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Hybrid MDSOGI-ROGI Control Strategy for
Mitigating Harmonics and Unbalance in SEIG
Based Standalone Systems

Jotirmoy Samanta
Yatindra Gopal

Abstract—The self-excited induction generator (SEIG) is a
promising machine for standalone, off-grid systems. However,
this machine experiences multiple power quality issues (PQIs)
when subjected to varying loads, particularly degradation in
terminal voltage and frequency as the load increases. This
paper presents a PQI mitigation technique using a shunt active
power filter (SAPF) to regulate the terminal voltage of the
SEIG and reduce the total harmonic distortion (THD) of the
system, while maintaining power factor (PF) close to unity. A
modified dual second-order generalized integrator (MDSOGI)
is combined with a reduced-order generalized integrator
(ROGI) to generate the reference current for controlling
the SAPF. The terminal voltage of SEIG is regulated under
dynamic load changes. Total harmonics distortion (THD) is
reduced below 5% according to the IEEE 519-2022 standard.
Furthermore, under an unbalanced load condition, the system
becomes balanced after compensation with the SAPF. The
experiment is conducted on a real-time platform using Opal-RT
(OP4510), and the results of dynamic load changes are presented.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/10152

Index Terms—Self excited induction generator, shunt active
power filter, power quality, second order generalized integrator

I. INTRODUCTION

HE increasing focus on renewable energy sources and

off-grid systems has highlighted various power quality
issues (PQIs) in edge-of-grid systems [1]. Due to its advan-
tages over synchronous generators, the Self-Excited Induction
Generator (SEIG) has proven effective for emerging renew-
able energy applications in remote locations [2]. However,
maintaining good power quality in a stand-alone SEIG is
a significant challenge, as it experiences voltage regulation
issues, frequency fluctuations, reduced power factor (PF), and
increased total harmonic distortion (THD) under different
loading conditions [3]. In [3], it is inferred that under non-
linear loaded conditions, the (5t, 7t 11", 13t" 17t") order
harmonics affect the SEIG-based off-grid system performance.
The voltage regulation of SEIG depends primarily on its
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excitation capacitance, with delta-connected capacitor con-
figurations proving effective [4], [5S]. Reliability assessments
indicate that the success and failure probabilities of a three-
phase SEIG are 0.5490 and 0.4510, respectively [6]. Several
SEIGs with varying higher ratings may be integrated into an
edge-of-grid system to improve performance as well as to
reduce the burden on lower rated SEIG units [7]. To enhance
power delivery along with power quality, single-phase SEIGs
have also been integrated with photovoltaic (PV) systems
[8], [9]. Despite these advancements, voltage and frequency
regulation remain a major problem for SEIG based edge-
of-grid systems that are not integrated with certain power
electronics converters.

The power electronics converters, such as unified power
quality conditioners (UPQC) or static synchronous compen-
sators (STATCOM), can be used to reduce the PQIs that
emerge in standalone SEIG [10]-[13]. Such converters typ-
ically have a voltage source inverter with a filter inductor on
the AC side including a DC-link capacitor on the DC side.
While STATCOM-based solutions have effectively addressed
dynamic PQIs, their reliance on battery storage increases sys-
tem costs [14], [15]. As an alternative, SAPF offers effective
harmonic mitigation and power quality improvements without
requiring battery support. The main objective of SAPF is
to mitigate THD from the source connected to a non-linear
load. However, enhancing the SAPF’s control system can
also help reduce other PQIs, such as voltage regulation, PF
correction, and improvement in dynamic behavior, including
THD reduction simultaneously.

The time domain, frequency domain, and soft computing ap-
proaches of the advanced control schemes for grid-connected
SAPFs have been investigated, and it was found that ongoing
research focuses on hybridised techniques for simultaneous
PQI reduction in grid-connected loads [16]-[21]. However,
the control loop of SAPF connected to SEIGs in edge-of-grid
scenarios faces additional complexities due to load-induced
frequency and voltage fluctuations. Especially due to these dis-
turbances, the generated in-phase and quadrature components
(o and B) from the measured three-phase signals get affected.
Hence it is essential to generate the (« and ) signals precisely
for the PWM signal of SAPF. To control the PWM signals of
the SAPF effectively, the reference current is to be sinusoidal,
regardless of the load current. It is found that the most effective
control strategy for producing the (o and /) signals under
single-phase harmonic contaminated distorted grid conditions
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is the second-order generalized integrator (SOGI) integrated
with ROGI [22]. Further, the SOGI-based controller is im-
proved to a dual enhanced second-order generalized integrator
(DESOQ]) to reject the DC components as well as the DC
offset from the system [23], [24].

