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Abstract—Traditional current reference generators (CRGs)
used in low-voltage ride-through (LVRT) control schemes often
optimize a single objective, such as minimizing power oscillations,
at the expense of other performance metrics such as total harmonic
distortion (THD). This article proposes a many-objective optimized
current reference generation strategy (MaO-OCRGS) that yields
a set of tradeoff solutions, each defined by proposing two decision
variables and their associated power quality performance metrics,
i.e., power oscillations (Δp, Δq), THD , and the unbalance index
(UI ). A hybrid physics-based and data-driven (HPD) approach
is proposed to construct the performance objective functions of a
many-objective optimization (MaOO) problem, where the power
oscillations are theoretically derived, and an artificial neural net-
work (ANN) is proposed to model the relationships between the
decision variables and current-related metrics (THD and UI ).
A nondominated sorting genetic algorithm III (NSGA-III) is em-
ployed to solve the MaOO problem, yielding a set of optimal
decision variables. A subsequent postoptimization selection then
identifies feasible solutions that prioritize one performance metric
while keeping the others within acceptable limits, thereby avoid-
ing undesirable tradeoffs and resulting in three optimized CRGs.
Experimental validation demonstrates that the optimized CRGs
achieved through the proposed MaO-OCRGS effectively enhance
one performance objective without unacceptable degradation in
others, as the other metrics are maintained within their predefined
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limits, thus offering flexibility while enhancing the overall LVRT
performance under unbalanced voltage conditions.

Index Terms—Artificial neural network (ANN), current
reference generators (CRGs), distributed generations (DGs), grid-
connected inverter, low-voltage ride-through (LVRT), NSGA-III,
voltage sags.

I. INTRODUCTION

IN RECENT years, the global adoption and implementation
of distributed generation (DG) systems have surged. This

paradigm shift in power generation and distribution has gained
momentum due to various factors, including advancements in
renewable energy technologies, evolving consumer preferences,
and the need for a more resilient and sustainable energy infras-
tructure [1], [2], [3], [4], [5]. However, the widespread integra-
tion of DG introduces significant challenges to the continuity
of power system service, particularly during disturbances. One
of the most critical disturbances is the voltage sag. The growth
of DG systems, particularly in the form of renewable energy
sources, increases variability and uncertainty in power system
operation, which can exacerbate voltage sags due to the intermit-
tent nature of DG output [6], [7]. Additionally, the decentralized
deployment of DG often alters power flow patterns and system
impedance, making the grid more susceptible to voltage sags
during faults or sudden load changes [8].

When the grid experiences a fault or a dip in voltage, DG
systems are designed to dynamically adjust their power output
to support the point of common coupling (PCC) and ride through
the voltage deviation. This capability, known as low-voltage
ride-through (LVRT) [9], [10], [11], [12], has become a crucial
requirement for the DG systems to facilitate seamless integra-
tion, ensuring that DG units remain connected during voltage
sags. The most widely implemented approach for LVRT is to
control the inverter to regulate the reactive power injection [13],
[14], [15], [16], [17]. This method plays a pivotal role in
stabilizing voltage levels and supporting grid integrity during
disturbances.

For instance, Fig. 1(a) shows a three-phase grid-connected
DG system, typically comprising multiple DG units, which can
work in parallel in grid-following (GFL) or grid-forming (GFM)
mode to supply power from the distributed sources (DSs) to
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TABLE I
TRADITIONAL CURRENT REFERENCE GENERATORS

Fig. 1. Three-phase grid-connected DG system. (a) Circuit configuration.
(b) The equivalent circuit and control scheme for DG1.

the main distribution network and the local loads. Here, DG1

implementing a GFL inverter serves as a controlled current
source while DG2 functions as a controlled voltage source with
the inverter working in GFM mode. This research focuses on
the GFL mode, which is commonly used in such configurations
due to its straightforward implementation and grid compliance.
Owing to the parallel operation, when a fault occurs at the
PCC, individual DG units and their control scheme should be
properly designed according to the equivalent condition of the
PCC voltage. Thus, as depicted in the equivalent circuit shown
in Fig. 1(b), the components beyond the PCC from the DG1

perspective can be represented by a simplified grid model, where
the voltage sag is part of the equivalent circuit. In response, the

individual DG unit, e.g., DG1 working in GFL mode, delivers
the required power by following a suitable current reference
i� for the injected current i. This current is managed by the
DG Unit Control Scheme in accordance with a desired current
reference generator (CRG) that targets several system demands,
e.g., current imbalance and distortion, and power oscillation (see
Table I).

In general, the main characteristics of power and current
during different voltage sags, as summarized in [18] and [19],
highlight the significant efforts made to mitigate the adverse
effects of unbalanced grid conditions, where unbalanced cur-
rents and oscillating power severely degrade power quality [20],
[21], [22]. The traditional CRGs) for unbalanced operation are
reported in [23], [24], [25], [26], and [27]. They are known
as instantaneous active and reactive control (IARC), average
active and reactive control (AARC), instantaneously controlled
positive-sequence (ICPS), positive-and negative-sequence con-
trol (PNSC), and balanced positive-sequence control (BPSC).
The main strengths and drawbacks are summarized in Table I.
Note that, the performance requirement, i.e., constant powers,
balanced current, and reduced harmonic distortion can be indi-
vidually achieved by these traditional CRGs. However, standard
CRGs are typically designed to optimize individual performance
objectives separately, without accounting for tradeoffs or inter-
actions with other metrics. As a result, nonprioritized metrics
may exceed acceptable limits.

In [23], different traditional CRGs are applied to inject active
power during grid faults. However, for simplicity, reactive power
injection is assumed to be zero, which limits the voltage support
during voltage sags. Pola et al. [28] introduced a comprehensive
IARC (C-IARC) to transition between sinusoidal current and
minimized power oscillations. However, the balance of the
three-phase current is left uncontrolled. A current reference
that regulates the positive and negative sequence of the current
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flexibly during unbalanced sag conditions is proposed in [29].
Then, in [30], the control parameters are selected to eliminate
the active power ripple, yet leaving the reactive power ripple
unregulated. Moreover, to suppress the THD, this flexible
positive and negative sequence current injection neglects the
oscillation term caused by the cross-interaction of the different
sequences. However, this inherently compromises the integrity
of the current injection and lacks a direct connection with the
traditional CRGs. Castilla et al. [31] introduced two decision
variables to regulate the oscillation in power and current. But
the algorithm can only govern two of the three performance
metrics, e.g., Δp and Δq, leaving the other one, e.g., THD ,
uncontrollable. Thus, despite advancements in addressing un-
balanced conditions, balancing the tradeoffs between current
and power performance in CRGs remains a challenge.

