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The distributed static compensators (DSTATCOM) are connected at the distribution end to enhance the
quality of power. The performance of DSTATCOM needs to be improved for better utilization and more
ancillary services. In this regard, an upgraded second-order generalized integrator (U-SOGI) based adap-
tive control structure is developed for DSTATCOM. The proposed control algorithm is much simpler than
transformation based techniques because this structure consists of two integrator, three mathematical
operators and a damping factor. This control algorithm is utilized to extract the fundamental active

IS?;X??SM and reactive components from the distorted load current. These components are further multiplied with
socl respective voltage templates for generating the reference currents. Moreover, the damping factor is
Power quality acljusFed to miFigate the DC offset and cla.mp out the oscillations presented in weighF component during
PEC transient conditions. The proposed algorithm successfully performs the power quality tasks namely; a)
ZVR harmonic mitigation, b) reactive current suppression, c) power factor correction, d) zero voltage regula-

tion, and e) load balancing during various operating scenarios in distribution system. The robustness of
proposed control is tested using MATLAB/Simulink results under both steady-state and dynamic condi-
tions. Further, the superiority of the proposed technique is also presented by comparing it with classical
techniques. From simulation study, it can be highlighted that the proposed controller successfully miti-
gates various power quality issues as per IEEE standards and performs way better than its counterparts
under all possible operating conditions.
© 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

The continuous proliferation of switching devices and non-
linear loads are distorting the quality of power in the distribution
system. The power quality (PQ) in any distribution system
becomes an important aspect of maintaining various parameters
such as superior load capability, utilization of maximum electric
equipment, zero voltage regulation, etc. [1]. Various custom power
devices such as active power filter (SAPF), static and distributed
compensators (DSTATCOM), distributed voltage regulator (DVR)
and unified power quality conditioner (UPQC) have been con-
stantly utilized to improve the power quality of the distribution
system at various levels [2-4]. More precisely, these devices per-
form as per the applied control structure when they are connected
to the power network. Among these custom power devices, the
DSTATCOM is popularly utilized to mitigate the source side har-
monic current, reactive power minimization, and load current bal-

* Corresponding author.
E-mail address: atmaram@jcboseust.ac.in (A. Ram).

https://doi.org/10.1016/j.asej.2023.102296

ancing under various dynamic and static conditions. The control
algorithm for these custom power devices requires continuous
improvements to the various challenging operating conditions
are coming after the fluctuation of distributed energy sources [5].

The most classical and conventional control structures such as
instantaneous active and reactive power theory (IRPT) [6], syn-
chronous reference frame theory (SRF) [7], d-q theory [8], instanta-
neous symmetrical component (ISC) [9], etc. have been frequently
utilized in DSTATCOM to overcome the power-quality related
issues. In IRPT theory the inclusion of extra inter harmonics during
the reference current generation have been a big challenge for the
DSTATCOM. In order to overcome this problem, the SRF and d-q
theory have been implemented for a three-phase distribution net-
work. However, this theory is more suitable for three-phase bal-
anced network under balanced loading conditions while the
slight unbalancing in network conditions disturbs the current gen-
eration procedure [10]. Further, the ISC-based strategy has been
utilized by several researchers for the DSTATCOM operation in var-
ious practical scenarios but the continuous transformations require
larger memory and sampling time for the digital controller. This
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will further degrade the overall system performance. A compara-
tive analysis of control techniques for shunt active filter for power
quality improvement have been implemented in the case of dis-
tributed power supply in the distribution system [11]. A modified
id-ig-based control technique has been introduced for time-
varying reactive power control and harmonic compensation in dis-
tribution system under load fluctuations [12].Under a polluted
supply system, a controller for DSTATCOM is proposed based on
instantaneous reactive power for load compensation [13]. The fun-
damental current components of distorted load are computed with
imaginary reference source voltage which makes the compensator
current closer to sinusoidal. In case of nonlinear load for control of
time varying power flow and load compensation under distributed
supply system an improved synchronous reference frame base
control algorithm is proposed for DSTATCOM |[14]. Lyapunov func-
tion based controllers have been proposed for DSTATCOM for har-
monic compensation in the distribution system owing to the
customer side nonlinearity [15]. The use of DSTATCOM using IRPT
theory has been implemented in hydropower generation [16]. The
quasi type-1 PLL (QT1-PLL)with third order moving average filter
(MAF) has been implemented for harmonically distorted grid volt-
age and frequency deviation [17], and the response of this tech-
nique is very fast and very good accuracy at steady state
operation as compared to conventional control technique. The fuel
cell grid integration through DSTATCOM for reduction of grid har-
monic using filter less improved PQ control technique has been
proposed in the distribution system to enhance the power quality
problems [18]. Savitzky-Golay Filter-Based PLL has been reported
for validation of system performance under imbalanced and har-
monically distributed condition [19]. An improved control tech-
nique for fuel based DSTATCOM for harmonic suppression of
supply current in the distribution system has been implemented
using an improved Icos® control technique with Kernel-based
training method [20].The different system configuration for distri-
bution system with improved Icos® control technique for DSTAT-
COM has been described for power quality improvement in
distribution system [21] Reactive power and harmonic elimination
in isolated power plant based on diesel engine have been explained
in [22]. More importantly, the various applications of DSTATCOM
in the DFIG system have been implemented for different control
loops such as voltage control, frequency control and harmonic
reduction [23]. On the other hand, DSTATCOM has various applica-
tions in solar PV systems to address the various performance
parameters under day and night time scenarios because the same
inverter can be utilized as an active power injector when PV is
available and a PQ enhancer when the power is not available at
DC-link points [24].

