www.svedbergopen.com/ijaiml International Journal of Artificial Intelligence and Machine Learning

International Journal of Artificial

: I Intelligence and Machine Learning

; Publisher's Home Page: https://www.svedbergopen.com/
SvedbergOpen
DISSEMINATION OF KNOWLEDGE

Research Paper Open Access

Adaptive Dual-MAF Weighted SRF-PLL with Online Self-
Tuning Pl Control for DSTATCOM Power Quality
Enhancement

Suneel Tummapudi'*, Tamilselvan R2, Ramesh Jayaraman?

1Research Scholar, Department of Electrical Engineering, Annamalai University, Chidambaram, Tamilnadu, India.

2Assistant Professor, Department of Electrical Engineering, Annamalai University, Chidambaram, Tamilnadu, India.

3Associate Professor, Department of Electrical and Electronics Engineering, Siddhartha Academy of Higher Education (Deemed to be
University), Vijayawada-520007, Andhra Pradesh, India.

*Corresponding author Email: suneelmtech409@gmail.com

- ™
Abstract

This paper proposes an Adaptive Dual-Moving-Average-Filter Weighted Synchronous Reference Frame Phase-Locked Loop (Adaptive
Dual-MAF Weighted SRF-PLL) with online self-tuning proportional-integral (PI) control for power-quality enhancement using a three-
phase Distribution Static Compensator (DSTATCOM). The proposed synchronization scheme processes the quadrature-axis phase-
error signal through parallel short- and long-window moving-average filters to combine fast tracking with improved disturbance
attenuation. Unlike fixed-weight structures, the relative contribution of the two MAF outputs is adjusted online using a normalized-
gradient adaptation law with projection and complementary-weight constraints. A bounded disturbance index is additionally
employed to regulate the adaptation rate and PLL dynamics according to the instantaneous synchronization condition. Online adaptive
self-tuning PI regulators are incorporated into the DC-link and PCC-voltage control loops to accommodate variations in operating
conditions while maintaining bounded controller gains. The complete control scheme is implemented on a SPARTAN-6 FPGA-based
DSTATCOM prototype and experimentally evaluated under nonlinear, unbalanced, and dynamic load conditions. The measured RMS
source currents are 6.984, 6.934, and 7.00A for phases a, b, and c, respectively, with corresponding current THDs of 3.52%, 3.49%,
and 3.91%. The experimental results further demonstrate balanced source currents during load asymmetry, effective reactive-current
compensation, and stable regulation of the 220-V DC link during load transitions. These results confirm the suitability of the proposed
adaptive synchronization and control structure for real-time DSTATCOM-based power-quality compensation.

Keywords: Adaptive Dual-MAF, DSTATCOM, SRF-PLL, adaptive weighting, self-tuning PI control, power quality.
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1. Introduction
The increasing penetration of nonlinear loads, power-electronic converters, adjustable-speed drives, and
distributed energy resources has intensified power-quality concerns in modern distribution networks. Such
loads may introduce harmonic currents, reactive-power demand, load imbalance, and deterioration of the
source-current waveform. These effects increase network losses, reduce equipment utilization, and may
adversely influence sensitive loads. Consequently, effective compensation of current harmonics and reactive
power remains an important requirement in distribution systems [1], [2]. A distribution static compensator
(DSTATCOM), implemented using a voltage-source converter (VSC), provides a flexible shunt-compensation
solution because it can generate compensating currents according to the instantaneous load and grid
conditions.
The performance of a DSTATCOM is strongly influenced by its control and synchronization algorithms. In
synchronous-reference-frame-based compensation, reliable estimation of the grid phase angle is particularly
important because the estimated angle directly influences the transformation of measured quantities and the
subsequent generation of reference currents. Arya et al. used MAF-PLL, DSOGI-PLL, and adaptive-filter-with-
frequency-estimation-loop PLL (AFFEL-PLL) synchronization methods to investigate PLL-based DSTATCOM
control under nonlinear and unbalanced load conditions [3]. A later comparative analysis evaluated various
PLL architectures for DSTATCOM operation under unbalanced and distorted grid conditions to examine how
fundamental-component extraction affects compensation performance [4]. Later research on DSTATCOM
focused on developing new compensation and adaptive control methods [5], [6] and on developing PLL
architectures that allow better operation under non-ideal grid conditions [7], [8].
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Research in recent years shows that improved synchronization can lead to better DSTATCOM compensation
performance. Ozer et al. presented a fast hybrid PLL for a DSTATCOM-supported wind energy system and
evaluated it under nonlinear and unbalanced loads, open-circuit faults, and measurement offsets [9]. Their
evaluation showed the importance of both disturbance rejection and rapid phase and frequency estimation. An
MAF-based dg-control method has also been developed for DSTATCOM-supported systems. In that
development, moving average filters were used to reduce the harmonic content during reference-current
determination. This made voltage and frequency regulation possible under nonlinear and unbalanced load
conditions [10]. These studies clearly show that the synchronization block is not merely an auxiliary module;
it can be very significant in determining the quality of the compensated source currents.