Based on the above discussion, this article proposes a many-
objective optimized current reference generation strategy (MaO-
OCRGS). The design includes the addition of two decision
variables into the CRG, which aim to combine the advan-
tages of the traditional CRGs described above, thus governing
three performance metrics, i.e., THD and Δp, Δq, but also
introducing a fourth metric, defined as the unbalance index
(UI ) to provide a more comprehensive assessment of system
performance during unbalanced voltage sags. This CRG was
first presented in a conference paper [32]. The selection of
the decision variables was not yet discussed in detail. This
selection starts with the characterization of the relationship
between decision variables and the performance metrics, since
modifying the variables directly alters the metric values. The
relationship for the power-related performance metrics (Δp and
Δq) is theoretically derived. However, the effect of these deci-
sion variables on the current behavior, i.e., THD and UI cannot
be established using straightforward analytical expressions. To
address this challenge, an artificial neural network (ANN)-based
current behavior model is proposed. ANNs effectively model
complex, nonlinear relationships while substantially reducing
computational burden through efficient training [33] and are
widely used in power electronics [34], [35], [36], [37]. Unlike
traditional methods, which struggle with complex relationships
and require manual feature design, ANNs automatically learn
patterns, offering greater accuracy and scalability. The theo-
retical power oscillation and the trained ANN-based current
behavior model construct hybrid physics-based and data-driven
(HPD) performance objective functions that evaluate all the
aforementioned performance metrics, which are used to for-
mulate the many-objective optimization (MaOO) problem. An
optimal solution set that provides optimized tradeoffs between
competing objectives is then obtained through optimization,
from which the final optimal decision variables are determined
through a postoptimization selection algorithm, leading to the
optimized CRGs. Unlike traditional CRGs, which typically
adopt a multimode optimization approach, this process performs
a true multiobjective optimization. More specifically, the formu-
lated problem considers four conflicting performance metrics
within a unified framework, enabling the evaluation of tradeoffs.
This optimization is conducted offline using a nondominated
sorting algorithm III (NSGA-III), a powerful MaOO algorithm

capable of handling complex objective functions and large
search spaces. This algorithm has demonstrated superiority over
other optimization approaches by maintaining strong diversity,
robust convergence and higher computational efficiency in deal-
ing with MaOO problems [38], [39], [40], [41]. Unlike NSGA-
II and the strength Pareto evolutionary algorithm 2 (SPEA2),
which struggle with maintaining diversity and performance as
the number of objectives increases, NSGA-III uses a reference
point-based mechanism that ensures a better distribution of
solutions across the Pareto front without the need for objective
weighting. Additionally, while algorithms like particle swarm
optimization (PSO) can suffer from premature convergence and
difficulty in exploring the search space, NSGA-III’s elitist selec-
tion and structured reference points improve both convergence
and diversity, making it more effective for MaOO problems.

Therefore, the main contributions of this work are summa-
rized as follows.

1) To propose an MaO-OCRGS for DG systems under unbal-
anced voltage sags, integrating features from traditional
CRGs i.e., IARC, AARC, ICPS, PNSC, and BPSC.

2) To enhance the overall LVRT performance of CRGs
considering THD , Δp, Δq, and UI while maintaining
them within predefined limits with the optimized CRGs
obtained via the proposed MaO-OCRGS.

3) To demonstrate that the proposed strategy, combining
the proposed HPD performance objective functions with
NSGA-III-based optimization offers potential for address-
ing MaOO problems in CRGs design for LVRT support.

The rest of this article is organized as follows. Section II
discusses the main components of the DG unit control scheme
for LVRT support. Section III introduces the proposed CRG.
Section IV formulates the MaOO problem using HPD perfor-
mance objective functions. Section V describes the NSGA-III-
based optimization for the decision variables of the proposed
current reference. Section VI investigates a case study where
the optimal decision variables are selected using the proposed
MaO-OCRGS through simulation while the experimental val-
idation of the proposed strategy is presented in Section VII.
Finally, Section VIII concludes this article.

II. DG UNIT CONTROL SCHEME FOR LVRT SUPPORT

Let us investigate the current injection and power delivery
mechanisms in the DG system shown in Fig. 1. The instanta-
neous inverter output current, io, PCC voltagev, injected current
i, and grid voltage vg vectors are denoted as

io =
[
ioa iob ioc

]T
(1a)

v =
[
va vb vc

]T
(1b)

i =
[
ia ib ic

]T
(1c)

vg =
[
vga vgb vgc

]T
. (1d)

Expressed in the stationary two-axis form by the αβ transfor-
mation, the three-phase vectors are transformed from abc to αβ
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as follows:

ioαβ =
[
ioα ioβ

]T
=

[
Γabc
αβ

]
io (2a)

vαβ =
[
vα vβ

]T
=

[
Γabc
αβ

]
v (2b)

iαβ =
[
iα iβ

]T
=

[
Γabc
αβ

]
i (2c)

vgαβ =
[
vgα vgβ

]T
=

[
Γabc
αβ

]
vg (2d)

where [Γabc
αβ ] is the αβ-transformation.

According to the instantaneous power theory [42], the instan-
taneous active and reactive power delivered to the PCC point,
i.e., p3φ and q3φ, can be expressed in terms of the PCC voltage
and injected current, such that[

p3φ

q3φ

]
=

3

2

[
vα vβ

vβ −vα

][
iα

iβ

]
=

3

2
[vαβ ] iαβ . (3)

In general cases, under balanced or unbalanced grid voltage,
the grid voltage and current can be decomposed as follows:

vαβ = v+
αβ + v−αβ (4a)

iαβ = i+αβ + i−αβ (4b)

where the signs + and − represent the positive and negative
sequences of the corresponding vectors, consisting of αβ com-
ponents. Taking (4) into (3), active and reactive power can be
expressed as

p3φ = p+ p̃ (5a)

q3φ = q + q̃ (5b)

where

p = v+α i
+
α + v+β i

+
β + v−α i

−
α + v−β i

−
β (6a)

p̃ = v+α i
−
α + v+β i

−
β + v−α i

+
α + v−β i

+
β (6b)

q = v+β i
+
α + v−β i

−
β − v+α i

+
β − v−α i

−
β (6c)

q̃ = v+β i
−
α + v−β i

+
α − v+α i

−
β − v−α i

+
β . (6d)

The instantaneous active power p3φ and reactive power q3φ

can be decomposed into two distinct components: the constant
components p and q, which emerge from the interaction of
identical current and voltage sequence components, and the
oscillating components p̃ and q̃, which arise from the interaction
of different sequence components.