The operation of DSTATCOM depends upon its design compo-
nents like DC link voltage, coupling inductor, and its control
technique which is used for extraction of reference source cur-
rent among fast response and less computation, gating pulses
generation technique and stability problems related to design
control technique [25-32]. An adaptive control technique
adjusts the gain of the controller automatic and its parameters
in real-time, for desired performance level achievement. These
controllers are also tuned automatically in a closed loop control
and extract the required information from genuine data for tun-
ing a controller [33-34]. An adaptive controller based on the
synchronized filtered x-control technique has been developed
for harmonic current filtering from loads that produce the har-
monic in the system [35]. Artificial immune system-based con-
trol technique has been implemented which is based on the
immune feedback principle for random, unidentified, and severe
disturbances [36]. After clearing the disturbance this controller
returns to its normal position which is the characteristic of this
controller. A notch filter based adaptive controller has been pro-
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posed which is appropriate for the computation of essential fre-
quency signals from polluted signals and also used for changing
the notch frequency, according to input signal frequency
changes [37].The performance of Fuzzy based adaptive con-
troller depends upon the design of rules for the fuzzy logic con-
troller (FLC) controller [38]. FLC controller also is used for the
current controller for switching patterns and regulation of VSC
dc-link voltage. The algorithm Variable step size, least mean
square (LMS) based on auto-correlation time mean is developed
for up-gradation of the step size of a signal [39].

The VSC-based DSTATCOM with capacitor bank has been imple-
mented in transmission line in the distribution system for power
quality enhancement [40]. For, mitigation of sag/swell and
active/reactive power compensation with DSTATCOM using fused
control method based on second order twisting algorithm (STA)
and sliding mode control has been developed [41], and drawbacks
of SMC technique are eliminated under load variation. For, mitiga-
tion of current related power quality in the distribution system,
hybrid DSTATCOM has been developed with an RC filter [42]. In
the distribution power grid, the power quality problems are miti-
gated with DSTATCOM by controlling reactive power flow control
which are created by unbalanced and variable load [43].Result of
Sliding and traditional Proportional-Integrator controller. The
LMS-based control technique for DSTATCOM has been proposed
for the estimation of active and reactive weight calculation and
these weights are used for the computation of reference currents
(Active and reactive components of load current). The proposed
controller has been with DSTATCOM in distribution for enhance-
ment of power quality [44].

In, a grid integration photovoltaic (GIPV) system an improved
multifunctional control technique for DSTATCOM has been pro-
posed for real/reactive power flow control and enhancement of
power quality problems [45], and the comparisons of modified
instantaneous reactive power(IRP) theory and modified syn-
chronous reference (SRF) theory are carried out in the GIPV system.
In a grid-tied solar photovoltaic system, the Kalman filter-based
neural network has been presented with perturb and observe
based maximum power tracking in the solar photovoltaic system
to track maximum power from solar module and used for power
quality enhancement in the grid system [46]. The different con-
troller based on phase-locked loop (PLL) like delay PLL, enhanced
PLL and SOGI-frequency locked loop (SOGI-FLL) has been presented
and results are compared for quality improvement using DSTAT-
COM in the distribution system [47].These PLL-based techniques
have been designed and modeled for synchronization of grid and
compensation of grid-tied PV single-phase system. A battery
energy storage (BES) system with DSTATCOM in the distribution
system has been presented and it becomes a better option to sta-
bilize and meet the grid demand/store the surplus power in case
of excess power from the source [48]. The BES with DSTATCOM
has become a better option for power quality improvement. Volt-
age controlled oscillator (VCO) less PLL-based control technique
for DSTATCOM has been developed which gives a faster dynamic
response under variable conditions [49]. This control technique
has been used for power quality improvement in the distribution
system. The traditional SOGI technique for DSTATCOM has been
reported in [50-51]. This technique was well known for to com-
pute the load current fundamental component and reference sup-
ply current generation. DC offsets are present in load current with
this control. The dual SOGI technique has been customized in
which four integrator are used and six integrator-based dual SOGI
technique has also been reported in [52]. These techniques sup-
press the THD with more no. of the integrator which increase the
cost and complexity of the system. The comparison of SOGI, dual
SOGI and improved SOGI control technique has been reported in
[53].



A. Ram, P.R. Sharma and R.K. Ahuja

In the above scientific, it is observed that various control struc-
tures related to SOGI, dual SOGI and I-SOGI have been presented to
improve the power quality at the distribution end. In SOGI, D-SOGI
and I-SOGI the number of integrators required are 2, 4 and 3
respectively. As a result, the memory requirement in SOGI is low
as compared to D-SOGI and I-SOGI whereas the DC offsets are more
present in SOGI as compared to other types. On the other hand, the
complexity of D-SOGI is medium as compared to SOGI and I-SOGI.
Therefore, a sophisticated improved method is required to improve
and mitigate the trade-off considered in the other generalized-
integrator based control techniques.

Three phase
linear/nonlinear

load

é . VSC based
DSTATCOM
L A 7y
CONTROLLER

Fig. 1. DSTATCOM in proposed system.
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In this paper, an upgraded form of SOGI is designed in MATLAB
and implemented for various scenarios utilizing only two integra-
tors. As a result, the proposed structure is giving better perfor-
mance than SOGI and I-SOGI in terms of memory requirement,
complexity and DC component elimination. Moreover, the pro-
posed controller will also give better results in terms of source cur-
rent harmonic elimination and can be used for DSTATCOM control
in the distribution system for enhancement of power quality. The
key features of the proposed structure are as follows,

1. In the proposed structure, the existing SOGI method is
upgraded using the new deviation parameters such that better
voltage regulation can be achieved under sudden load/voltage
transitions.

2. The proposed structure requires lesser sampling time require-
ment and hence provides a fast reference current generation
under various operating scenarios.

3. The designed methodology provides various power quality fea-
tures including current harmonic mitigation, reactive power
compensation; load balancing, power factor correction, voltage
regulation and DC-link voltage stabilization.

4. The proposed structure is designed in MATLAB/Simulink envi-
ronment for testing the performance and thereafter validated
using a real-time platform in the laboratory.