Several types of grid-synchronization techniques are available today. Among them, the synchronous reference
frame PLL (SRF-PLL) is widely used because of its simplicity, ease of implementation, and compatibility with
dg-frame converter control. Nonetheless, distorted and unbalanced grid voltages generate oscillations in the
synchronous reference frame that can negatively affect phase and frequency estimation. Additionally, the
nonlinear phase-detection characteristics of conventional SRF-PLLs require attention when there are
significant differences between actual operating conditions and nominal operating conditions [11]. Therefore,
several authors have implemented different filtering schemes within PLL structures to improve their
disturbance-rejection capabilities while limiting the computational burden. Moving Average Filters (MAFs)
provide a good example in this regard. They offer a computationally efficient filtering solution that can
effectively suppress periodic disturbances. Liu et al. described an enhanced version of the MAF-based PLL
suitable for grid-connected applications [12]. Martinz et al. studied the dynamic response properties of MAF-
based synchronization techniques [13]. Li et al. developed an aff-frame MAF scheme to improve PLL dynamics
[14]. Studies such as these show an essential design tradeoff: increasing the averaging-window length generally
enhances the filtering capability against disturbances; however, it also increases the filtering delay. On the
other hand, decreasing the averaging-window length shortens the transient response of PLLs; however, it can
reduce their disturbance-rejection capability. This tradeoff between filtering capability and dynamic response
thus forms one of the most relevant considerations in designing MAF-based PLLs.

To mitigate this tradeoff, researchers have pursued adaptive solutions. For example, Luo and Wei developed a
frequency-adaptive improved MAF-based quasi-type-1 PLL for adverse grid conditions, providing solutions to
some of the drawbacks of conventional MAF-QT1 PLL implementations related to transient response and
frequency-dependent behavior during grid-frequency variations [15], [16]. Similarly, Taheri et al. introduced a
variable-window-size MAF for PLL synchronization [17], [18], in which the averaging window is dynamically
adjusted according to the predominant oscillation component. As a result, they achieved improved dynamic-
response performance while preserving adequate disturbance-rejection capability. Smadi et al. [19] proposed
an enhanced third-order PLL combining MAF-based filtering with arbitrarily delayed signal cancellation
(ADSC) to improve synchronization performance under distorted grid conditions. Although the method
achieves effective suppression of harmonic components and DC-offset disturbances and uses a reduced
filtering window for faster transient response, its filtering structure does not incorporate adaptive weighting
between multiple parallel MAF channels.

In contrast, Kathiresan et al. [20] designed an adaptive feed-forward PLL that allows stable grid
synchronization under wide grid-frequency deviations. A frequency-adaptive FIR filter adjusts its gain
according to the estimated grid frequency so that accurate phase and frequency tracking can be maintained
under harmonic distortion, voltage imbalance, and frequency deviations. However, the method does not
employ adaptive weighting between parallel MAF channels. Recently, Kumar et al. developed an in-loop comb-
filter-based PLL architecture [21] that selectively attenuates the negative-sequence component and dominant
lower-order harmonic components and employs PID regulation to enhance the dynamic response. Their study
further emphasizes the need to develop robust synchronization algorithms that can eliminate disturbing
components without introducing excessive delay or high computational complexity.