To guarantee the aforementioned power transfer during both
normal operation and voltage sag conditions, the DG unit control
scheme, incorporating LVRT capability, comprises three key
components: sequence extraction and grid estimation, CRG, and
current controller.

A. Sequence Extraction and Grid Estimation

As demonstrated in Table I, the generation of the current
reference involves the sequence extraction of the PCC voltage,
which is performed by a sequence separation method (SSM). In

Fig. 2. SOGI-QSG. (a) SSM applying SO-SOGI-QSG and (b) grid voltage
estimation.

this article, delayed signal cancellation (DSC) [43] is employed
to calculate the positive sequence and negative sequence

v+
αβ =

[
Γabc
αβ

]
v+
abc =

[
Γabc
αβ

]
[Γ+]

[
Γabc
αβ

]T
vαβ,1 (7a)

=
1

2

[
1 − ⊥
⊥ 1

]
vαβ,1

v−αβ =
[
Γabc
αβ

]
v−abc =

[
Γabc
αβ

]
[Γ−]

[
Γabc
αβ

]T
vαβ,1

=
1

2

[
1 ⊥
− ⊥ 1

]
vαβ,1 (7b)

where [Γ+] and [Γ−] represent the positive and negative se-
quence operation, respectively. vαβ,1 represents the fundamen-
tal component of vαβ . Multiplying the operator⊥ by any signal,
e.g., ⊥ vα,1, represents a delayed version of the original signal,
shifted by π/2, i.e., yielding vα⊥,1, which can be obtained with
a second-order generalized integrator (SOGI). The SOGI is an
effective solution for filtering and shifting which serves as a
quadrature signal generator (QSG) [44]. As per [44], its in-phase
output and quadrature output closely approximate sine waves,
the fundamental components, v1 and v⊥,1. Here, a second-order
SOGI-QSG (SO-SOGI-QSG) is used to ensure reliable filtering.
Fig. 2(a) illustrates the structure and the implementation of the
SSM employing the SO-SOGI-QSG. As will be discussed later,
the dynamic performance of the sequence extraction method is
not expected to significantly affect the CRG operation, then the
gain parameters of the SO-SOGI-QSG (see [45] for kSOGI1 and
kSOGI2) are set to provide a balance between dynamic response
and filtering capability [31].

The operational mode of the DG unit control scheme, whether
during normal operation or voltage sag conditions, is determined
by the grid voltage status. Although direct measurement of the
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grid voltage is not feasible, it can be estimated using the PCC
voltage and the injected current as

vg = v − Lg
d i

d t
(8a)

vg⊥ = v⊥ − Lg
d i⊥
d t

(8b)

where v⊥, vg⊥, and i⊥ are the 90◦ phase-shifted PCC voltage,
grid voltage and injected current, respectively. And Lg is the
equivalent grid inductance. In this article, the root-mean-square
(rms) value of an arbitrary variablex can be calculated using x̌ =√
(x2

1 + x2
⊥,1)/2. The rms value of the grid voltage is therefore

readily obtained. In Fig. 2(b), the estimation of the grid voltage is
shown in detail. Note that, although SO-SOGI-QSG considers
the aforementioned filtering capability, in this article the grid
is considered without harmonics. Thus, potential harmonics as
well as a nonideal grid impedance, e.g.Lg , is considered beyond
the scope of this work.

B. Current Reference Generator

From (4b), the injected current becomes distorted due to the
presence of negative sequence components introduced by an
unbalanced fault, which, as indicated by (6c) and (6d), also
leads to power oscillations caused by the interaction of negative
sequence components in the injected current and voltage. These
oscillations can negatively impact the grid [46]. Although the
voltage components of the grid remain uncontrollable, the cur-
rent components injected can be effectively regulated through
a suitable CRG in combination with a current controller, which
ensures that the injected current adheres to its current refer-
ences. As described in Table I, while numerous CRGs have
been developed, achieving specific performance objectives often
requires compromising other aspects of system performance,
which causes tradeoffs. To deal with these tradeoffs in the
traditional CRGs, in this article, the current reference for the
DG unit control scheme is generated by following the proce-
dure of the proposed MaO-OCRGS, which consists of the pro-
posed current reference, the MaOO problem, and the proposed
NSGA-III-based current reference optimization. The detailed
implementation of each step is provided in the next sections.

C. Current Controller

A model predictive control (MPC) is selected as the cur-
rent controller due to its fast response and reliable dynamic
performance required by the reference change between normal
operation and sag conditions. Unlike many studies that focus on
controlling the inverter output current io, this MPC controller
directly governs the injected current i. Consequently, the injected
current is predicted with

iαβ(k + 1) = A1(3, 1)ioαβ(k) +A1(3, 2)vαβ(k)

+A1(3, 3)iαβ(k) +B1(3, 1)v0(k) +B2(3, 1)vgαβ(k) (9)

where A1 = eATs ,B1 =
∫ Ts

0 eAτB dτ,B2 =
∫ Ts

0 eAτBd dτ .
Matrices A, B, and Bd are formed as

A=

⎡
⎢⎣ 0 −1/Lf 0

1/C 0 −1/C
0 1/Lg 0

⎤
⎥⎦ ,B=

⎡
⎢⎣1/Lf

0

0

⎤
⎥⎦ ,Bd=

⎡
⎢⎣ 0

0

−1/Lg

⎤
⎥⎦

where Lf and C denote the inductance and the capacitance of
the LC filter, respectively.

Note that the injected current iαβ and capacitor voltage vαβ

are measured. The dc side voltage Vdc is assumed to be constant,
and the inverter current can be estimated as

ioαβ(k) = iαβ(k) + C/Ts · [vαβ(k)− vαβ(k − 1)] . (10)

The cost function, which states the error between the injected
current iαβ and the proposed reference i�αβ , is calculated for
each switch combination as

g = (iα − i�α)
2 + (iβ − i�β)

2. (11)

Finally, the optimal switching combination is chosen to be the
one that minimizes the cost function g

Siabc = argmin(g) (12)

where Siabc = [Sia Sib Sic]
T . Siφ is the inverter switching sig-

nal of phase φ, indicating the ON/OFF state of the corresponding
switch. Specifically, Siφ = 1 corresponds to the upper switch
being ON and the lower switch being OFF, whileSiφ = 0 indicates
the opposite configuration.