2. Distribution system architecture

The three-phase AC mains having source impedance Z (Rs + Ls)
is connected to the three-phase linear/nonlinear loads as shown in
Fig. 1. This power network is connected to the three-phase inverter
with DC-link capacitor in order to design the system as DSTAT-
COM. The different parameters the DSTATCOM such as interfacing
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Fig. 2. Computation of reference current with U-SOGI technique.
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Fig. 3. PFC mode DSTATCOM performances with linear load (x-axis in sec).
inductors, capacitors, and different inverter parameters are tation. The generated reference currents are further processed to

designed as per standard procedure. The interfacing inductor L¢
coupled to AC output of VSC and the utility grid in order to mitigate
the ripples present in the inverter output current. Moreover, the
DC side capacitor act as source for the inverter and supports the
energy balance for the designed system. Moreover, it helps in sup-
plying the essential compensating current to the coupling point of
connection in 180 degree phase shift to reduce the source current
harmonics and reactive power compensation of load currents to
reduce the burden (harmonic/reactive power) from the distribu-
tion system.

3. Inverter control algorithm

The proposed U-SOGI based control technique is designed using
various mathematical operators as depicted in Fig. 2. This structure
is used to extract the fundamental active and reactive components
of the highly distorted load current. These active and reactive cur-
rent components are further utilized for reference current compu-

drive the IGBT-based DSTATCOM. Moreover, unit vector and
quadrature vector templates are generated using the coupling
point voltage (V) for a smooth grid synchronization process. In
the proposed structure, a separated damping factor is designed
and integrated with SOGI to improve the damping performance
under sudden load varying conditions whereas the SOGI algorithm
the quadrature signal generator (QSG) is used as building blocks
and to make load current free from frequency and phase error,
the feedback circuit is also used to find and transmit the load cur-
rent to the controller [54]. In the proposed structure of SOGI, an
additional integrator is also taken in the existing QSG block to
damp-out the DC offsets of load current. The design procedure of
the proposed structure requires conventional SOGI algorithm feed-
back loop transfer function and taken as an orthogonal signal gen-
erator (OSG) as,

Fsoai(s) =

ws
$2 4+ 2ws + w?

(1)
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Fig. 4. PFC mode DSTATCOM performances with nonlinear load (x-axis in sec).

In OSG block a damping factor is added to reduce the error
between real and sensed value. This factor is used for system oscil-
lation reduction under varying load condition. System oscillation is
increased with its higher value [55-56].

The conventional SOGI algorithm with this modification known
as U-SOGI and OSG block transfer function for this U-SOGI is given
by.

s+ p)
(s+p)° + 2

fusoai(s) = (2)
The DC offset and inter harmonic from the load current cannot
be eliminated with conventional SOGI. A LPF filter can be inserted
into the system, for DC offset reduction but due to this the filter
efficiency of conventional SOGI is again disrupted [57]. The con-
ventional SOGI has more oscillation and DC offsets than U-SOGI
in the magnitude of derived essential active and reactive compo-
nent of load current. These current components have no oscillation
and DC offsets when they are derived from the U-SOGI algorithm.
For, the estimation of a different control signal, the following
mathematical formulations is used in this control algorithm.

a) Extraction of PCC voltage and its unit template.

Magnitude of (V) PCC voltage is computed with the help of
phase voltages (Vs,, Vs, and V) and given by.

VeV +VE)
e 3)
With the help of phase locked loop (PLL), synchronizing angle &
of PCC voltage is computed and which is used for estimation of unit
templates [57-58]. Templates of PCC voltage are formulated as.

Upa = sin(2) (4)
Uy, = sin (g - 120°> (5)
Uy = sin (,@ - 24o°) (6)
Uga = cos(J) (7)
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Fig. 5. In PFC mode THD spectrum with nonlinear load, (a) source current with proposed controller, (b) source current with ISOGI controller, (c) source current with SOGI

controller,(d) load current.

Uy = cos (@— 120“) (8)

Uge = cos (& - 240") 9)

b) Reference supply active and reactive current component
estimation.

The active and reactive value of each phase load current peak is
computed as depicted in Fig. 3. The load current I 45 is supplied to
U-SOGI based OSG for generation of load current peak value. The

load currents, active (Ijpa, Iip, and Iipe) and reactive (Iiqa, Iigp and
I qc) value are computed as shown in Fig. 3. The average value of
(Ipa) active and (I 4a) reactive, of load current is computed as:

ILpa + ILpb + Ich

Iy = 2ot T e (10)
fyp = 2t 0+ (1

The DC link voltage (Vqc) is subtracted from reference DC volt-
age (V*4c) for error signal generation and it is passed through
DC-PI controller for control DC link voltage [59]. The DC link output
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Fig. 6. Represents the source voltage and source current (x-axis in sec).

current Ip is added to the average value of active component of load
current for estimation of reference source current, active value
which is specified by:

Ispe = Ip +I1pa (12)

The average value of load current, reactive value is deducted
from the output current I of AC link for estimation of source cur-
rent, reference reactive value which is specified by:

Isqe = 1o — I1ga (13)

To find the each phase active component, the source current,
active component is multiplied with in phase unit templates of
their respective phase as formulated below.

Isap = Isthpm Isbp = Isthpln Iscp = Isthpc (]4)

To find the each phase reactive component, the source current
reactive component is multiplied with quadrature unit templates
of their respective phase as formulated below.

Isaq = Isthqa~, Isbq = Isthqb-,Iscq = Isthqc (15)
Total reference current for each phase is computed as
I;a = Isap + Isaq7 [;b = Isbp + Iqu-: I:c = Iscp + Iscq (]6)

The computed source reference current are deducted from sup-
ply currents for estimation of current error and this current error is
given to HCC controller for gating pulse production which are used
for DSTATCOM control.