In the case of a three-phase system, initially Clarke’s
transformation is performed after measuring the three-phase
current or voltage signal. However, this transformation cannot
generate orthogonal signals precisely if the system is more
distorted or polluted with harmonics. Hence, the SOGI-based
control structure must be modified for three-phase systems,
even if the system is unbalanced and contains harmonics. In
order to perform optimally in an unbalanced system, the SOGI
is transformed to a modified double second order generalized
integrator (MDSOGTI) [25]. Emerging research works are also
focused on the DC-offset rejection of the three phase system,
hence transforming the SOGI to a mixed second and third
order generalized integrator (MSTOGI) [26], [27]. Moreover,
to reject fundamental frequency negative sequence compo-
nents and higher-order harmonics, the generalized integrator is
modified to a higher order (i.e., fourth order) [28]. However,
the effectiveness of all these generalized integrator is bound
to perform under fixed or minimal changes in frequency. In
order to track the angular frequency under variable frequency
systems, a phase lock loop (PLL) must be incorporated into
the generalized integrator-based control framework. The quasi-
type-1 (QT-1) PLL is found to perform well, offering a faster
dynamic response and less system settling time [29], [30].
Further, to generate the reference current, the dual fundamental
current extraction (DFCE) method can be incorporated due to
its simpler implementation [22], [31].

A detailed literature review indicating the advantages of the
proposed work is tabulated in Table I. From the existing liter-
ature, it is explored that the compensating devices STATCOM
and SAPF are capable of mitigating several PQIs simultane-
ously under a non-linear load connected to the system, where
PF is not a major concern. The control structure of the SAPF-
based compensating device for the grid-connected systems
targets some particular PQIs to mitigate, as elaborated in Table
1. If STATCOM is used as a compensating device for SEIG as
proposed in [14], [15], then the battery storage increases the
cost of the system. Also, the proposed control scheme of [14],
[15] is capable of regulating the terminal voltage of SEIG, but
the THD of the system, including the settling time, can also
be reduced by improving the control structure. The proposed
work of [22] has the ability to mitigate PQIs for single-
phase grid-connected systems, where frequency variation is
not a major problem. Similarly, the work proposed in [31]
is capable of mitigating several PQIs in a three-phase grid
connected system under unbalanced load conditions. However,
when a 2.2kW SEIG edge-of-grid system is connected to
a combination of both linear and nonlinear loads, then on
increasing the non-linear load, it is observed that the voltage
and frequency of the system degrade, as shown in Fig. 1.
Also, the current THD decreases, whereas the voltage THD
increases, as represented in Fig. 2. Hence, due to fluctuation
in frequency, the proposed generalized integrator in [22],
[25]-[27], [31] will under-perform, and therefore the in-phase

and quadrature signal cannot be generated precisely. Due to
this problem, SEIG terminal voltage regulation cannot be
achieved. It has also been studied from the literature that
increasing the order of the generalized integrator leads to a
decrease in the order of harmonics along with an effective
removal of DC components from the system. The combination
of both SOGI and ROGI is suitable to generate a positive
sequence component of the load current. Also, it is suitable
for reactive power compensation and PF correction, including
THD reduction in a single-phase grid system.
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Fig. 1. Voltage and frequency variation with varying load.
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Fig. 2. THD and PF variation with varying load.

Therefore, the proposed research work in this paper utilises
SAPF as the compensating device for a 2.2kW SEIG as shown
in Fig. 3. The control scheme of SAPF utilizes the SOGI base
generalized integrator and modifies it to MDSOGTI for three-
phase edge-off-grid systems in order to mitigate multiple PQIs
simultaneously. The tendency of generating perfect sinusoidal
in-phase and quadrature signals under dynamic load changes,
including system unbalance, is improved by integrating ROGI
with MDSOGI. Compared to the other SOGI, MDSOGI, and
MSTOGI generalized integrator, hybridizing MDSOGI-ROGI
can more effectively dominate the 5" and 7*" harmonics.
Since there is frequency variation in the edge-of-grid SEIG
system, the generalized integrator’s efficacy is assessed by
integrating with QT-1 PLL. When the SEIG is loaded, the
excitation capacitor simultaneously supplies the SEIG with
excitation and the SAPF provides reactive power. It had been
stated in a prior discussion of this issue that PF correction
and voltage regulation cannot be accomplished simultaneously
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TABLE I
COMPARISON OF THE PROPOSED METHOD WITH EXISTING LITERATURE

Ref., year Source Battery storage @ THD (%) unbalanced load settling time (s)
[13], 2025 SEIG X X X 0.05
[14], 2024 SEIG v <3.84 v 1.82
[15], 2024 SEIG v <4.73 v 1.719
[16], 2021 grid X <2.33 v X
[18], 2021 grid X 3.37 X X
[19], 2022 grid X 2.756 X X
[22], 2020 grid X <35 X 0.04
[23], 2025 grid X 3.66 X X
[31], 2022 grid X <2.29 v 0.1
[32], 2025 grid X <3.58 v X
Proposed work SEIG X <2.35 v 0.56
SAPF
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Fig. 3. System schematic diagram.