III. PROPOSED CURRENT REFERENCE GENERATOR

In this section, the output of the CRG, i.e, current reference,
is defined for both normal operation and voltage sag conditions.
The aim is to unify the traditional CRGs by analyzing their trade-
offs and integrating their characteristics. First, rather than fol-
lowing predefined LVRT control strategies, the power references
P � and Q�, which are then embedded in the current reference,
are determined according to the rated apparent power S� based
on the following expression (originally proposed in [32] with
detailed derivations):

Q� =

⎧⎨
⎩

0 ,Δv̌sag% ≤ 0.1(√
S�2·(X2

g +1)−Δv̌sag
2·V 2

g +Δv̌sag·Xg·Vg

)

X2
g +1 ,Δv̌sag% > 0.1

P � =
√

S�2 −Q�2 (13)

whereΔv̌sag is the voltage sag, defined as the difference between
the nominal grid voltage Vg and the voltage at the sag phase
v̌sag, i.e., Δv̌sag = Vg − v̌sag. Its percentage form is given by
Δv̌sag% = Δv̌sag/Vg.Rg andXg are the resistance and reactance
of the transmission line. Note that the current amplitude can be

calculated as I =
√
2S�

3v̌ , where v̌ =
√
(v2α + v2β)/2. During a

severe voltage sag, v̌ decreases significantly, potentially lead-
ing to an excessive increase in current if the apparent power
reference S� remains unchanged. To prevent this, a current
limit is added to constrain the current by adjusting the apparent
power when the current amplitude I > Ilimit. Since the current
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TABLE II
DECISION VARIABLES SETTING FOR TRADITIONAL CRGS

amplitude is directly related to the apparent power, constrain-
ing the apparent power to Slimit = 3Ilimitv̌/

√
2 ensures that

the resulting current does not exceed Ilimit, i.e., I =
√
2Slimit
3v̌ =√

2(3Ilimitv̌)

3
√
2v̌

= Ilimit. Otherwise, when I ≤ Ilimit, the apparent
power follows its reference value S�. The aforementioned
current constraint is implemented by modifying the active
and reactive power references as P � = min(S�,Slimit)

S� P �, Q� =
min(S�,Slimit)

S� Q�.
Then, the current references i�α and i�β (see Table I) can be

defined using voltage sequences as in (7) and the power refer-
ences as in (13), considering the current limit described above.
However, as discussed before, the main drawback is the tradeoff
nature of the traditional CRGs. For instance, comparing IARC
with AARC, AARC generates a sinusoidal current waveform
with oscillated power by removing the oscillating term D̃. In
contrast, IARC can eliminate power oscillations, but at the
expense of a distorted current. The extreme characteristics of
AARC and IARC can be mitigated by introducing a decision
variable c1 that adjusts the proportion of D̃ as

Dc = D̄ + 2c1D̃ (14)

where c1 varies between 0 and 1. This approach effectively
balances the benefits and drawbacks of both IARC and AARC.

Comparing BPSC, ICPS, and PNSC, a decision variable c2
ranging from−1 to 1 is further introduced to change the partici-
pation of the negative sequence component, thereby influencing
current balancing

v+
αβ + c2·v−αβ . (15)

By incorporating c2, (14) is updated as follows:

Dc = D̄+ + c2·D̄− + 2c1D̃. (16)

Thus, implementing the decision variables c1 and c2 as (15)
and (16), this article proposes a current reference as

i�α =
2

3

[
P �(v+α +c2v

−
α)

D̄++c2D̄−+2c1D̃
+

Q�(v+β +c2v
−
β )

D̄++c2D̄−+2c1D̃

]
(17a)

i�β =
2

3

[
P �(v+β +c2v

−
β )

D̄++c2D̄−+2c1D̃
− Q�(v+α +c2v

−
α)

D̄++c2D̄−+2c1D̃

]
. (17b)

Note that the traditional CRGs can still be implemented by
setting the decision variables as per Table II. The ranges of c1 and
c2 are then determined as 0 ≤ c1 ≤ 1 and −1 ≤ c2 ≤ 1, ensur-
ing full coverage of all traditional CRGs through the proposed
current reference (17).

IV. MANY-OBJECTIVE OPTIMIZATION PROBLEM

Since the decision variables c1 and c2 have yet to be deter-
mined, this section formulates an MaOO problem based on four
power quality performance metrics. The first pair of performance
metrics is classified as power-related metrics (Δp andΔq). They
are used to quantify the active and reactive power ripple as

Δp =
(p3φ − P �)max

P �
(18a)

Δq =
(q3φ −Q�)max

Q�
. (18b)

The second pair of performance metrics is classified as
current-related metrics, which are used to quantify the distortion
and level of imbalance in the injected current. The current
distortion is defined by the THD as

THD =
1

3

∑
φ∈a,b,c

√
ǐ2φ − ǐ2φ,1

ǐφ,1
(19)

where ǐφ is the rms value of the phase φ current and ǐ2φ,1 is the
rms value of its fundamental component of this phase current.
Focusing on the performance during unbalanced voltage sags, an
additionalUI is introduced to evaluate the level of the imbalance
in the three-phase current, i.e.,

UI =
max(|̌ia − ǐavg|, |̌ib − ǐavg, |̌ic − ǐavg|)

ǐavg
(20)

where ǐa, ǐb, ǐc are the rms values of the injected current of phase
a, b and c, respectively, and ǐavg is the average value of the rms
value of the three-phase current.

Finally, based on the four established performance metrics,
the next step in the proposed CRG strategy is to formulate an
optimization problem to determine the optimal decision vari-
ables that optimize these metrics.

A. MaOO Problem Formulation

The optimization problem is formulated to minimize the per-
formance metrics based on their equivalent objective functions,
while ensuring that the decision variables satisfy the given
boundaries, as follows:

PMaOO : min f(x) = min [f1(x), f2(x), f3(x), f4(x)]
(21a)

subject to 0 ≤ c1 ≤ 1, − 1 ≤ c2 ≤ 1. (21b)

The objective functions f1(x) and f2(x) characterize the
power oscillations Δp and Δq, respectively. Similarly, the
functions f3(x) and f4(x) quantify the THD and UI , both
expressed as percentages. The decision vector x is composed
of the decision variables, i.e., x = [c1, c2], with boundaries as
per (21b).