Research gap

A research gap exists in relation to the synchronization of DSTATCOMs. In spite of recent advancements
regarding the synchronization of DSTATCOMs, conventional phase-locked loop (PLL)-based moving average
filter (MAF) synchronization systems have inherent limitations. A significant limitation of many existing PLL-
based MAF synchronization schemes is that they rely on a single filtering path or a predefined filtering
characteristic, while adaptive techniques typically adjust the averaging-window length, frequency-dependent
parameters, prefiltering stage, or loop dynamics. As a result, a single fixed-window MAF cannot simultaneously
provide the fast transient response associated with a short averaging window and the strong disturbance
attenuation associated with a long averaging window. Similarly, a fixed or predefined combination of two
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filtering paths results in a predetermined compromise and does not permit dynamic redistribution of the
contribution of each path according to changing operating conditions.

Proposed work and original contributions

To address this issue, an Adaptive Dual-MAF Weighted SRF-PLL is proposed for DSTATCOM power-quality
enhancement. The quadrature-axis synchronization error is processed simultaneously through short- and
long-window MAF paths. Rather than combining these outputs using predetermined coefficients, their
contributions are adjusted online through a normalized-gradient adaptive weighting mechanism. The weight
update is subjected to projection and complementary constraints to maintain bounded -coefficients
satisfying W; + W, = 1. Thus, the proposed structure preserves two complementary filtering characteristics
and dynamically regulates their participation in forming the PLL error. The resulting synchronization signal is
subsequently used for phase estimation and DSTATCOM reference-current generation.

The main contributions of this work are summarized as follows:

1. A parallel Dual-MAF SRF-PLL structure is developed to retain the fast dynamic characteristic of a short-
window MAF and the stronger filtering characteristic of a long-window MAF within a unified synchronization
framework.

2. Anormalized-gradient adaptive weighting mechanism is introduced to regulate the contribution of the two
MAF outputs online, together with projection and complementary-weight constraints for bounded operation.
3. The adaptive synchronization mechanism is integrated into the DSTATCOM control scheme for harmonic-
current mitigation, reactive-power compensation, source-current balancing, and power-factor improvement.
4. The proposed controller is evaluated under steady-state and disturbed operating conditions and compared
with the preceding PLL-based DSTATCOM schemes using synchronization response and power-quality indices.
The remainder of this paper presents the DSTATCOM system configuration, develops the proposed Adaptive
Dual-MAF Weighted SRF-PLL and associated reference-current control, and subsequently evaluates its
performance through comparative simulation and experimental investigations.

2. System Configuration

Fig. 1 shows the configuration of a three-phase, three-wire distribution system equipped with a voltage-source-
converter (VSC)-based DSTATCOM at the point of common coupling (PCC). The system consists of a three-
phase AC source, source impedance, nonlinear load, and shunt-connected DSTATCOM. The DSTATCOM
employs a three-leg VSC supported by a DC-link capacitor C4. and is coupled to the PCC through interfacing
inductors L.
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Fig. 1. Three-phase VSC-based DSTATCOM topology

These inductors limit the switching-current ripple and facilitate controlled compensating-current injection. A
R¢ — C¢ ripple filter connected at the PCC suppresses high-frequency switching components generated by the
VSC [22]-[24]. The compensating currents (icy, icp,ice) are injected to compensate for the harmonic and
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reactive components drawn by the nonlinear load. The proposed Adaptive Dual-MAF Weighted SRF-PLL
accurately tracks the grid phase angle required for reference-current generation. Meanwhile, the DC-link
voltage is regulated at its reference value to ensure stable and continuous operation of the DSTATCOM.

3. Adaptive Dual-MAF Weighted SRF-PLL control with Online Adaptive Self-Tuning PI for DSTATCOM
Accurate estimation of the grid phase angle is essential for synchronous-reference-frame-based control of a
DSTATCOM. The proposed Adaptive Dual-MAF Weighted SRF-PLL processes the measured three-phase PCC
voltages through synchronous-reference-frame transformation, parallel moving-average filtering, constrained
adaptive weighting, and adaptive PLL gain regulation to estimate the instantaneous grid phase angle as shown
in Fig.2. The adaptive structure is designed to combine the fast response of a short-window MAF with the
stronger disturbance attenuation of a long-window MAF while modifying the PLL dynamics according to the
instantaneous synchronization condition.