[33]. Therefore, in this paper under load variation, the SEIG
terminal voltage regulation between (420 to 450)V is achieved.
The major contribution of the proposed work are:

1y

2)

3)

The proposed control scheme efficiently mitigates multi-
ple PQI issues simultaneously, including voltage regula-
tion, harmonics reduction, and power factor correction,
ensuring stable and improved performance.

Unlike SOGI, MDSOGI and MSTOGI based con-
trol schemes, the MDSOGI-ROGI control scheme per-
formance is found to be better under unbalanced
loaded conditions. Also, the harmonics elimination of
MDSOGI-ROGI under dynamic load changes is ana-
lyzed to be better than SOGI, MDSOGI and MSTOGI
schemes.

The SAPF scheme does not require any battery storage
on the DC side, and the DC voltage remains stable

4)

even under dynamic load conditions or when the load is
removed from the system.

Additionally, it demonstrates enhanced adaptability un-
der dynamic load conditions, providing superior opera-
tional reliability for SEIG systems. The control approach
remains effective even during unbalanced load scenarios,
reinforcing its robustness.

This paper is organized into four sections. Section I de-
scribes an introduction, including brief literature review. Sec-
tion II describe the control scheme, including the generation of
the reference current for PWM generation. Section III provides
a detailed explanation of the results under various dynamic
conditions, while Section IV summarizes the conclusions of
the proposed work.
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Fig. 4. Proposed control scheme of SAPF with hybridized MDSOGI-ROGI.

II. CONTROL SCHEME

The reference current of the control scheme is generated
using the DFCE method. To govern the orthogonal signals
generated from the three-phase signal, the MDSOGI-ROGI
scheme has been proposed. As in the SEIG based edge-of-
grid system there is frequency fluctuation, QT-1 PLL based
on MDSOGI-ROGTI has been implemented to track the angu-
lar frequency. The schematic diagram of the overall control
structure is represented in Fig. 4.

A. Proposed MDSOGI-ROGI Scheme

The proposed control scheme utilizes a combination of
MDSOGI and ROGI to generate the sinusoidal in-phase and
quadrature components of the three phase signal after the
Clarke’s transformation. Initially, the control loop converts the
three-phase signal to an (o and () reference frame signal
using Clarke’s transformation as denoted by «* and [*.
MDSOGI is then used to modify the * and 3* signals to
o’ and (' signals. Since signals o* and 8* are polluted with
harmonics, the MDSOGI scheme is employed to mitigate
harmonic attenuation as well as to balance the «* and (*
signals. The transfer function of MDSOGI is represented in
equation (1).

MDSOGI(s) =

1 { kws + j(kw?) } 0

2 | 82 + kws + w?

MDSOGI utilizes two SOGIs, each producing one in-phase
component (Vo7, Vg, i, ig) and one quadrature component
(quarr, qugr, qiar, qigr) whose equations are presented in
equations (2, 3).

vy (8) dg(s) gy (s) _ ig (s) _ kws
Var(8)  Var(s)  wpe(s)  ige(s) 82+ kws+ w?
2
quy (s)  qiy(s)  qua(s)  qig(s) kw?
Var(8)  dar(s)  wae(s)  dpe(s) s+ kws+w?

3)

The step response of the transfer function (2) is shown in
Fig. 5. It can be analyze that if the gain value of SOGI
decreases, then the system will encounter more settling time
and attenuation. A higher gain value will also increase the
systems peak but minimize the settling time.
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Fig. 5. Step response of SOGI at different gain values.

The ROGI is then used to generate the perfect sinusoidal
orthogonal signals « and § signals and equation of ROGI is
represented in (4).

vals) _ ials) _ vals) _ ils)
0 () i (3) v]ig iy (5) "

T 52 + 2k,ws + (14 k2)w?