B. Hybrid Physics-Based and Data-Driven Performance
Objective Functions

The power-related objective functions f1(x) and f2(x) can
be derived in a physical basis. Taking (17) into (18a) and (18b)
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Fig. 3. ANN-based current behavior structure.

by inserting (3), the active power and reactive power oscillation
are generalized as

Δp =

[
(1− 2c1 + c2)·λ·cos(2ωt+ ϕ+

v − ϕ−v )
1 + c2 ·λ2 + 2c1 ·λ·cos(2ωt+ ϕ+

v − ϕ−v )

− Q�/P �(c2 − 1)·λ·sin(2ωt+ ϕ+
v − ϕ−v )

1 + c2 ·λ2 + 2c1 ·λ·cos(2ωt+ ϕ+
v − ϕ−v )

]
max

(22a)

Δq =

[
(1− 2c1 + c2)·λ·cos(2ωt+ ϕ+

v − ϕ−v )
1 + c2 ·λ2 + 2c1 ·λ·cos(2ωt+ ϕ+

v − ϕ−v )

− P �/Q�(c2 − 1)·λ·sin(2ωt+ ϕ+
v − ϕ−v )

1 + c2 ·λ2 + 2c1 ·λ·cos(2ωt+ ϕ+
v − ϕ−v )

]
max

.

(22b)

In (22), λ is the voltage unbalance factor, which indicates the
degree of voltage unbalance and is expressed as

λ = v̌−/v̌+ (23)

where v̌+ and v̌− denote the rms value, ϕ+
v and ϕ−v represent the

phase angles of the positive and negative sequence of the PCC
voltage, respectively. Additionally,ω is the fundamental angular
frequency of the system, and t is time.

The current-related performance objective functions in (21)
have yet to be represented. As discussed in the Introduction,
the generalization of the current-related metrics, THD and UI
is not straightforward. To address this challenge, a data-driven
approach is adopted, where an ANN is proposed to model the
current-related objective functions f3(x) and f4(x).

The proposed ANN current behavior model features a hidden
layer with 10 neurons positioned between the input layer and
output layer. The input I is the decision vector x defined as
[c1, c2] and the output O corresponds to the current behavior
performance metrics, expressed as [THD,UI]. This structure
is illustrated in Fig. 3 with the following expressions:

H = g1 (W1I+ b1) (24a)

O = g2 (W2I+ b2) (24b)

where matrices W1 and W2 are the weighting matrices in the
hidden and output layer, respectively, with corresponding bias
matrices b1 and b2. The activation functions for the hidden
and output layers are denoted by g1 and g2. Fig. 4 illustrates
the training process of the ANN-based current behavior model.

Fig. 4. ANN-based current behavior training.

The estimated grid voltage first detects the fault and then de-
termines the power reference by (13). The current reference is
then computed by the proposed CRG (17), incorporating the
decision variables, power reference, and sequence components
of the PCC voltage separated using the SSM method as (7).
For each set of the decision variables c1 and c2, the controller
governs the current to align it with the corresponding CRG.
The error between ANN-predicted current behavior and the
actual measurement (THDm, UIm) is then used to calculate
the loss J . To minimize J , the weighting matrices W and bias
vectors b are updated via backpropagation with their gradients,
progressively fitting the ANN to the actual current behavior.

In the proposed approach, both physics-based and data-driven
methodologies are integrated to determine the objective func-
tions in the MaOO problem PMaOO (21), constructing the HPD
performance objective functions. Specifically, the physics-based
model (22) is employed for f1(x) and f2(x), while the data-
driven ANN structure (24) is used for f3(x) and f4(x). This
HPD approach facilitates a comprehensive and accurate charac-
terization of the performance objective functions.

V. NSGA-III-BASED CURRENT REFERENCE OPTIMIZATION

Finally, an NSGA-III-based current reference optimization
algorithm illustrated in Fig. 5 is used to identify the opti-
mal decision variables c1 and c2, thus determining the opti-
mized CRGs. Though the tradeoffs among the performance
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Fig. 5. NSGA-III optimization for obtaining the optimal population Yop.

metrics prevent simultaneous improvement, a prioritized opti-
mization is permitted. Two steps are involved: NSGA-III op-
timization, which identifies an optimal solution set that pro-
vides optimized tradeoffs between competing objectives, and
the postoptimization selection, which seeks to enhance one
performance metric without significant compromises in oth-
ers, that is, while maintaining the others within predefined
limits.

In general, solving (21) requires an initial population Y0 to
make a fair start. As Table II indicates, the values of c1 and
c2 for the traditional CRGs cover the entire range. So here, to
ensure that the algorithm explores all traditional CRGs during
iterations, the initial population is distributed evenly around
the ranges of the decision variables c1 and c2. Then in each
iteration, a genetic operation process within the boundaries that
includes mutation and crossover operators is applied to create
the offspring population Uk [47], which is combined with the
parental population Yk as Rk. Each individual comprises the
decision vectors x and the corresponding normalized objective
functions fnorm(x), where the normalized values are obtained
by applying min-max normalization to the performance metrics
calculated from the proposed objective functions f(x). This
normalization ensures balanced consideration of each metric
during NSGA-III optimization while ensuring solution diversity
and convergence. A sorting iteration process then begins to
selectN superior individual decision vectors from the combined
population Rk.

First, all the individuals in the combined population Rk are
ranked according to the Pareto optimal principle. Individual a

dominates b if

fnorm(xa) ≤ fnorm(xb) (25)

indicating that all performance metrics of xa are not greater
than that of solution xb. Individuals are grouped into layers
F1, F2,..., Fn according to the number of other individuals
they dominate. The layers with high priority are retained until
|F1 ∪ F2 ∪ . . . ∪ Fl−1| < N while |F1 ∪ F2 ∪ . . . ∪ Fl| > N .
Assuming |F1 ∪ F2 ∪ . . . ∪ Fl−1| = A, the rest B = N−A in-
dividuals remain to be selected. The NSGA-II applies crowding
distance while in NSGA-III, it is determined with the concept
of reference point association. The detailed NORMALIZE, AS-
SOCIATE, and NITCHING procedure can be found in [38].
The aforementioned operations are executed until the prede-
fined number of iterations it is reached, yielding the optimal
population Yop.

The final step is to select the optimal decision variables from
the optimal population which consists of N sets of decision
variable solutions, performing a postoptimization selection. Due
to tradeoffs among performance metrics, no single solution min-
imizes all of them simultaneously. Consequently, it is infeasible
to enhance one performance metric while keeping the others
strictly noninferior. Therefore, the final solution is selected based
on a prioritization rule: one performance metric is prioritized
while ensuring that the others remain within predefined limits.
Note that, in this process, the improvement in one performance
metric is still achieved at the expense of other metrics, albeit
in a constrained manner where all degraded metrics remain
within predefined limits. Moreover, all selected decision variable
solutions originate from the true multiobjective optimization
achieved through NSGA-III and thus inherently capture the
tradeoffs among competing performance metrics. As a result, the
selected decision variables define the optimized CRGs, named
according to their prioritized objectives: OTHD for optimized
THD, OUI for optimized UI, ORA for optimized active power
ripple, and ORR for optimized reactive power ripple. These
optimized CRGs fundamentally differs from traditional CRGs
developed through multimode optimization, which treats each
performance aspect separately, without accounting for their
interactions. This process is coded as Algorithm 1, while the
overall strategy, i.e., the proposed MaO-OCRGS, which in-
cludes the steps described in Sections III–V, is summarized in
Algorithm 2.