4. Simulation and result discussion

Three phase linear/nonlinear load feeding from three phase AC
system is developed and implemented in MATLAB 2018b. The VSC
based DSTATCOM performance under dynamic condition of load is
presented in time domain as below.

a) DSTATCOM performance in PFC mode under dynamic
condition.

The DSTATCOM performance in PFC mode for linear load with
one phase out at t = 0.6 to 0.7 s in terms of phase voltage (Vsapc),
source current (Isape), load current (Ip,,Iip,I ), compensator current
(Icalewlce), and DC link DSTATCOM voltage (Vqc) respectively
shown in Fig. 3 respectively. For dynamic linear load DSTATCOM
performance is satisfactory in PFC mode for compensation of reac-
tive power and load balancing. The proposed controller is robust
under dynamic linear load condition. DC link voltage and load is
balanced during dynamic condition.

The DSTATCOM performance in PFC mode for nonlinear (recti-
fier based nonlinear load with R = 12 Q, L = 200mH) load with
one phase out at t = 0.6 to 0.7 s in terms of phase voltage (Vsapc),
source current (Isapc), load current (I, Iip, Iic), compensator current
(Icadcp, Icc), and DC link DSTATCOM voltage (Vq4c) respectively
shown in Fig. 4 respectively. For dynamic nonlinear load DSTAT-
COM performance with U-SOGI controller is satisfactory in PFC
mode for load balancing, reactive power compensation and har-
monic compensation. Under dynamic non linear load the proposed
controller is robust for regulating dc link voltage and source cur-
rent THD suppression. THD spectrum for the source current of a
phase are 2.54%, 2.63% and 2.72% with U-SOGI, I-SOGI and SOGI
respectively and for load current is 26.99% shown in Fig. 5 (a, b, ¢
and d). Fig. 6 represents the source voltage and current shows
waveforms from which it is clear that both are in same phase so
the power factor is unity.

b) DSTATCOM performance in ZVR mode under dynamic
condition.

The (Vpeo) PCC voltage is regulated by injecting the required
leading reactive power in the system in ZVR mode of DSTATCOM
operation. The DSTATCOM performance in this mode, for linear
load with one phase out at t = 0.6 to 0.7 s in terms of phase voltage
(Vsabe), source current(Isape), load current (Ip,lIip,lc), compensator
current (Ica,Iep.Icc), PCC voltage amplitude(Vpe.) and DC link DSTAT-
COM voltage(Vqc) respectively shown in Fig. 7 respectively. For
dynamic load DSTATCOM performance is satisfactory for load bal-
ancing, voltage regulation and reactive power compensation. The
proposed controller with dynamic linear load is also robust in
ZVR mode for DC link voltage regulation, PCC voltage regulation
and load current balancing.

The DSTATCOM performance in this mode for nonlinear (recti-
fier based nonlinear load with R = 12 Q, L = 200mH) load with
one phase out at t = 0.6 to 0.7 s in terms of phase voltage (Vsapc),
source current (Isape), load current (Ip,,Iip,Ic), compensator current
(Icadenlee), PCC voltage amplitude(Vpe) and DC link DSTATCOM
voltage(Vqc) respectively shown in Fig. 8 respectively. Under non-
linear dynamic load the proposed controller is robust in terms of
PCC voltage and DC link voltage regulation and source current
THD suppression. THD spectrum for source a phase current are
2.71%, 2.96% and 2.97 % with U-SOGI,I-SOGI and SOGI respectively
and for load current is 26.93% shown in Fig. 9(a, b, c and d). For
dynamic nonlinear load DSTATCOM performance is satisfactory
in this mode for load balancing, voltage regulation, reactive power
compensation and harmonic compensation. Fig. 10 represents
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Fig. 7. ZVR mode DSTATCOM performances with linear load (x-axis in sec).

source voltage and current waveforms, from which it is clear that
both are in same phase so the power factor is unity..

c) Proposed controller stability analyses and DC offset removal
capability study.

In the proposed control technique, the gains K1 and K2 are
added in the conventional SOGI structure for removal of DC offset
current and a damping factor p is also added to conventional SOGI

structure to reduce the between true and sensed value. This p
damping factor also reduces the oscillations during dynamic load
conditions. Here, o is the frequency in radian per second. The p
is selected for positive and negative values, for negative values
the system is unstable as in S-plane pole-zeros are lie in right
which is presented in Fig. 11a.. The larger value of p increases
the oscillations in the proposed system. The value of damping fac-
tor is tuned to 0.9 and this value works satisfactory for all type of
load currents.
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Fig. 8. ZVR mode DSTATCOM performances with nonlinear load (x-axis in sec).
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Bode plot for the conventional SOGI and proposed SOGI con- the removal of DC offset from the input load current which is pre-
troller is depicted in Fig. 11(b). From bode plot their stability are sented in Fig. 11(c).
compared with the help of gain and phase margin. It is observed d) Comparative Analysis of proposed controller with the exist-
from bode plot both the controller are stable. Moreover the stabil- ing controllers.
ity of U-SOGI is better than the conventional SOGI as the gain mar- The detailed comparative analysis of the proposed controller

gin of U-SOGI is infinity and the conventional SOGI is incapable for with classical controllers is presented in tabular form as well as
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Fig. 9. In ZVR mode THD spectrum with nonlinear load, (a) source current with proposed controller, (b) source current with ISOGI controller, (c) source current with SOGI

controller, (d) load current.

graphical form. In the proposed structure, the overall complexity
reduces the stress on the digital controller. In the comparative
study, the THD level under different modes of operation, complex-
ity level, reference current generation speed, sampling time
requirement and DC offset level are considered for all the three
control structures namely; SOGI, I-SOGI and U-SOGI.