This hybridization enables the system to eliminates the DC
components from the three phase signals regardless the har-
monics polluted load current. The combined MDSOGI-ROGI
transfer function is shown in (5).
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MD I - I(s) =
SOGI = ROGI(s) st + ws3(2k, + k)+
+i(kkyw®s)}
w?s2(2 + 2kk, + k2) + w3s(k + kk2 + 2k, ) + w*(1 + k2)

®)

The selection of the gain values (k and k,.) of MDSOGI-
ROGI can be estimated from the bode plot shown in Fig.
6. From Fig. 6a, it is analyzed that increasing k gradually
reduces the magnitude curve and reduce the sharpness of
the resonance in the MDSOGI-ROGI response, making the
filter less selective but more stable. In contrast, raising k,
primarily improves harmonic suppression and deepens the
notch at the tuned frequency of £50H z as shown in Fig. 6b.
However, it also introduces a steeper phase shift, indicating
stronger attenuation with more dispersive dynamic behavior.
In conclusion, &, determines the depth of attenuation while
k controls damping and smoothness. As both values rise, the
system approaches a more stable but less sharply selective
response with deeper harmonic rejection dependent on k,
strength. Hence for best tracking and harmonics rejection the
optimum value of K may be selected between (0.5-0.75) with
a variation of K, between (0.25-0.5).

The step response of MDSOGI-ROGI is compared with
SOGI, MDSOGI, MSTOGI scheme, which is represented in
Fig. 7. From Fig. 7a, it is observed that SOGI scheme executes
highest overshoot with more settling time. Also, due to no
imaginary response of SOGI scheme, results in weak quadra-
ture signal. MSTOGI has oscillations but it settles faster than
MDSOGI scheme. MDSOGI experiences slow damping with
an overshoot, including more settling time. The step response
of MDSOGI-ROGI has an overshoot, small oscillation, and
stabilizes fastest among all, which indicates the best damping
capability. From the comparison of the bode plot as shown in
Fig. 8, it is observed that MDSOGI-ROGI scheme provides
maximum rejection of unwanted harmonics near £50H z. It is
also observed that the MDSOGI-ROGI scheme can accurately
extract the fundamental components. Overall it is analyzed that
compared to SOGI, MDSOGI, MSTOGI schemes, MDSOGI-
ROGQGI is best suited if there is distortion as well as frequency
fluctuation.

The conventional SOGI can achieve strong harmonic at-
tenuation near the fundamental frequency, but it show poor
robustness under frequency deviation. This makes it less
suitable for unbalanced and dynamic conditions. MSTOGI ex-
hibits enhanced harmonic attenuation across a wider frequency
range, while offering less sensitivity to unbalanced loads.
Whereas MDSOGI provides a wider bandwidth with improved
stability. Also, MDSOGTI can minimize the negative sequence
components, making it better for unbalanced compensation.
The proposed MDSOGI-ROGI improves these properties by
integrating adaptive frequency estimation with robust filtering,
yielding superior harmonic attenuation and a marked decrease
in the unbalance factor, thereby ensuring stable and precise
performance in highly distorted and unbalanced systems. The
proposed MDSOGI-ROGI improves these properties by in-
tegrating adaptive frequency estimation with robust filtering,

IEEE LATIN AMERICA TRANSACTIONS, Vol. 24, No. 3, MARCH 2026
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Fig. 6. Bode plot of MDSOGI-ROGIL. (a) varying k value, (b) varying
ky value

yielding superior harmonic attenuation and a marked decrease
in the unbalance factor, thereby ensuring stable and precise
effectiveness in highly distorted and unbalanced systems. The
computational burden and the mathematical operations that
each generalized integrator must perform are indicated by the
symbols displayed in Table II. According to the increase of
these mathematical operations, the complexity and computa-
tional burden of the control scheme also increase. Though the
MDSOGI-ROGI scheme exhibits high complexity, but it can
mitigate major PQIs in the edge-of-grid system.

B. QT-1 PLL

After applying MDSOGI-ROGI to the three-phase sensed
voltage signal, in-phase and orthogonal signals are generated.
The system frequency is then estimated using a QT-1 PLL
[29]. The phase-error transfer function of the PLL is given by

(6).
0.(s) 1

0:(s) 1+ Go(s)

Ge(s) = (6)
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Where 0.(s) is the phase error and 0;(s) is the phase input
signal. G,(S) is the open-loop transfer function and can be

estimated from (7).

Where k, is the proportional gain. The selection of &, is essen-
tial for a good stability margin of the PLL [30]. In this paper,
the k, value is selected as 20. DETOGTI’s transfer function is
transformed into a dg-reference frame. The complex transfer
function H (.5) is then obtained by eliminating the higher-order
components in the low-frequency range. Thus H(S) can be
obtain from (8).