VI. SIMULATION RESULTS

To determine the optimized CRGs using the proposed MaO-
OCRGS described in the previous sections, a grid-connected DG
system as shown in Fig. 1, consisting of a DS with VSI, LC filter,
an equivalent grid and the DG unit control scheme, is simulated
in MATLAB/Simulink with the parameters listed in Table III.
For instance, a Type B voltage sag (30% single-phase voltage
dip) is taken as a case study. The optimal decision variables
and thus the optimized CRGs are obtained by following the
aforementioned proposed MaO-OCRGS as Algorithm 2. The
results are presented as follows. Note that the proposed strategy
is applicable to sag types beyond the case study, enabling the
determination of optimized CRGs for diverse sag conditions.
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Algorithm 1: Selection of Optimized Current Reference
Generators.

Input: Optimal population YOP, Limits for performance
metrics THDlimit, UIlimit, Δplimit, Δqlimit

Output: OTHD, OUI, ORA, ORR
1: Initialize: THDmin ←∞, UImin ←∞, Δpmin ←∞,

Δqmin ←∞
2: iTHD ← 1, iUI ← 1, iΔp ← 1, iΔq ← 1
3: for i = 1 to |YOP| do
4: if YOP[i].PM < PMlimit for all

PM ∈ {THD,UI,Δp,Δq} then
5: for each PM ∈ {THD,UI,Δp,Δq} do
6: if YOP[i].PM < PMmin then
7: PMmin ← YOP[i].PM
8: iPM ← i
9: end if

10: end for
11: end if
12: end for
13: OTHD← YOP[iOTHD],OUI← YOP[iOUI],ORA←

YOP[iORA], ORR← YOP[iORR]

Algorithm 2: Proposed Many-Objective Optimized Current
Reference Generation Strategy.

1: /* Proposed Current Reference Generator */
2: [P �, Q�]← Power Reference Generator(Δv̌sag)

/*(13)*/
3: [i∗α, i

∗
β ]←

Current Reference(c1, c2, v+α , v
+
β , v

−
α , v

−
β , P

�, Q�)
/*(17)*/

4: /* Many-Objective Optimization Problem */
5: [f1(x), f2(x), f3(x), f4(x)]← Proposed Hybrid

Physics-based and Data-driven Performance Objective
Functions /*(22), Fig. 4*/

6: PMaOO ←MaOO Problem Formulation /*(21)*/
7: /* NSGA-III-based Current Reference Optimization */
8: Yop ← NSGA-III Optimization /*Fig. 5*/
9: [OTHD, OUI, ORAR]← Selection of Optimized

Current Reference Generators /*Algorithm 1*/

A. ANN-Based Current Behavior Training Results

Training the proposed ANN-based current behavior model
requires a representative data set comprising the decision vari-
ables and the values of their corresponding performance metrics.
Here, the decision variables are discretized with a step size of
0.025 over the ranges 0 ≤ c1 ≤ 1 and −1 ≤ c2 ≤ 1 with a step
of 0.025, which ensures sufficient resolution while maintaining
computational efficiency. For each combination of decision vari-
ables, the corresponding current reference determined using (17)
is implemented to the developed simulation model. The resulting
performance metrics obtained from the simulation are recorded,
forming a comprehensive dataset of 3321 samples. Fig. 6 shows
the variation of the four performance metrics across the decision
variables c1 and c2.

TABLE III
PARAMETERS FOR EXPERIMENTAL AND SIMULATION SETUP

Fig. 6. Performance metrics varying with different values of decision variables
under a type B voltage sag. (a) THD , (b) UI , (c) active power ripple Δp, and
(d) reactive power ripple Δq.

According to Fig. 6(a), (c), and (d), when c2 is fixed at 1 and c1
varies from 0 to 1, a clear transition in performance occurs from
the AARC to IARC CRGs with an increase in THD alongside
a reduction in power ripple. When c1 remains constant at 0,
the current progressively balances as the negative component
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Fig. 7. ANN training results. (a) Training regression. (b) Error histogram.

decreases, ultimately achieving BPSC and eliminating any im-
balance as c2 approaches 0.

Next, the recorded current-related performance metricsTHD
and UI of the simulation dataset are employed for the ANN
training shown in Fig. 4, with the dataset partitioned into training
(80%) and test (20%) subsets to ensure rigorous validation.
The Levenberg-Marquardt backpropagation (BP) method is em-
ployed to train the current behavior ANN. The convergence
criteria are met when either the gradient falls below 1× 10−7,
indicating the error is acceptable with limited further improve-
ment, or the regularization parameter μ reaches its maximum
value of 1× 1010, suggesting that further iteration is constrained
by over-regularization. The training regression results are shown
in Fig. 7(a). The output and target data are recorded from both
the training and the test, showing that the fitting line nearly
overlaps with the line of identity “Y=T,” achieving a correlation
coefficient of 0.99827, which indicates a strong correlation and
affirms the model’s effectiveness in accurately capturing current
behavior. Fig. 7(b) shows that most errors between the target and
output values are centered around −0.06519, further validating
the accuracy of the trained current behavior ANN. Moreover, the
root-mean-square error (RMSE) and mean absolute percentage
error (MAPE) are calculated after min–max normalization to
address value spanning. In this case, the normalized RMSE and
MAPE are 0.0152 and 4.79%, respectively.

B. NSGA-III-Based Optimization for c1 and c2

Once the ANN-based current behavior structure is trained,
incorporating with the predefined physical model of power os-
cillation, the HPD objective functions are set. The optimization
algorithm shown in Fig. 5 is then implemented in MATLAB,
with the parameters listed in Table III. In accordance with the

Fig. 8. Comparison of performance metrics (a) IGD and (b) HV between
NSGA-III and NSGA-II on the formulated MaOO problem.

parameter range recommended by the authors of NSGA-III [38],
200 generations are used for the four-objective optimization
problem to ensure convergence, and the population size is set
to 80, which encourages diverse exploration while maintaining
computational efficiency. The crossover rate is set to 0.7, indicat-
ing that 70% of the population undergoes crossover in each gen-
eration, which promotes diversity while balancing exploitation
and exploration. The mutation rate, representing the probability
of randomly altering the solution of an individual, is defined
as 0.5. This ensures substantial exploration of the search space,
allowing the algorithm to avoid local optima while maintaining
diversity in the population. A step size of 0.001 facilitates precise
adjustments in the decision variables, significantly finer than the
discretization step of 0.025 used for ANN training, enhancing
the data resolution. After all iterations, the population of the final
iteration serves as a set of N optimal solutions, from which the
optimized CRGs are subsequently determined.