The THD comparison for the controllers in PFC and ZVR mode of
DSTATCOM operation are discussed and presented in part (a & b) of

10

result section. Now the Fig. 12 (a, b and c) describe the perfor-
mance of SOGI, ISOGI and U-SOGI under unbalanced grid voltage
condition and from the Fig. 13 (a, b, c &d) it is clear that the pro-
posed controller is for harmonic elimination. Table 1 shows the
numerical value analysis of different parameters for all three struc-
tures whereas Furthermore, the proposed controller is more suit-
able for practical implementation under different practical
scenario and works superior to the I-SOGI and SOGI controller in
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Fig. 13. Source current THD spectrum with (a) SOGI, (b) I-SOGI, (c) U-SOGI controller and (d) load current THD spectrum.

Table1

Comparison of existing control techniques with proposed technique.
Parameters SOGI 1-SOGI U-SOGI
Source Current THD (PFC mode) 2.72% 2.63% 2.54%
Source Current THD ZVR Mode 2.97% 2.96% 2.71%
Source current THD under grid voltage unbalanced condition 3.70% 3.59% 3.44%
Complexity Level e+ ++ +
Reference Current Generation Speed Medium Medium High
Sampling Time Requirement 85 usec 71 psec 65 psec
Percentage DC-offset 10% 8% 5%
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terms of DC offsets elimination, memory requirement and source
side harmonic elimination.

e) Robustness of Proposed controller.

To check the robustness of proposed controller and it is also
tested with the combination of linear as well as nonlinear load.

1 Nonlinear is added in existing linear load in PFC mode of
DSTATCOM.

In PFC mode of DSTATCOM with linear load (40kVA, 0.8 pf) and
an additional nonlinear load (rectifier based nonlinear load with
R =12 Q, L = 200mH) is added at t = 0.6 s, the results are analyse
in terms of phase voltage (Vsapc), source current(lsapc), load current
(ILa IppslLc), compensator current (Ica,Icp,Icc), and DC link DSTATCOM
voltage(Vqc) respectively shown in Fig. 14 respectively. The source
current is sinusoidal and DC link voltage is also maintained con-
stant even at t = 0.6 s when the additional load is added in the dis-
tribution system. Source THD is also within the IEEE standard
which is 1.45% and load THD is 12.22% as shown in Fig. 15 (a &
b) respectively. DSTATCOM performance is satisfactory in PFC
mode for compensation of reactive power and load balancing.

2 Nonlinear is added in existing linear load in ZVR mode of
DSTATCOM.

In ZVR mode of DSTATCOM with linear load(40kVA, 0.8 pf) and
an additional nonlinear load (rectifier based nonlinear load with
R =12 Q, L =200mH) is added at t = 0.6 s, the results are analyze
in terms of phase voltage (Vsapc), source current(lsapc), load current
a,b,c phase (I aIip.lc), compensator current a,b,c phase(lca,IcpIcc),
coupling point voltage(V,c) and DC link DSTATCOM voltage(Vqc)
respectively shown in Fig. 16 respectively. The source current is
sinusoidal and DC link voltage is also maintained constant even
at t = 0.6 s when the additional load is added in the distribution
system. Source THD is also within the IEEE standard which is
1.51% and load THD is 12.21% as shown in Fig. 17 (a & b) respec-
tively. DSTATCOM performance is satisfactory in this mode for load
balancing, voltage regulation, reactive power compensation and
harmonic compensation.

The proposed controller is robust in terms of source current
harmonic mitigation, DC link voltage regulation, reactive power
compensation and load balancing in distribution system with dif-
ferent load combination.

5. Conclusions

In this manuscript, an upgrade SOGI based control structure has
been implemented to generate the inverter reference current for
estimation of desired harmonic content. The proposed structure
has been designed with help of simple mathematical operators
such that the sampling time reduced to a substantially low level.
In view of this, the speed of the reference current generation
increased to very good level and provides a better dynamic
response. The proposed controller has improved the source current
wave shape and reduces the THD level to well below 5% to comply
with the IEEE standard. Moreover, this structure has been benefi-
cial in the practical situation in order to provide load balancing;
reactive power compensation, PCC voltage regulation and DC link
voltage regulation. Furthermore, the comparative study has been
included to show the superiority of U-SOGI based controller over
SOGI and ISOGI in terms of cost, harmonic elimination, less mem-
ory requirement and DC offset elimination. Finally, it can be aptly
conclude that the proposed controller is much simpler in structure,
robust and very effective for controlling the harmonics, voltage
levels and DC offsets for various operating conditions.
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Appendix

Three phase line to line voltage 415 V, 50 Hz, with resistance
Ry = 0.07 Q and inductance Ly = 2mH.Load, (a) linear load of
40kVA, 0.8 pf and (b) rectifier based nonlinear load with
R=12Q,L=200mH.DSTATCOM parameters V*4. reference DC volt-
age 700 V, coupling inductor 4mH, DC bus capacitance = 10000pF.
Parameters for U-SOGI controller K; = 4, K; =5 and p = 0.9.

References

[1] George J. Wakileh, power system harmonics: fundamental, analysis, and filter
design. New York: Springer-Verlag; 2007.

[2] Chattopadhyay S, Mitraand M, Sengupta S. Electric power quality. New
York: Springer Verlag; 2011.

[3] Singh B, Jayaprakash P, Kothari DP. Power factor correction and power quality
improvement in the distribution system. Electr India 2008:40-8.

[4] Sannino A, Svensson ], Larsson T. Review power-electronic solutions to power
quality problems. ] Elect Power Syst Res 2003;66(1):71-82.

[5] Lee TL, Hu SH. Discrete frequency-tuning active filter to suppress harmonic
resonances of closed-loop distribution power systems. IEEE Trans Power
Electron 2011;26(1):137-48.

[6] Sano K, Takasaki M. A transformer less DSTATCOM based on a multivoltage
cascade converter requiring no DC sources. IEEE Trans Power Electron 2012;27
(6):2783-95. doi: https://doi.org/10.1109/TPEL.2011.2174383.