3sk1 4+ j2k1w
s(2(k = 1) + j2ko) + j2wky

H(s) = (®)

C. Reference Current Generation

To generate the reference current for obtaining the PWM of
the SAPF, the DFCE method is employed. The synchronizing
component of sin (wt) can be generated by feeding the sensed
three-phase voltage signal to MDSOGI-ROGI from (9).

Vabe*
2 2
\/Va T3

A mathematical operation can estimate the magnitude of the
fundamental load current, as shown in (10), which utilizes
orthogonal signals (¢, and ig).

|ILabc| = \/7:3 +Z%

The reference current comprises the fundamental active load
currents and the active loss component for mitigating the losses
of SAPF, which is formulated in (11).

sin(wt) gpe =

(€))

(10)

Iabc* - {Idc(n) + |ILabc|}Sin(Wt)abc (11)
The losses occurs in SAPF can be evaluated from (12, 13).
where k; and k; are the proportional and integral gains of
PID controller, and vpe(n) is the DC voltage error of SAPF.

vpc(n) = Vperes — Ve (12)

Iic(n) = Ige(n — 1) + kpvpe(n)+

ks [ope(n) — vpe(n — 1) (1

III. RESULT & DISCUSSIONS

The experiment is performed in real time (OPAL RT-
OP4510) and the results are being executed from Keysight’s
4-channel DSO. The experimental setup in real time is shown
in Fig. 9 and the real time simulation parameters are tabulated
in Table III.
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TABLE 1T
COMPUTATIONAL BURDEN

Integrator f + X /+  Harmonics attenuation Unbalance system  Complexity
SOGI [22] 4 4 6 Good X Low
MDSOGI [25] 4 6 8 Better Good Moderate
MSTOGI [26] 6 8 10 Better Good High
MDSOGI-ROGI 6 10 12 Best Best High

Fig. 9. Experimental setup (a): Keysight Technologies DSOX1204G
Digital Oscilloscope Infiniivision 1000 X-Series 4 Channel 70 M H z,
2 Gsps, 1 Mpts, 5 ns, (b): Opal-RT OP4510 Real-time HIL
simulator, (¢): Host PC.

TABLE III
SIMULATION PARAMETERS

Real-time simulation parameters values
Sample time 10us
kp, k; 0.012, 0.034
k=kyr 0.5
Ko 20

A. System Description

This paper presents an edge-of-grid system that uses a
2.2kW SEIG as the source. A combination of linear and
non-linear dynamic loads is applied to the SEIG to study the
overall system’s dynamic performance. A three-phase, delta-
connected induction machine was connected to a bank of
delta-connected capacitors to make it SEIG. Equation (14)
represents the minimum capacitance required per phase in the
delta configuration [3], [7]. In (14), Vi, fb, and QsErc denote
the phase-to-phase voltage, base frequency and reactive power
of the induction machine. From equation (14) the capacitance
value required is determined as 13uF'. The SEIG was set to
run at the speed of 1530 RPM, which is at (-2% slip), to run
the SEIG at maximum efficiency. During no-load, the terminal
voltage and frequency of the SEIG appear to be 430.45V and
50.98H z.

_ QsEeIG
3x V5 x2x7mx fy

Cmin—delta/phase(CC) (14)
The PQIs arise due to the dynamic load is reduced by
using a SAPF, which consists of a voltage-source inverter
connected to a DC link capacitor C' on the DC side and
a filter inductance L; in each phase on the AC side. To
compensate the real power, the SAPF power must be at least
0.1 per unit of the system’s base power. Considering the power
of the SEIG as 2.2kW, the required power of the SAPF should
be 220WW. However, the power delivered by SEIG likewise

deteriorates, when the speed of SEIG decreases. Hence, to
compensate the degraded power, including the mitigation of
PQIs simultaneously, the parameters of SAPF can be designed
using equations (15, 16, 17) [34]. The DC voltage of the
SAPF can be estimated using the modulation index (m) and
the system voltage between the two phases (V), as shown in
equation (15).

2\/§VS
Vbe = 15
DC J3m (15)
The DC-link capacitor can be calculated from (16).
3Vslgt
C= 55 (16)

[(Vbc)? = (Vbem)?]
Where, I, is the current to be supplied from the SAPF, Vpey,
is the minimum DC voltage of the SAPF, and ¢ is the SAPF
response time and compensating power that the SAPF must
provide for a single AC cycle, which can be considered to be
20ms [12], [34]. The Vpcn, can be estimated by assuming an
8% dip in the DC voltage (i.e., for 700V, it will be 644V).
The Ly value can be calculated from (17), where a is the
current rating, which varies between 120% and 180% during
transients.
~ V3BmVpe
 12afsiepp
The ripple current 4,, through the filter inductance is allowed
to be 5%. The design parameters of the SAPF are elaborated
in Table IV.

