be viewed from GFC currents “iva” and “ivb”
in Fig. 13(b). In grid tied mode operation BES remains floating,
as seen from BES current (Ib).

Fig. 14(a)–(f) illustrates performance of MG during load/wind
change in state S4. Fig. 14(a)–(b) portray performance during
voltage regulation. In Fig. 14(a), when load is attached to phase
“a,” compensation is provided by GFC as indicated from “iva.”

Fig. 13. MG performance in state S3 during load unbalancing. (a)iLa= 5.5
A/div, iva= 3.3 A/div,vga= 260 V/div, iga= 8 A/div. (b)iLa= 6 A/div, iva= 4
A/div, ivb= 4 A/div, Ib= 6 A/div.

“vga” and “iga” are shown, which convey power is delivered
to grid and voltage regulation is ensured. Real power delivered
to grid (Pg) and reactive power delivered by GFC (Qgfc) are
demonstrated in Fig. 14(b). With increase in nonlinear load, ‘Pg’
decreases. During load unbalancing more reactive power support
is provided by GFC to sustain the PCI voltage. When load
becomes balanced, “Qgfc” decreases. Fig. 14(c)-(e) showcase
performance during UPF operation. When nonlinear load is
connected to phase “a,” harmonic compensation is provided by
GFC as confirmed from “iva” which is showcased in Fig. 14(c).
“vga” and “iga” are out of phase which confirm power is delivered
to grid at UPF. With load attached to PCI in phase “a,” “Pg”
decreases. However, “Qg” is maintained at zero ensuring UPF
operation. These are shown in Fig. 14(d). Fig. 14(e) shows “Ib,”
which signifies BES floats in grid mode. Additionally, “iva”
and “ivb” are shown during load unbalancing in UPF operation.
Fig. 14(f) showcases performance during wind speed variation.
In grid tied mode, with increase in wind speed more power is
delivered to the grid, which is visualized in Fig. 14(f).

B. Synchronization/Desynchronization Performance of Stator

Seamless connection and disconnection of stator are illus-
trated in Fig. 15(a) and (b). Stator’s connection performance
is detailed in Fig. 15(a). When wind speed exceeds minimum
threshold Vwl, voltages are induced at stator terminals, gradually
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Fig. 14 MG performance in S4during load change in voltage regulation operation. (a)iLa= 6 A/div, iva= 10 A/div, vga= 500 V/div, iga= 20 A/div. (b)vga=
400 V/div, iga= 13 A/div, Pg= 5 kW/div, Qgfc= 2 kVAR/div. During load change in UPF operation. (c) iLa= 5.5 A/div, iva= 9 A/div, vga= 500 V/div, iga= 20
A/div. (d)vga= 400 V/div, iga= 17 A/div, Pg= 4.4 kW/div, Qg= 4 kVAR/div. (e)iLa= 5 A/div, Ib= 10 A/div, iva= 7 A/div, ivb= 7 A/div. (f) performance during
wind change. (f)Vw= 2 V/div,ira= 20 A/div, iga= 10 A/div, iLa= 2 A/div.

aligning with PCI voltages generated by BES-GFC. Once volt-
age falls within the specified limits of IEEE-1547-2018, stator
connects to PCI, indicated by SS= 1. Subsequently, stator begins
delivering power to PCI. Seamless disconnection of stator is
illustrated in Fig. 15(b). When wind speed drops below Vwl,
stator is disconnected, indicated by SS = 0. Synchronization is
executed by control within six cycles (120 ms), which is within
the 10-cycle standard as per the IEEE std. 1547 [17].

C. Synchronization/Desynchronization Performance of Grid

Seamless connection and disconnection of grid are illustrated
in Fig. 16(a) and (b). Grid connection performance is detailed
in Fig. 16(a). Upon availability of grid, angle of grid voltage

appears. Because of appropriate controller action angle of PCI
voltage tries to align with that of grid. Once error tolerance
falls within specified limits of IEEE-1547-2018 [17], MG is
connected to grid, which is indicated by GS = 1. Subsequently,
grid current starts flowing. Seamless disconnection of grid is
illustrated in Fig. 16(b). When grid is unavailable, grid is discon-
nected, indicated by GS = 0. At this point, grid voltage ceases,
while PCI voltage is sustained, as shown in Fig. 16(b). Load
current iLa remains unperturbed.

D. Assessment of Power Quality

Assessment of power quality is rendered in Fig. 17(a) and
(b). Voltages at stator (vsabc), stator currents (isabc), voltages at
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Fig. 15 Performance during stator connection/disconnection (a) vpa, vsa=
200 V/div, SS= 1 V/div, Ps= 1.2 kW/div(b) SS = 1 V/div, vsa = 500 V/div,
isa = 10 A/div, iLa = 2 A/div. voltage and current cease, while load currents
remain uninterrupted, as shown in (b).

PCI (vpabc) and load currents (iLabc) are depicted in Fig. 17(a).
Because of proper control of RSC, stator operates at UPF.
Despite of presence of highly nonlinear load at PCI, THDs
of stator voltage and stator current are maintained 4.254% and
3.116%, respectively. Grid voltages (vgabc), grid currents (igabc),
PCI voltages (vpabc) and load currents (iLabc) are portrayed in
Fig. 17(b). Despite of presence of highly nonlinear loads (of
THD 29.966%), grid voltage THD is maintained at 6.395% and
grid current THD is maintained at 3.161% which are abided by
IEEE-1547-2018 std [17]. Power is delivered at UPF to PCI. The
grid voltage is kept distorted as part of a weak grid-tied degraded
grid voltage quality test case to validate reliable performance
of proposed control under voltage distortion conditions. This
allows analysis of control’s steady-state behavior, demonstrating
that grid currents remain within a 5% THD limit [17], despite
distorted grid voltages. Distortions at the incoming feeder can
arise from the distributed nature of the power system and the
presence of nonlinear loads in distributed upstream feeders [test
case Fig. 17(b) emulates such distorted voltage grid-tied mode
situations].