A. Synchronous Reference-Frame Transformation

The measured three-phase PCC voltages V, (t), Vg, (t), and V. (t) are transformed from the stationary abc frame
into the synchronous dq reference frame using the estimated phase angle 8(t) as expressed in (1).

cosd cos(é—z—ﬂj cos(é+2—ﬂj V.. (1)

Va(r)|_2 3 3

V(1) 3 2 2 Vo (1) W
I —siné —sin(é—%} —sin(é+?ﬂj V. (1)

sc

Under phase-locked operation, the synchronous reference frame becomes aligned with the grid-voltage vector.
Consequently, the quadrature-axis component approaches zero and is selected as the PLL phase-error signal
as defined in (2).

e(1)=V,(t) )
with Vq (t) — 0 under the locked condition.

B. Parallel Dual-MAF Processing

The phase-error signal e(t) is simultaneously processed by two moving-average filters having different

window lengths 7} and 7, where 7, > 7;. The moving-average operation over a window T is expressed in (3).

1 t
MAF, {x(t)}=— J x(7)dr (3)
T t-T
Accordingly, the two MAF-1 and MAF-2 outputs are obtained from (4) and (5), respectively.
1 t
e (t):— I e(f)dr (4)
(i
and
1 t
e, (t):— J. e(r)dr (5)
L4
For the nominal grid period 7;, =—, the two averaging windows are selected according to (6).
0
7}=0.57jg, T2=Tg (6)

Thus, MAF-1 provides comparatively faster tracking, whereas MAF-2 provides stronger attenuation of
oscillatory components. Both MAFs operate on the same g-axis synchronization-error signal.
C. Adaptive Dual-MAF Weighting

The two filtered outputs are combined using the adaptive coefficients w, (k) and w, (k) and the resulting
PLL error is expressed in (7).
€pr (k)zw1 (k)e1 (k)+w2 (k)e2 (k) (7)

The adaptive coefficients satisfy the complementary and bounded-weight constraints given in (8).
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w (k)+w, (k)=1, 0<w (k),w,(k)<1 (8)
Using the complementary relation in (8), the weighted PLL error can be rewritten as shown in (9)
€ (k)=e2 (/’()er1 (k)':el(k)—e2 (k)] 9)
The difference between the two MAF outputs is defined in (10) as the adaptation-driving signal.
Ae(k)=e (k)—e, (k) (10)
Based on this difference, the instantaneous synchronization-error objective function is formulated in (11).
1,
J (k) =5 (K) (11)
Differentiating (11) with respect to @), gives the gradient in (12).
oJ (k
%zem(k)Ae(k) (12)
1
Using the gradient in (12), the normalized weight-update law is obtained as (13).
ey, (k)Ael(k
5 (k1) = v, () — g ) S L) B () (13)
£+ Ae (k)

Here, ,Ll(k) >( denotes the adaptation step size and £ >0 is a small regularization constant that prevents

numerical ill-conditioning when Ae(k ) approaches zero.

The unconstrained weight obtained from (13) is projected onto a prescribed interval according to (14).
w, (k+ 1) =PV ] {Wl (k + 1)}, w, (k +1)=1-w, (k +1) (14)
The projection operator is defined as

xX<WwW

min,

w

min,

proj[w . ](x) =4X, Wy, SXSW,,

. X
min > "'max ?

max.

Woae X > W

This operation prevents unbounded weight variation while preserving the complementary relationship
between the two MAF paths. For digital implementation, the two weighted product signals are defined in (15),
and their sum yields the PLL error used at the current sampling instant.

pi(k)=w (k)e (k). p,(k)=w,(k)e, (k) (15)
D. Disturbance Index and Adaptive Rate
A bounded synchronization-disturbance index is introduced to regulate the adaptation rate. To avoid
introducing additional voltage or THD estimators, the bounded disturbance index is derived directly from the
MAF-output disagreement as defined in (16).
Ae(k

D(k):sat[o 1 u (16)

N Ey e

Where E, > 0 is a selected normalization level, &p >( prevents numerical singularity, and Sat[o,l] {}

restricts the index to the interval [0,1].
Using the disturbance index in (16), the adaptive step size is scheduled according to (17).

lu(k)zlumin +(lumax _:umin)D(k) (17)
Where 0 < g . < g .Asmall value of D(k) therefore produces slower weight adaptation, whereas a larger

difference between the two MAF outputs increases the adaptation rate.