Ly (17)

TABLE IV
SAPF DESIGN PARAMETERS

Design parametrs values
DC voltage 700V
Switching frequency (fs) 20kHz
Rating factor (a) 1.25
Modulation index (m) 0.9
Ripple current (écpp) 0.25A

B. Real Time Results

The SEIG-based edge-of-grid system is examined under
various dynamic loading conditions. The real-time results of
all three phases under load variation are displayed in Fig. 10
and 11. The real time results displayed in Fig. 10 and 11
are converted to per unit of the actual voltage and current
signals. All the currents and voltages signal shown in Fig. 10
are of 10A and 10V amplitude corresponding to the actual



SAMANTA et al.: HYBRID MDSOGI-ROGI CONTROL STRATEGY FOR MITIGATING HARMONICS AND UNBALANCE

¢ SAPF turned ON : Load incre

314

ment Load removed from Phase C

Dwx!zmaumg%;s, m.z;[:;:/a ‘54mssuun/ 2984s 20003/ Sto nsoxums,uszzz%strm:hz;g;ﬁ ﬂfmﬁEDDN 4078 20,003/ Stop m‘mam@mm?n‘gﬁﬁmﬁw 15655 2000/ Stoy
Phase A NN hase A o L T L[  Phase A
N m N | i /\\i \ \ WA 0 ;
SVEvAVAVAvEY I RVE RURTRVEVAVIVAY B VAVAVAVAVAVRTRVEY
] M‘-’ f' \/ \vi {\'\V / V\“-v/ N\V,f M\VI ﬂ/\\‘ m\ / m | JAV \V/ Jﬂ \EV/ Jn\\vl' \’A\k\‘ / (\VA\\ v/ ‘Y' \\:/ \J" A\ ‘\J/ j\ \ i \v //fl\\ ‘-./‘Jf\ V/ A\ "‘v //{A
» ) \ , WIS NS IMINIRIASINS
W IW W W N IO W YT
N 1 7 1 A A Y TV
m|m,u&z757:$7us. Nwz;a‘u?i ”42m5§DUAI 5632 20003/ Stoy Dsuxmal;,cmgaﬂ?:n}mnguwggmaznaw 6752 20003/ Stop mwmnﬁzzgﬁéu Pumgtl‘g:flﬁm?uw 5.343 20,003/ St
A TATA A AT T A N AT VA i i i i
AR A LA A A A AR A AR A A
WANANTALE L AN I AN AW/A ANANAW.
[RVRYERVEY VEVAVILVRVAVRVAUR IVIEVAVEYRVEYRYR VALY
V\\\'/ V\U JV\\‘( M\J’ " /} /. J \V/,{A\\ / Yﬂ\\“/ /\[/\\\\5/ f\ﬂ\v\/ m\\\j N\\\/JAVA\ \\: t’/ r\\_;j\'\v JA\\.“’ 'A\'\j vA"'v"’J\v | \\"‘-V.f‘
A B P AL I )
W W W WS WY MWW S N Y
VW wr Wy Wy v v v v v v
T T s 2/ St s m@ﬁﬂ“:‘“s@é’ff“ﬁ&w -2300s  20.003/ Stop s uszzgﬁmmzﬁqu: mamfu 0a/ 11785 20003/ Stop
B V A ‘P;haSeDC A A A A /«Pha © C] A A A Py Ph;\ase ¢
N A A R R AAA A (AR A A A AR AR
ViV WANAANANAWAW W (WAHANANANIW iTANANAW/WANANATANA
VSRV mvEvavaiviLy I IVILYAVEVERVRTRVAVAYI I /RVRVEVILVEVEVEVE
VIVIVI VL Y \/ \V/ \V/ VI vy M\V/ !\\V/ A\VV/ iy ,\V/ VERVERVIERY \ /
AN N LN MLIN VIV (G L ¥ N6V L L L UL 0 B R VOB
WIWAWW W W W W AR SR/ TER T EATERT a Y
i oW wWer W
(@) (b) (©

Fig. 10. Real-time result for dynamic and unbalanced loaded condition

[ch—2 (green colour): SEIG terminal voltage, ch — 3 (blue colour):

source current, ch — 4 (red colour): load current] (a) during SAPF turned ON, (b) when load is increased, (c) during unbalanced loaded

condition.

magnitude level. The result represented in Fig. 10a, indicates
both uncompensated results and the result after compensating
from the SAPF. The load is increased and made unbalanced
once the SAPF is connected to the system, and the results are
presented in Fig. 10b, 10c. The corresponding RMS values of
the three-phase SEIG voltages, including the DC voltage of
SAPF, under dynamic load variations are shown in Fig. 11.
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Fig. 11. DC-link voltage of SAPF and RMS voltage of SEIG. ch —1
(yellow colour): RMS voltage of phase B, ch — 2 (green colour):
DC- link voltage, ch — 3 (blue colour): RMS voltage of phase C,
ch — 4 (red colour): RMS voltage of phase A.