Fig. 16 Performance during grid connection/disconnection. (a) GS= 2 V/div,
θp= 3 V/div, θg= 3 V/div, iga= 4 A/div. (b) GS= 2 V/div, vpa= 500 V/div,
vga= 500 V/div, iLa= 2 A/div.

E. Comparison of Performances of AECCF PLL and SRF PLL

To evaluate performance of PLL, a simulation study is con-
ducted in Simulink/MATLAB-2017b. Performance characteris-
tics are illustrated in Fig. 18. At 3.55 s, utility is restored, load
unbalancing occurs, and wind speed changes simultaneously.
Resulting frequency variations are observed for both SRF PLL
and AECCF PLL [18], as depicted in Fig. 18. The analysis
reveals a significant frequency dip in the SRF PLL’s estimation,
whereas AECCF PLL exhibits a much smaller dip. Additionally,
phase angle estimation of grid voltages under these conditions-
utility restoration, load unbalance, and wind speed variation are
compared between SRF PLL and AECCF PLL. These results
show that SRF PLL introduces a phase difference between grid
voltage and PCI voltage, whereas AECCF PLL maintains better
accuracy. Due to its faster and precise voltage phase angle
estimation, AECCF PLL ensures faster synchronization than
SRF PLL.

F. Performance Comparison of Different Controllers

Table II presents computational complexity and performance
comparison of various controllers, highlighting superiority of
proposed WOVSSA filter-based MG control over existing state-
of-the-art techniques. For filter length of “N,” computational
complexity of proposed WOVSSA filter, least mean square with
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TABLE II
PERFORMANCE COMPARISON OF VARIOUS CONTROLS

Fig. 17 Power quality assessment. (a) in standalone mode: ChV123: vsabc=
750 V/div, ChI123: isabc= 15 A/div, ChV456: vpabc= 750 V/div, ChI456: iLabc=
4 A/div. (b) in weak grid connected mode with distorted voltage test case:
ChV123: vgabc= 750 V/div, ChI123: igabc= 15 A/div, ChV456: vpabc= 750
V/div, ChI456: iLabc= 2 A/div.

an exponential function (LMSEF) filter [13] and MPSMC [16]
filter is 4N + 4, 6N + 1, and 6N + 4, respectively. This signifies
least computational complexity of proposed controller. Settling
time of proposed controller is least as compared to that of other
controllers. Along with that, peak to peak oscillation amplitude

Fig. 18 Comparison of frequency, angle of grid voltages and synchronization
performance obtained by AECCF-PLL and SRF-PLL.

in steady state is least in case of WOVSSA filter control. During
load unbalancing, comparative assessment of WOVSSA con-
trol algorithm with contemporary control methods like LMSEF
[13], MPSMC [16], is demonstrated in Fig. 19. To have this
comparison, load unbalanced is done in one phase “a” at 1s
and corresponding weights of different controllers are plotted.
It can be concluded that, proposed control has quicker response
than its counterparts as weight becomes zero early. Settling time
of proposed controller is least as compared to that of other
controllers. Along with that, peak to peak oscillation amplitude
in steady state is least in case of WOVSSA filter control.

Fig. 20 depicts mean square deviations plots of different
control algorithms, which conveys least MSD of the proposed
controller. Fig. 21 portrays power quality evaluation for various
controllers from which it can be confirmed that least THD is
obtained for proposed controller.
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Fig. 19 Comparative assessment of WOVSSA control with contemporary
controls during load unbalancing.

Fig. 20 MSD plots of different control algorithms.

Fig. 21 Harmonic spectra with (a) WOVSSA, (b) MPSMC, and (c) LMSEF.

VI. CONCLUSION

This article presents operational control strategies for a grid-
interactive MG tailored for remote regions with high wind
energy potential. Depending on whether DFIG stator is syn-
chronized or desynchronized with PCI, and whether PCI is syn-
chronized or desynchronized with grid, four distinct operating
states are identified. Control and performance of MG in each
operating state are presented. Load flow is sustained in each
operating state. Control strategy integrates an AECCF PLL to
ensure fast, accurate, and smooth synchronization of DFIG stator
with PCI and PCI with the grid. Nevertheless, with the proposed
WOVSSA filter, GFC control enhances power quality of grid
by supporting reactive power, regulating PCI voltage, and re-
ducing harmonic distortions. Therefore, GFC enables provision
of ancillary services. Cabling effects are safely neglected under
lumped system model, provided there is a nearby connection
to PCI for distribution systems. However, in MGs with long
feeders, line impedance significantly affects current dynamics
and PLL synchronization, potentially impacting control loop.
Additional adaptive voltage stabilization controls are to be
incorporated to nullify effect on PLL estimation loops. Fault
analysis is to be considered as one possible future extension
of this article. Focus of this article is to ensure reliable system
performance and smooth synchronization to weak grids, despite
amplitude fluctuations, while upholding power quality indices
during various modes of operation.

APPENDIX

Control parameters and system ratings are given here.

TABLE III
SYSTEM PARAMETERS
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