[7] Barrero F, Martinez S, Yeves F, Martinez PM. Active power filters for line
conditioning: a critical evaluation. IEEE Trans Power Delivery 2000;15
(1):319-25.

[8] “IEEE recommended practices and requirement for harmonic control on
electric power System,” IEEE Std. 519, 1992.

[9] Du S, Liu J, Lin J. Hybrid cascaded H-bridge converter for harmonic current
compensation”. IEEE Trans Power Electron 2013;28(5):2170-9.

[10] Karanki SB, Geddada N, Mishra MK, Kumar BK. A DSTATCOM topology with
reduced DC link voltage rating for load compensation with non-stiff source.
IEEE Trans Power Electron 2012;27(3):1201-11.

[11] Bajaj M, Rautela S, Sharma A. A comparative analysis of control techniques of
SAPF under source side disturbance. In the International Conference on Circuit,
Power and Computing Technologies, 2016.

[12] Bajaj M, Pushkarna M, Rana AS, khan MT. A Modified Algorithm for Time
Varying Reactive Power Control and Harmonics Compensation by D-STATCOM
" IEEE Conference INDICON (2015).

[13] Bajaj M, PushkarnaM. An IRP based Control Algorithm for Load Compensation
by DSTATCOM under Polluted Supply System. In the International Conference
on Control, Communication & Computing India (ICCC)(2015).

[14] Bajaj M, Pushkarna M, Rana AS, khan MT. An Improved SRF based Control
Algorithm for D-STATCOM under Abnormal Source Voltage. IEEE conference
INDICON (2015).

[15] Bajaj M, Flah A, Alowaidi M, Sharma NK, Mishra S, Sharma SK. A Lyapunov-
Function Based Controller for 3-Phase Shunt Active Power Filter and
Performance Assessment Considering Different System Scenarios. IEEE ACESS
(2021);Volume9 DOI 10.1109/ACCESS.2021.3075274.

[16] Mellouli M, Hamouda M, Slama JBH, Al-Haddad K. A Third-order MAF Based
QT1-PLL that is robust against harmonically distorted grid voltage with
frequency deviation. IEEE Trans Energy Convers 2021:1600-13. doi: https://
doi.org/10.1109/TEC.2021.3061027.

[17] Hasan K, Meraj ST, Othman MM, Lipu MSH, Hannan MA, Muttaqi KM.
Savitzky-Golay Filter-Based PLL: Modeling and Performance Validation. IEEE
TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT(2022); 71, DOI:
10.1109/TIM.2022.3196946.

[18] Meraj ST, Yahaya NZ, Hasan K, Lipu MSH, Elavarasan RM, Hussain A, et al. A
filter less improved control scheme for active/reactive energy management in
fuel cell integrated grid system with harmonic reduction ability. Appl Energy
2022;312:. doi: https://doi.org/10.1016/j.apenergy.2022.118784118784.

[19] Penthia T, Panda AK, Mangaraj M. Real-time simulation and performance of
DSTATCOM using an improved load current detection-based control technique
for compensation of current harmonics and load transients. European Power
Electronics and Drives(2021);31(1). 10.1080/09398368.2020.1811572.

[20] Ram A, Sharma PR, Ahuja RK. Performance evaluation of different
configurations of system with DSTATCOM using proposed Icos¢ technique.



http://refhub.elsevier.com/S2090-4479(23)00185-5/h0005
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0005
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0010
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0010
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0015
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0015
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0020
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0020
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0025
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0025
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0025
https://doi.org/10.1109/TPEL.2011.2174383
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0035
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0035
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0035
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0035
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0035
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0045
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0045
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0045
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0050
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0050
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0050
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0055
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0055
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0055
https://doi.org/10.1109/TEC.2021.3061027
https://doi.org/10.1109/TEC.2021.3061027
https://doi.org/10.1016/j.apenergy.2022.118784

A. Ram, P.R. Sharma and R.K. Ahuja

Indonesian ] Electrical Eng Comput Sci 2022;25(1):1-13. doi: https://doi.org/
10.11591/ijeecs.v25.i1.pp1-13.

[21] Rajagopal V, Singh B, Kasal GK. Electronic load controller with power quality
improvement of isolated induction generator for small hydro power
generation. IET Renew Power Gener 2011;5(2):202-13.

[22] Singh B, Solanki ]. Load compensatio for diesel generator-based isolated
generation system employing DSTATCOM. IEEE Trans Ind Appl 2011;47
(1):238-44.

[23] Sharma S, Singh B. Performance of voltage and frequency controller in isolated
wind power generation for a three-phase four-wire system. IEEE Transactions
on Power Electronics 26(12):3443-52.D01:10.1109/TPEL.2011.2164938.

[24] Varma RK, Khadkikar V, Seethapathy R. Night time application of PV solar farm
as STATCOM to regulate grid voltage. IEEE Trans Energy Convers 2009;24
(4):983-5.

[25] Mariun N, Alam A, Mahmod S, Hizam H. Review of control strategies for power
quality conditioners. In Proc. Nat. Power Energy Conf.(2004);pp109-115.

[26] Wang YF. Li YW.A grid fundamental and harmonic components detection
method for single-phase systems. IEEE Trans Power Electron 2013;28
(5):2204-13.

[27] Asiminoaei L, Blaabjerg F, Hansen S. Detection is key- harmonic detection
methods for active power filter applications. IEEE Ind Appl Mag 2007;13
(4):22-33.

[28] Chandra A, Singh B, Singh BN, Al-Haddad K. An improved control algorithm of

shunt active filter for voltage regulation, harmonic elimination, power-factor

correction, and balancing of nonlinear loads. IEEE Trans Power Electron
2000;15(3):495-507.