When the load is connected to the system, it is observed taht
the terminal voltage of the SEIG is degraded to 358.6V, and
an increase in load current THD to 34.37%. After introducing
SAPF to the system the voltage increases to 445V and the
source current THD is reduced to 0.91%. During the increment
of the load by switching ON (R,), shown in Fig. 3, the voltage
degrades to 321V, without compensating from SAPF. The
terminal voltage and load current THD of SEIG appear to be
5.07% and 28.83%, respectively. From Fig. 10b, it is analyzed
that after compensating with the SAPF, the terminal voltage
of SEIG and source current THD are reduced to 0.14% and
0.74%, respectively. Also the the terminal voltage of the SEIG
increases to 450V, as analyzed from Fig. 11.

An unbalanced loaded condition is also performed in the
system by removing the load from phase C. During an
unbalanced loaded condition, the terminal voltage of phase
(A, B, C) reduced to 366.1V, 367.5V, 394.4V, without SAPF.
The THD of the voltage of phase (A, B, C) increases to
19.03%, 11.37%, 7.34% and the THD value of the load current
of phase (A and B) increased to 24.99%. However, through
SAPF, the terminal voltage is maintained between (445 to
448)V under an unbalanced loaded condition, as shown in Fig.
11. After connecting SAPF to the system, the THD of voltage
of phase (A, B, C) is reduced to 0.30%, 0.27%, 0.46%, and the
THD of source current is corrected to 2.15%, 2.35%, 2.02%
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for phase (A, B, C), respectively. From The DC-link voltage
of the SAPF remains stable at 700V when the load is turned
off, and the SEIG terminal voltage is maintained at 420V, as
shown in Fig. 11. Additionally, after connecting the SAPF,
the PF is also modified from 0.7 to closer to unity. In various
dynamic performances, it is noted that the settling time of the
overall system is less than 0.56s.

Furthermore, it can be inferred that after connecting SAPF
to the system, the terminal voltage of SEIG can be maintained
between (420-450)V, under dynamical load variations. The PF
is maintained nearly at unity. The THD of source voltage and
current is maintained below 5%. Additionally, it is observed
that the source side of the SEIG remains balanced, despite
being connected to an unbalanced load. The overall settling
time of the system is below 0.56s, with a maximum over-
shoot of 2.2% of DC-link voltage, that occurs during load
shedding. The results of SEIG at different loading conditions
is summarized in Table V.

! Load increment
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Fig. 12. Comparison of three-phase source current waveforms using
SOGI, MDSOGI, MSTOGI, and MDSOGI-ROGTI control scheme: (a)
during load increment and (b) under unbalanced load conditions.

C. Comparative Analysis

The MDSOGI-ROGTI based control scheme has also been
compared with existing SOGI, MDSOGI, MSTOGTI techniques
to prove its effectiveness. It is found that in the control
schemes, PLL is the most vital component to be implemented
for the edge-of-grid system where there is a deviation in
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Fig. 13. Harmonics spectrum of source current after compensation
using different generalized integrator control scheme. (a) SOGI, (b)
MDSOGI, (c) MSTOGI, (d) MDSOGI-ROGI.

TABLE V
RESULT SUMMARY
PQI Phase  Phase Phase
Status Events A B C
PF 0777 0777 0777
Application I, THD (%) 3437 3437 3437
of load Vs THD (%)  5.07 5.07 5.08
Vams (V) 3586 3586  358.6
PF 0.828  0.828  0.828
without  Load I, THD (%) 28.83 2877  28.83
SAPF increment  y, THD (%)  5.07 5.07 5.08
Vaums (V) 321 321 321
PF 0.829 0.79 -
Unbalanced  Is THD (%) 2499  24.99 -
load Vs THD (%)  19.03 11.37 7.34
Vams (V) 366 367.8 3945
PF 0995 0995  0.995
SAPF I, THD (%) 091 0.9 0.87
turned ON v, THD (%)  0.11 0.12 0.14
Vams (V) 445 445 445
PF 0997 0997  0.997
with Load I, THD (%)  0.74 0.77 0.74
SAPF increment  y, THD (%)  0.13 0.14 0.13
Vaums (V) 450 450 450
PF 0.99 0.99 0.99
Unbalanced  Is THD (%)  2.15 2.35 2.02
load Vs THD (%)  0.30 0.27 0.46
Vams (V) 44658 4471 44798

frequency. Without tracking the angular frequency of the
source and implementing it to generate o and 3 signals, the
entire control loop will under perform. The comparison of the
different generalized integrator performance under balanced
load increment condition is illustrated Fig. 12a. It is observed
that MDSOGI-ROGI scheme is capable of eliminating 5
and 7' harmonics better than SOGI, MDSOGI and MSTOGI
schemes. The detailed harmonics analysis under balanced
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TABLE VI
COMPARISON OF HARMONICS ANALYSIS