Moreover, Fig. 8 presents a comparative convergence analysis
showing that although NSGA-II and NSGA-III algorithms even-
tually converge to acceptable solution sets, NSGA-III achieves a
lower inverted generational distance (IGD) and higher hypervol-
ume (HV) within fewer iterations. This proves a better conver-
gence rate and more uniform distribution across the Pareto front,
particularly evident in many-objective settings with four or more
objectives. Finally, according to the IEEE Std 519-2022 [48],
the upper limit for THD is set at 5% with the current imbalance
maintained below 1%, and keeping the power ripple under 15%.
By applying these criteria to Algorithm 1, the optimal solutions
for c1 and c2 considering each objective are identified and
presented in Table IV. Notably, the optimal values for ORA and
ORR are found simultaneously, resulting in a combined CRGs
referred to as ORAR.

VII. EXPERIMENTAL VALIDATION

The experimental results are designed to demonstrate the
LVRT capability under traditional, C-IARC, and optimized
CRGs determined by the proposed MaO-OCRGS in various
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TABLE IV
DECISION VARIABLES FOR THE OPTIMIZED CRGS

Fig. 9. Experimental setup of the three-phase grid-connected DG system with
controller.

sag scenarios. A three-phase grid-connected DG system was
built in the laboratory, as illustrated in Fig. 9. The parameters
for this setup are detailed in Table III. The CRGs are tested
under different sag types (Type B and Type E as defined in IEEE
P1668 [49]), as well as different sag depths of 30%, 20%, and
11%. Within each specific sag case, all CRGs are evaluated under
identical experimental conditions. Note that, the performance
metrics (Δp, Δq, THD, and UI) are quantitatively evaluated
through (18)–(20) according to the experimental measurements.

A. Type B Sag (30% Single-Phase Voltage Dip in Phase a)

A first set of results showing experimental results of the five
traditional CRGs under the Type B sag is presented in Fig. 10.
Following the sag detection at t = 0 s, a delay of 0.04s is
intentionally introduced to show that a minimum of 0.7 p.u.
can be reached without a proper LVRT strategy. Then, the five
traditional CRGs are sequentially applied during 0.04 s, i.e., two
fundamental periods, by simply adjusting the decision variables
shown in Table II. In Fig. 10(a) the grid voltage sag in phase
a is noticeable, while phase b and phase c remain intact. The
corresponding current waveform, instantaneous active power,
and reactive power during the different CRGs are presented in
Fig. 10(b), (c), and (d), respectively. During the IARC period,
a neglectable ripple in power is observed. However, the three-
phase current is distorted with the highestTHD listed in Table V.
In contrast, AARC decreases the THD to the greatest extent at
the expense of a pronounced current imbalance. While the BPSC

Fig. 10. Experimental results employing the traditional CRGs during Type
B sag, IARC (0.04∼0.08 s), AARC (0.08∼ 0.12 s), BPSC (0.12∼ 0.16 s),
PNSC (0.16∼ 0.20 s), ICPS (0.20∼ 0.24 s): (a) three-phase grid voltage,
(b) three-phase injected current, (c) instantaneous active power and its reference,
(d) instantaneous reactive power and its reference, (e) three-phase PCC funda-
mental voltage, (f) three-phase rms value of PCC voltage, (g) d-axis component
of current and its reference, (h) q-axis component of current and its reference,
and (i) magnitude of the dq-current and its reference.

CRG nearly eliminates imbalance, both AARC and BPSC en-
hance current quality, albeit with a more noticeable power ripple.
The PNSC CRG demonstrates limited effectiveness when nei-
ther the active nor reactive power reference is zero. Although the
ICPS CRG aims to address both power and current performance
metrics, its results are less than satisfactory. The performance
metrics for each CRG are summarized in Table V. These results
suggest that the traditional CRGs lack control and flexibility,
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TABLE V
EXPERIMENTAL PERFORMANCE METRICS OF THE TRADITIONAL CRGS FOR

DIFFERENT SAG TYPES

TABLE VI
EXPERIMENTAL PERFORMANCE METRICS OF THE C-IARC CRGS FOR

DIFFERENT SAG TYPES

resulting in significant deviations in performance metrics. For
instance, the THD from IARC (11.1747%) and the UI from
AARC (9.0399%) surpass the predefined thresholds of 5% and
1%, respectively. Furthermore, Fig. 10(e) and (f) shows the PCC
voltage, showcasing both the fundamental component and the
calculated rms value, respectively. Following the 33 V sag, the
PCC voltage is supported by a 12 V boost through the reactive
compensation, validating the compensation effectiveness.

A second set of results is obtained for the C-IARC CRG
proposed in [28] using the same procedure as the first set. This
reflects the transition from IARC to AARC as the parameter k
decreases from 1 to 0 in 0.2 steps. Thus, k is used to adjust the
tradeoff between power oscillation and current distortion. For
the sake of brevity, the results are summarized in Table VI. The
power oscillations (Δp andΔq) become more pronounced while
theTHD is progressively reduced, following the transition from
IARC to AARC. Note that the cases of k = 1 (IARC) and k = 0
(AARC) are excluded from the table to avoid redundancy, as
their performance has been reported separately.

A third set of results for the optimized CRGs, i.e., OTHD,
OUI, and ORAR, is presented in Fig. 11. By adapting the
decision variables according to Table IV, the optimized CRGs
are evaluated under the same conditions previously discussed.
The performance results of these CRGs are summarized in
Table VII. These results are compared with the traditional CRGs
and C-IARC CRGs [28]. As a result, a graphical comparison is
shown in Fig. 12. As previously mentioned and experimentally

Fig. 11. Experimental results employing the proposed optimized CRGs during
Type B sag, OTHD (0.04∼ 0.08 s), OUI (0.08∼ 0.12 s), ORAR (0.12∼ 0.16 s):
(a) three-phase grid voltage, (b) three-phase injected current, (c) instantaneous
active power and its reference, (d) instantaneous reactive power and its reference,
(e) three-phase PCC voltage, and (f) three-phase rms value of PCC voltage, (g)
d-axis component of current and its reference, (h) q-axis component of current
and its reference, and (i) magnitude of the dq-current and its reference.

validated, AARC minimizes the THD . Therefore, as illustrated
in Fig. 12(a), OTHD is compared with AARC. Besides, since
the C-IARC cases with k = 0.2 and k = 0.4 are relatively closer
to AARC by design, they are also included in the same figure
to facilitate direct comparison. Note that OTHD outperforms
AARC in UI , Δp, and Δq, keeping these metrics within the
required range, while significantly reducing UI from 9.0399%
to 0.3925% along with the decreases of 23.3% and 35.5% in
Δp and Δq, respectively, despite a minor tradeoff of an 11.8%
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Fig. 12. Overall performance comparison of the optimized CRGs, C-IARC CRGs, and the traditional CRGs during Type B sag in terms of improving: (a) THD ,
(b) UI , and (c) power ripple (Δp and Δq).