E. Adaptive PLL Gain Regulation

The bounded index in (16) is also used to schedule the PLL natural frequency within predefined limits as
expressed in (18).

a)n,PLL (k) = a)n,min + (a)n,max - a)n,min )D(k) (18)
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For a damping ratio ¢ and small-signal phase-detector gain K, the corresponding PLL gains are obtained from

(19).
zé/wn PLL (k) a’j PLL (k)
K PLL k)=——"—=, Ki,PLL k)=——"—=
P ( ) Kd ( ) Kd
Here, K4 denotes the small-signal gain from phase-angle error to the g-axis phase-detector output around the
locked operating point. Its value must correspond to the voltage scaling and Park transformation adopted in
the implementation. The adaptively weighted PLL error is processed using the gains in (19). In discrete form,
the integral state and angular-frequency correction are evaluated according to (20).

f(k) = g(k - l) +Te,, (k) , and the angular-frequency correction is
Aw(k):Kp,PLL (k)ePLL (k)+ K, oy (k)é:(k) (20)

F. Frequency and Phase-Angle Estimation

The estimated instantaneous grid angular frequency is obtained by adding the PLL correction to the nominal
angular frequency as given in (21).

a(k)=awy+Ao(k),  o,=21f, (21)

Finally, the estimated phase angle is calculated from (22) and fed back to synchronous transformation to close
the PLL loop.

O(k)=06(k-1)+Té(k) 22)

The calculated angle is fed back to the abc — to — dq transformation, thereby closing the synchronization loop.
At the locked condition,

V.(k)>0 = 0(k)—>0(k)

The proposed control structure therefore incorporates two coordinated adaptive mechanisms. The first
modifies the relative contribution of the short- and long-window MAF paths through normalized-gradient
weighting with projection and complementary constraints. The second schedules the PLL dynamics within
bounded limits according to the MAF-output disagreement. Together, these mechanisms provide a structured
means of balancing disturbance attenuation and synchronization response while retaining compact control
architecture suitable for digital implementation in the DSTATCOM.

(19)
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Fig. 2. Adaptive Dual-MAF Weighted SRF-PLL Control with Online Adaptive Self-Tuning PI Regulation
for DSTATCOM.
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3.1 Online adaptive self-tuning PI control for the DSTATCOM outer loops

The outer control loops of the DSTATCOM regulate the DC-link voltage and the PCC voltage magnitude. In fixed-
gain PI control, the proportional and integral gains are selected for a nominal operating condition and remain
unchanged during operation. Under sudden load changes, nonlinear loading, or grid-voltage disturbances, such
fixed gains may not provide the same transient and steady-state performance over the entire operating range.
To improve the dynamic regulation capability, an online adaptive self-tuning PI structure is employed for both
the DC-link and PCC-voltage loops. The use of online adaptive PI regulation for STATCOM voltage control has
previously been demonstrated by Xu and Li [25], where the controller gains were adjusted dynamically with
changes in system operating conditions. Motivated by this adaptive-control principle, a bounded error-
dependent self-tuning PI structure is adopted here for the DC-link and PCC-voltage loops of the proposed
DSTATCOM The controller preserves the conventional PI form, while Kp and Ki are updated continuously
within predefined bounds according to the instantaneous control error.

3.1.1 DC-link voltage control

The DC-link voltage error is defined as in (23), and the corresponding bounded normalized error index is
evaluated as using (24).

e (k) =V (k) =V, (k) 23)

_lew(k)
Pac (k) = |edc (k)|+Edc >

where Vj. is the reference DC-link voltage, Vg is the measured DC-link voltage, and E4. > 0 is an error-scaling
constant. Since pg4. remains bounded between zero and unity, it can be used directly as a scheduling variable
for the PI gains.

Based on the normalized index in (24), the proportional and integral gains are updated online according to (25)
while satisfying the prescribed gain bounds.

kp,dc (k) = k;n,];c +(k/‘:5;’; _k,:tlz?c)pdc (k)’

0<p, (k)<1 (24)

min max min (25)
K ac (k) = kg + (ki,;c —ki g )pdc (k)
subject to '
K <k, g (k)<kyo, ke <k, (k)<kh

Accordingly, a larger DC-link voltage error shifts the controller gains toward their upper bounds, whereas the
gains move toward the lower bounds as the voltage approaches its reference. This provides stronger corrective
action during large deviations and smoother operation near steady state.