Tedeschi E, Tenti P, Mattavelli P. Cooperative Operation of active power filters

by instantaneous complex power control. In Proc. 7th Int. Conf. Power

Electron. Drive Syst., (2007); pp. 555-561.

Singh B, Jayaprakash P, Somayajulu TR, Kothari DP, Chandra A, Al-Haddad K.

Integrated three-leg VSC with a zig-zag transformer based three-phase four-

wire DSTATCOM for power quality improvement. In Proc. 34th IEEE Annu.

Conf. Ind. Electron(2008);pp. 796-801.

Asiminoaei L, Rodriguez P, Blaabjerg F. Application of discontinuous PWM

modulation in active power filters. IEEE Trans Power Electron 2008;23

(4):1692-706.

[32] Ogata K. Modern control engineering. 4th ed. Delhi, India: Pearson Education
Asia; 2002.

[33] Landau ID, Lozano R, M'Saad M, Karimi A. Adaptive control: Algorithms,
analysis, and applications. 2nd ed. London: Springer-Verlag(2011).

[34] Jorge SG, Busada CA, Solsona JA. Frequency adaptive discrete filter for grid
synchronization under distorted voltages. IEEE Trans Power Electron 2012;27
(8):3584-94. doi: https://doi.org/10.1109/TPEL.2012.2185517.

[35] Zahira R, Fathima AP. A technical survey on control strategies of active filter for
harmonic suppression. ] Procedia Eng 2012;30(4):686-93. doi: https://doi.org/
10.1016/j.proeng.2012.01.915.

[36] Mitra P, Venayagamoorthy GK. An adaptive control strategy for DSTATCOM
applications in an electric ship power system. IEEE Trans Power Electron
2010;25(1):95-104. doi: https://doi.org/10.1109/TPEL.2009.2024152.

[37] Mojiri M, Ghartemani MK, Bakhshai A. Time-domain signal analysis using
adaptive notch filter. I[EEE Trans Signal Process 2007;55(1):85-93.

[38] Ponpandi R, Durairaj D. A Novel fuzzy-adaptive hysteresis controller based
three phase four wire-four leg shunt active filter for harmonic and reactive
power compensation. ] Energy Power Eng 2011;3:422-35.

[39] Yang J, Guan J, Ning Y, Liu Q. A novel adaptive harmonic detecting algorithm
applied to active power filters. In Proc. 3rd Int. Congr. Image Signal Process
(2010);7: 3287-90.

[40] Karthik T, Prathyusha M, Thirumalaivasan R, Janaki M. Power quality

improvement using DSTATCOM. In Innovations in Power and Advanced

Computing Technologies (i-PACT)(2019), DOI:10.1109/i-

PACT44901.2019.8960234.

Ullah MF, Hanif A. Power quality improvement in distribution system using

distribution static compensator with super twisting sliding mode control. Int

Trans Electr Energ Syst 2021. doi: https://doi.org/10.1002/2050-7038.12997.

Myneni H, Ganjikunta SK, Dharmavarapu S. Power quality enhancement by

hybrid DSTATCOM with improved performance in distribution system. Int

Trans Electr Energ Syst 2019;30(7). doi: https://doi.org/10.1002/2050-

7038.12153.

Kerrouche KDE, Lodhi E, Kerrouche MB, Zhu LWF, Xiong G. Modeling and

design of the improved D-STATCOM control for power distribution grid. SN.

Appl Sci 2020;2(9). doi: https://doi.org/10.1007/s42452-020-03315-8.

Sanjay Kumar Patel, Sabha Raj Arya & Rakesh Maurya , Optimal Step LMS-

Based Control Algorithm fornDSTATCOM in Distribution System. Electric

Power Components and Systems(2019); 0(0): 1-17. https://doi.org/10.1080/

15325008.2019.1602797

Chacko FM, George GA, Jayan MV, Prince A. Improved multifunctional

controller for power quality enhancement in grid integrated solar

photovoltaic systems. World ] Eng 2020;17(4):585-98.

Alsaidan I, Chaudhary P, Alaraj M, Rizwan M. An Intelligent Approach to Active

and Reactive Power Control in a Grid-Connected Solar Photovoltaic System.

Sustainability(2021);13(8): https://doi.org/1 1 219.

[29]

[30]

[31]

[41]

[42]

[43]

[44]

[45]

[46]

19

Ain Shams Engineering Journal 15 (2024) 102296

[47] Saxena H, Singh A, Rai JN. Design and analysis of different PLLs as load
compensation techniques in 1-¢f Grid-Tied PV System. Int ] Electron 2019;106
(11):1632-59. doi: https://doi.org/10.1080/00207217.2019.1600745.

[48] D. Chinna Kullay Reddy, S. Satya Narayana and V. Ganesh , Towards an
enhancement of power quality in the distribution system with the integration
of BESS and FACTS device. INTERNATIONAL JOURNAL OF AMBIENT ENERGY
(2019); 43(1):404-412. https://doi.org/10.1080/01430750.2019.1636866.

[49] Giri AK, Arya SR, Rakesh Maurya B, Babu C. VCO-less PLL control-based
voltage-source converter for power quality improvement in distributed
generation system. IET Electr Power Appl 2019;13(8):1114-24. doi: https://
doi.org/10.1049/iet-epa.2018.5827.

[50] Sun D, Wang X. Sliding-mode DPC using SOGI for DFIG under unbalanced grid
condition. Electron Lett 2017;53(10):674-6. doi: https://doi.org/10.1049/
€l.2017.0963.

[51] Ciobotaru M, Teoderescu R, Blaabjerg F. A new single-phase PLL structure
based on second order generalized integrator. Proc. 37th IEEE PESC(2006).

[52] Singh Y, Hussain I, Singh B, Mishra S. Single-phase solar grid-interfaced system
with active filtering using adaptive linear combiner filter based control
scheme. Int Trans Electr Energ Syst 2018;11(8):1976-84.