Harmonics Parameters Without SAPF  SOGI MDSOGI MSTOGI MDSOGI-ROGI
st THD, (%) 4.94 0.55 0.36 0.30 0.04
THD; (%) 25.12 23 1.44 1.35 0.25
" THD, (%) 1.02 0.31 0.18 0.18 0.07
THD; (%) 9.25 2.37 1.35 1.36 0.33
Lt THD, (%) 0.56 0.01 0 0.01 0.01
THD; (%) 9.06 0.21 0.08 0.09 0.22
Total Harmonics  THDv (%) 5.08 0.65 0.41 0.36 0.13
THD; (%) 28.83 3.38 2.10 2.01 0.74
. reported was less than 0.56s.
—&— SOGI
1 et IV. CONCLUSION
61 T MPSOGEROG! The PQI of SEIG in a standalone system is mitigated using
51 SAPE. The MDSOGI-ROGI control scheme demonstrated its
S 4] effectiveness in responding to dynamic voltage and frequency
_E variations of the SEIG. The THD of voltage and current
3 of SEIG has been reduced to below 5%, as per the IEEE
2+ 519-2022 standard, and PF is improved to 0.99, which is
1 near unity PF. The settling time of the system is minimized
0 e below 0.56s. The voltage of the SEIG has been regulated by
0 10 20 30 40 50 60 70 80 90 100 (420 to 450)V after compensation from SAPF. Furthermore,

Load (%)

Fig. 14. Source current THD variation results after compensation.

load increment is tabulated in Table VI and the harmonics
spectrum is represented in Fig. 13. When the control schemes
are introduced for unbalanced loaded conditions, then the
SOGI-based scheme cannot make the system balance. In
contrast, MDSOGI, MSTOGI and MDSOGI-ROGI can make
the system balance as represented in Fig. 12b. Although, the
MDSOGI and MSTOGI schemes will produce more harmonics
than the MDSOGI-ROGI scheme. Additionally, one phase
will produce less power under the MDSOGI and MSTOGI
scheme compared to the MDSOGI-ROGI scheme. It is inferred
that MDSOGI-ROGI based control schemes have the best
capability of eliminating harmonics compared to the SOGI,
MDSOGI, MSTOGTI scheme under varying loaded conditions,
as represented in Fig. 14. Since the QT-1 PLL is incorporated
in all the schemes, the MDSOGI-ROGI provides superior
harmonic suppression up to approximately 70% of the rated
load, resulting in lower THD compared to other generalized
integrators within this operating range. From Fig. 14, it is
analyzed that under balanced conditions, MDSOGI-ROGI and
MSTOGI schemes show almost identical THD performance
beyond this loading threshold, while the edge-of-grid SEIG
system has a notable frequency drop (below 49 H z). However,
as Fig.12b makes evident, that the MDSOGI-ROGI consis-
tently performs better than the MSTOGI under unbalanced
load situations, providing superior system balancing and en-
hanced harmonic suppression. Furthermore, the research work
presented in [14], [15] reported a settling time of 1.8s for
the SEIG-based edge-of-grid system, whereas in this proposed
work, using the MDSOGI-ROGI scheme, the settling time

under the unbalanced condition, the system becomes balanced
after compensation. Future work will focus on the hybrid
MDSOGI-ROGI control scheme to be implemented in real
time on hardware. The major goals will be to maintain the
frequency at 50Hz and the SEIG terminal voltage at 415V,
and make it feasible for a standalone renewable energy system.

APPENDIX

A. Parameters of 2.2 kW, 415 V, 50 Hz, /\- connected, 4-
pole induction machine developed as SEIG in simulation:
R,=3381Q, R.=2.87 Q, X;s= X;r=4.45 Q, X,,= 87.010
Q
B. Parameters of SAPF:

DC-link capacitor (C)= 470 pF', Filter inductor (Lf)= 15 mH
C. Load parameters:

CDC= 100 [LF, RDC= 650 Q, Rd= 650 Q, R= 350 Q, L=
600 mH
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