Let x4.(k) denote the integral state of the DC-link PI controller. Using the adaptive gains obtained from (25),
the unconstrained active-current command is generated and subsequently limited as expressed in (26).

Igp (k) = Kp,dc (k)edc (k) * X (k)
1y, (k) =sat[ 1}, (k). 15", 15> ] (26)

dp °
The saturation operator can be written as
sat (x, X, X, ) = Min [xmax ,max (X, x)]

To prevent integral windup during current saturation, the integral state is updated through back-calculation
mechanism given in (27).

X (k+1)=x, (k)+T, |:Ki,dc (k)es (k) +koa (]dp (k)-1;, (k))] (27)

where T denotes the sampling period and K, 4 is the anti-windup gain. When no saturation occurs, Ig, =
Igp, so the anti-windup term becomes zero. The resulting active-current component is combined with the
fundamental d-axis load-current component according to (28) to obtain the commanded d-axis source-current
component.

Idn (k)zldl (k)+]dp (k) (28)

3.1.2 PCC-voltage control
For the PCC-voltage loop, the instantaneous voltage error is defined in (29) and its bounded normalized
adaptation index is obtained from (30).

¢, (k)= (k)=V. (k) 29)
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and
oK)= o

where V¢ is the PCC-voltage reference, V; is the measured PCC-voltage magnitude, and E; > 0 is the
corresponding error-scaling constant. The online proportional and integral gains are subsequently scheduled
according to (31) within their prescribed limits.

Ky () =+ (5 =k ) o, (k).

. (%) 0<p,(k)<1 (30

(31)

ki, (k)= k5" + (k0™ = k5" ) p, (k)
with
K<k (k) <K, KT <k (k) <k

Using the adaptlve gains in (31), the reactive-current command is generated and constrained as expressed as
in (32).

1%, (K)=K,, (k) (k) +x (k)

and the current-limited output is

1, (k)=sat| I, (k). 1m", 1 | (32)

qq 2
The corresponding integral state is updated using the back-calculation anti-windup relation given in (33).

x, (k+1)=x, (k)+ T,[ K, (k)e, (k) +k,, (1, (k) - 12, (k))] (33)

The resulting q-axis reference-current component is obtained from (34).

an(k):]qq(k)_lql(k) (34)

The d-and g-axis reference-current components obtained from (28) and (34) are transformed into the three-

phase reference currents according to (35) using the phase angle 8(k) estimated by the Adaptive Dual-MAF
Weighted SRF-PLL:

i, (k)
i5 (k) | = Ty (9(k)){1”’" (k)} (35)

a0 -

Thus, the adaptive self-tuning PI mechanism modifies only the generation of the active and reactive current-
control components g, and I4q. Three-phase references ( Ig,, I, Isc) set currents for harmonic suppression,
load balancing, and reactive compensation. Comparison with sensed currents generates errors for a hysteresis
controller, which outputs inverter gating pulses for fast tracking and near-sinusoidal currents.

Table 1. Hardware parameters of the experimental DSTATCOM

System quantities Values

Supply voltage 30,120V (L-L), 50 Hz

PCC ripple filter Re=5Q, C¢=10 pF

Interfacing inductor Lf=2.5 mH

Non linear load A three-phase uncontrolled rectifier feeding an
R-Lload (15 Q, 60 mH).

VSI parameters DC capacitor (Cdc): 1650 puF; reference DC link
voltage (Vdc): 220 V;