[53] Chandran VP, Murshid S, Singh B. Design and analysis of improved second
order generalized integrator-based voltage and frequency controller for
permanent magnet synchronous generator operating in small-hydro system
feeding single-phase loads. Int Trans Electr Energ Syst 2019;29(5). doi: https://
doi.org/10.1002/2050-7038.2827.

[54] Khalghani MR, Shamsi-Nejad MA, Farshad M. Modifying power quality’s
Indices of load by presenting an adaptive method based on Hebb Learning
algorithm for controlling DVR. Automatika 2014;55(2):153-61.

[55] kumar MV, Vijayan S. Photovoltaic based three phase four-wire series hybrid
active power filter for power quality improvement. Indian ] Eng Mater Sci.
(2014);21(4):358-370. http://hdl.handle.net/123456789/29411.

[56] Wang G, Li D, Li Z, Zhang G, Zhan H, Ni R, et al. Enhanced position observer
using second order generalized integrator for sensorless interior permanent
magnet synchronous motor drives. IEEE Trans Energy Convers 2014;29
(2):486-95. doi: https://doi.org/10.1109/TEC.2014.2311098.

[57] Yang M, Tan T, Hu J. Simulation and experiment of algorithm and circuit design
for UPQC. Automatika(2019); 60(4):480-490. https://doi.org/10.1080/
00051144.2019.1645401.

[58] Singh M, Chandra A, “Power maximization and voltage sag/swell ride-through
capability of PMSG based variable speed wind energy conversion system,” in
Proc. IEEE 34th Annu. Conf. Indus. Electron. Soc.(2008);pp. 2206-2211.

[59] Singh M, Khadkikar V, Chandra A, Varma RK. Grid Interconnection of
Renewable Energy Sources at the Distribution Level With Power-Quality
Improvement Features.” IEEE Transactions on power delivery(2011);26(1):307

- 315. DOI: 10.1109/TPWRD.2010.2081384.

Atma Ram born in 1985 in India and received his B.Tech
degree From Kurukeshetra University in2007 in Elec-
trical engineering and M.Tech degree from ].C. Bose UST,
YMCA, (formerly YMCAUST) Faridabad(Haryana) in
2012 in Power System and Drives. He has currently
working as Assistant professor in Electrical Engineering
department and Pursuing Ph.D from ].C.Bose UST,
YMCA, Faridabad. His research area is power system,
power electronics and drives, renewal energy, active
filters and power quality. Email ID: atma.
ram12@gmail.com Orchid ID: https://orcid.org/0000-0
003-0905-6150

Parsh Ram Sharma born in 1966 in India and received
his B.Tech degree From REC Kurukeshetra 1988 in
Electrical engineering and M.Tech degree fromPEC,
Chandigarh (Pujab) in 1992 in power system and drives
and Ph.D in 2005 from MDU, Rohtak (Haryana). He has
currently working as professor in Electrical enginnering
department since 1996 joined as lecture and supervised
a number of projects/thesis. He has also published more
than 100 papers in reputed journals and IEEE confer-
ences. His research area is power system, FACTS,
renewal energy, active filters power electronics and

= drives, and power quality. Email ID: prshar-
ma1966@gmail.com Orchid ID: https://orcid.org/0000-0003-2653-3860


https://doi.org/10.11591/ijeecs.v25.i1.pp1-13
https://doi.org/10.11591/ijeecs.v25.i1.pp1-13
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0105
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0105
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0105
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0110
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0110
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0110
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0120
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0120
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0120
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0130
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0130
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0130
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0135
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0135
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0135
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0140
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0140
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0140
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0140
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0155
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0155
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0155
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0160
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0160
https://doi.org/10.1109/TPEL.2012.2185517
https://doi.org/10.1016/j.proeng.2012.01.915
https://doi.org/10.1016/j.proeng.2012.01.915
https://doi.org/10.1109/TPEL.2009.2024152
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0185
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0185
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0190
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0190
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0190
https://doi.org/10.1002/2050-7038.12997
https://doi.org/10.1002/2050-7038.12153
https://doi.org/10.1002/2050-7038.12153
https://doi.org/10.1007/s42452-020-03315-8
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0225
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0225
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0225
https://doi.org/10.1080/00207217.2019.1600745
https://doi.org/10.1049/iet-epa.2018.5827
https://doi.org/10.1049/iet-epa.2018.5827
https://doi.org/10.1049/el.2017.0963
https://doi.org/10.1049/el.2017.0963
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0260
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0260
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0260
https://doi.org/10.1002/2050-7038.2827
https://doi.org/10.1002/2050-7038.2827
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0270
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0270
http://refhub.elsevier.com/S2090-4479(23)00185-5/h0270
https://doi.org/10.1109/TEC.2014.2311098

A. Ram, P.R. Sharma and R.K. Ahuja Ain Shams Engineering Journal 15 (2024) 102296

Rajesh Kumar Ahuja, has received his B.E from Nagpur
University, M.Tech from IIT Khargpur and Ph.D from IIT
Delhi in 2012. He has more than 20 years teaching
experience and currently working as professor in
Department of Electrical Engineering at J.C.Bose UST,
YMCA, and Faridabad. (Haryana), India. He has super-
vised a number of projects/thesis works in his area. He
has published more than 50 papers in reputed journals
and confernces few papers in international journals and
IEEE conferences. His research area is power system,
FACTS, renewal energy, active filters power electronics
and drives, and power quality. Email ID:
rajeshkrahuja@gmail.com Orchid ID: https://orcid.org/0000-0003-4477-8431

20



	Enhancement of power quality using U-SOGI based control algorithm forDSTATCOM
	1. Introduction
	2. Distribution system architecture
	3. Inverter control algorithm
	4. Simulation and result discussion
	5. Conclusions
	Declaration of Competing Interest
	Appendix
	References