Hysteresis band(h) +0.5A

4. Experimental validation and discussion

The experimental performance of the proposed Adaptive Dual-MAF Weighted SRF-PLL-controlled DSTATCOM
is investigated under steady-state, unbalanced, and dynamic nonlinear-load conditions as shown in Fig.3. The
prototype is operated from a three-phase, 120-V (line-to-line), 50-Hz supply and employs a 1650 pF DC-link
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capacitor, with the reference voltage maintained at 220 V. A three-phase uncontrolled rectifier feeding a 15 Q
and 60 mH R -L load is considered as the nonlinear load. The DSTATCOM is interfaced through 2.5 mH coupling
inductors, and a hysteresis band of +0.5 A is employed for current tracking. The experimental investigation
evaluates harmonic suppression, reactive-power compensation, source-current balancing, DC-link voltage
regulation, and transient recovery during load variations. The principal system and control parameters used
for the experimental study are listed in Table 1.
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Fig. 3. Experimental prototype of the FPGA-based DSTATCOM.
4.1 Steady-State Compensation Performance Under Nonlinear Loading

Fig. 4(a) depicts the measured steady-state response before and after activation of the DSTATCOM. Before
compensation, the source current follows the distorted current demanded by the nonlinear load. After the
DSTATCOM is connected, the injected compensating current supplies the dominant harmonic and reactive
components, causing the source current to become nearly sinusoidal and closely aligned with the PCC voltage.
Fig. 4(b) presents the corresponding numerical measurements obtained from the power-quality analyzer,
providing quantitative confirmation of the source- and load-side electrical quantities. The observed source-
side power-factor improvement toward unity demonstrates effective reactive-power compensation under
nonlinear loading.
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Fig.4. Experimental steady-state performance under nonlinear loading: (a) source, load, and
compensating current waveforms before and after DSTATCOM compensation; (b) measured source-
and load-side electrical quantities.
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The harmonic compensation capability is further examined in Fig. 5. Figs. 5(a)-(c) depict the PCC line
voltage Vab together with the phase-a, phase-b, and phase-c source currents Ig,, Isp,, and Ig., respectively, and
their corresponding harmonic spectra. The compensated source currents retain nearly sinusoidal waveforms
despite the nonlinear current demanded by the rectifier load. Fig. 5(d) provides the numerical analyzer results.
The measured rms source currents are 6.98 A, 6.93 A, and 7.00 A, while the corresponding THDs are 3.52%,
3.49%, and 3.91% for phases a, b, and c, respectively.
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Fig. 5. Experimental harmonic performance under nonlinear loading: (a) V,;, Is, and harmonic

spectrum of Ig,; (b) V,;,, Is, and harmonic spectrum of Ig; (¢) V,p, Iscand harmonic spectrum of I¢; (d)
measured RMS values and THD of the three-phase source currents.

The average source-current THD is approximately 3.64%, while the close agreement among the three RMS
current values confirms satisfactory current balancing. The results demonstrate that the proposed
synchronization and compensation scheme enables the DSTATCOM to isolate a substantial portion of the
nonlinear-load harmonic demand from the source. The simultaneous improvement in current waveform
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quality and power factor confirms effective harmonic and reactive-current compensation during steady-state
operation.

4.2 Load Balancing Performance of DSTATCOM under Nonlinear Load

The load-balancing capability of the proposed control scheme is evaluated in Fig. 6 by introducing a phase-c
load transition. Fig. 6(a) depicts the three-phase nonlinear load currentsl;,,l;;, and I; ., where the phase-c
switching event produces an intentionally unbalanced load condition. Figs. 6(b)-(d) show the corresponding
phase source currentslg,,ls, and Igc respectively, together withV,y,.
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Fig.6. Experimental load-balancing performance under nonlinear loading: (a) three-phase load
currentslg,, Ig;, and Igc during phase-cload switching; (b) V,;, and Ig,; (c) V,pand Ig,; (d) V,, and Ig.

Although the phase-cload current undergoes a pronounced change, the corresponding source currents remain
substantially balanced because the DSTATCOM modifies the compensating-current demand according to the
changed load condition. The disturbance component associated with the load imbalance is therefore largely
supplied by the compensator rather than transferred to the upstream source. The maintained sinusoidal nature
ofls,,Isy, and Igc also indicates that synchronization is preserved during the phase-c transition. These results
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establish the ability of the proposed controller to perform load balancing concurrently with harmonic-current
compensation under unbalanced nonlinear loading.

4.3 Dynamic Response of DSTATCOM under Nonlinear Load

The dynamic performance of the proposed controller during phase-cc nonlinear-load switching is presented in
Fig. 7. Fig. 7(a) depicts V,;, and the three-phase source currentslg,,lsp, and Igc. Despite the abrupt phase-c load
transition, the source currents exhibit only a short transient disturbance and subsequently recover their
balanced operating condition. Fig. 7(b) shows V,, together with the nonlinear load currents I; 4,1}, and I; . the
abrupt variation of I; . clearly identifies the imposed phase-c load switching event. Fig. 7(c) presents V,, and
the compensating currentslc,, Ic, and Icc. The change in I following the disturbance demonstrates the
redistribution of compensating current required to maintain the desired source-current condition.

Fig. 7(d) provides a more focused assessment of the transient by simultaneously displaying Vg, Isc, I1.c, and I¢c.
The phase-c load current changes abruptly at the switching instant, while the compensating current responds
correspondingly to accommodate the new load demand. Consequently, the disturbance transferred to Ig¢ is
limited and the source current returns rapidly toward its compensated steady-state condition. The DC-link
voltage remains nearly constant during the load transition, demonstrating that the DC-side energy balance is
maintained despite the sudden change in compensating-current demand.
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Fig.7. Experimental dynamic response during phase-cc nonlinear-load switching: (a) V,;, with source
currents Ig,, Igyand Igc; (b) V,,with load currents I ,,1;;, and I;; (c) V,, with compensating currents
Icar Icp and I¢c; (d) DC-link voltage V4. source current Igc , load current I, ¢, and compensating current
I¢c during the load transition.
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For the 50-Hz system, one fundamental cycle corresponds to 20 ms. The measured waveforms show that the
principal current disturbance is confined to the immediate switching interval without sustained oscillation.
More importantly, the phase-c load transition does not produce loss of synchronization or prolonged DC-link
voltage deviation. The coordinated response of I; ¢, I¢c, Isc, and V4. demonstrates that the Adaptive Dual-MAF
Weighted SRF-PLL, reference-current generation, outer voltage regulation, and current controller remain
stable during the nonlinear-load transient. Collectively, the experimental results demonstrate the effectiveness
of the proposed controller over three distinct operating conditions. Under steady-state nonlinear loading,
source-current THDs of 3.52%, 3.49%, and 3.91% are obtained for phases a, b, and c, respectively. Under
unbalanced loading, the source currents remain substantially balanced despite the phase-c load variation.
During dynamic operation, the compensating current responds to the abrupt change in load demand while the
DC-link voltage remains regulated. The results therefore verify simultaneous harmonic mitigation, reactive-
power compensation, load balancing, and stable transient operation of the proposed DSTATCOM control
scheme.

5. Conclusion

This paper presented an Adaptive Dual-MAF Weighted SRF-PLL with online self-tuning PI regulation for a
three-phase VSC-based DSTATCOM operating under nonlinear, unbalanced, and dynamically varying load
conditions. The synchronization scheme employs parallel short- and long-window MAF paths to retain
complementary tracking and filtering characteristics. Their contributions are adjusted online through a
normalized-gradient update, while projection and complementary-weight constraints maintain bounded
adaptive coefficients. A disturbance-dependent adaptation mechanism further modifies the weight-update rate
and PLL dynamics according to the instantaneous difference between the two MAF responses.

The proposed PLL is coordinated with online adaptive self-tuning PI regulators for the DC-link and PCC-voltage
outer loops, allowing the controller gains to vary within prescribed limits during changes in operating
conditions. FPGA-based experimental validation demonstrates effective harmonic compensation and source-
current balancing. The measured source currents are 6.98 A, 6.93 A, and 7.00 A, with corresponding THDs of
3.52%, 3.49%, and 3.91%, giving an average source-current THD of approximately 3.64%. During phase-ccload
switching, the source currents remain substantially balanced while the compensating current adjusts to the
changed load demand. The DC-link voltage remains regulated around its 220-V reference during the nonlinear-
load transition, indicating stable DC-side energy regulation and coordinated transient operation.

Overall, the experimental results demonstrate that the proposed control architecture provides simultaneous
harmonic-current mitigation, reactive-power compensation, load balancing, and stable dynamic operation
while retaining a control structure suitable for FPGA-based real-time implementation. The adaptive weighting
of the Dual-MAF paths and online adjustment of the control parameters provide a systematic extension beyond
fixed-filter and fixed-gain DSTATCOM control structures.
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