TABLE VII
EXPERIMENTAL PERFORMANCE METRICS OF THE OPTIMIZED CRGS DURING

DIFFERENT SAG TYPES

increase in THD . Although the C-IARC with k = 0.4 and
k = 0.2 achieves a compromise between power oscillation sup-
pression and current distortion by offering flexibility, it does not
address current unbalance. Notably, the OTHD exhibits superior
performance across all evaluated performance metrics compared
to C-IARC with k = 0.2, thereby highlighting the multiobjec-
tive optimization nature of the proposed MaO-OCRGS. The
improvement of OUI over BPSC is also considerable, with the
active power ripple reduced by 9.8% and the reactive power
ripple lowered by 18.1%, as observed in Fig. 12(b). Similarly,
Fig. 12(c) demonstrates that ORAR effectively mitigates the
THD over-range by 53.9% associated with IARC and outper-
forms the C-IARC (k = 0.6) in all the performance metrics.
While the power-related performance metrics of ORAR may not
match that of IARC and C-IARC with k = 0.8, the values of Δp
and Δq remain within predefined limits. In contrast, the THD
and UI of C-IARC under both k values exceed their permissible
threshold.

In addition to the steady-state performance metrics discussed
above, the transient behavior was also studied. For the sake of
brevity, Figs. 10 and 11 show a transient process for IARC and
OTHD, respectively. This test was also performed individually,
and for all strategies, the nominal current amplitude was around
10 A, and the peak values of both the measured and reference
currents remained below 15 A, complying with the 1.5 p.u.
limit specified in IEEE 1547-2018 of the latest version [50].
The tracking error was also kept within 10%, indicating the

absence of overshoot or excessive current. Moreover, both active
and reactive power reached 90% of their steady-state reference
values within 10 ms during both FRT initiation and sag re-
covery, demonstrating a fast transition that complies with, and
even outperforms, the timing requirements specified in IEEE
1547-2018.

B. Type E Sag (30% Two-Phase Voltage Dip in Phase b and
Phase c)

In another scenario, where a Type E sag is conducted, a
new set of optimized CRGs are determined following the same
procedure of MaO-OCRGS. The performance metrics for the
traditional, C-IARC and the optimized CRGs are listed in
Tables V, VI, and VII, respectively, with a comparison illustrated
in Fig. 13. Similar to the Type B scenario, the optimized CRGs
determined by the proposed MaO-OCRGS significantly opti-
mizes the performance metrics, further restricting their values
to remain within predefined limits. Compared to the observation
in the Type B scenario, the performance metrics in the Type
E scenario are reduced to an even greater extent. An evident
example of this is shown in Fig. 13(c), where, with ORAR,
both THD and UI are significantly reduced simultaneously,
with THD decreasing by 47% and UI by 45%. Moreover,
the optimized CRGs provide overall performance enhancements
relative to the C-IARC CRGs with k = 0.2 and k = 0.6 and
address the over-limit issue of THD and UI witnessed in
the C-IARC results. These results from the Type E scenario,
combined with the previously presented Type B results, confirm
the superiority of the optimized CRGs across various voltage
sag types, i.e., single-phase and two-phase sag.

C. Different Sag Depths

To demonstrate the adaptability of the optimized CRGs, ex-
periments under sag depths of 20% and 11% (single-phase) are
conducted and analyzed alongside the 30% Type B case, i.e., a
30% single-phase sag. As shown in Tables VIII–X, the opti-
mized CRGs consistently regulate performance metrics within
predefined limits, whereas the traditional CRGs often exceed
them. For instance, in 20% and 11% sags, THD with IARC
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Fig. 13. Overall performance comparison of the optimized CRGs, C-IARC CRGs, and the traditional CRGs during Type E sag in terms of improving: (a) THD ,
(b) UI , and (c) power ripple (Δp and Δq).

TABLE VIII
EXPERIMENTAL PERFORMANCE METRICS OF THE TRADITIONAL CRGS DURING

DIFFERENT SAG DEPTHS

TABLE IX
EXPERIMENTAL PERFORMANCE METRICS OF THE C-IARC CRGS FOR

DIFFERENT SAG DEPTHS

TABLE X
EXPERIMENTAL PERFORMANCE METRICS OF THE OPTIMIZED CRGS DURING

DIFFERENT SAG DEPTHS

exceeds the limit of 5% (7.8633% and 5.4196%, respectively)
but is reduced by 51.4% and 44.6%, to 3.8183% and 3.0005%
with ORAR. Compared to the C-IARC CRGs, the optimized
CRGs not only ensure that all performance metrics remain
within predefined bounds, including resolving the common
over-limit issue of UI , but also deliver overall performance
enhancements. For example, under the 20% sag, the OTHD
outperforms C-IARC with both k = 0.4 and 0.2 across all
the performance metric. Similarly, ORAR surpasses C-IARC
with k = 0.6 and addresses the over-limit of THD (6.3057%)
observed in C-IARC with k = 0.8.

Note that as sag depth increases, the difference in the per-
formance metrics among optimized CRGs becomes more pro-
nounced. This is expected, as greater voltage imbalance am-
plifies negative sequence components, making the CRG more
sensitive to the introduced decision variables and leading to more
substantial, targeted improvements. These results validate the
adaptability of the optimized CRGs to ride-through sags with
different depths.

Based on the above comparison across various sag types and
depths, it can be observed that traditional CRGs typically focus
on a single performance metric without explicitly addressing the
tradeoffs among multiple conflicting objectives. The C-IARC
method provides limited flexibility to adjust the tradeoffs and it
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lacks a structured approach for selecting the most appropriate
CRG. As a result, some performance metrics may still exceed
the required bounds. In contrast, the proposed MaO-OCRGS
enables informed selection by optimizing the tradeoffs, identi-
fying optimal CRGs that enhance a desired performance metric
while maintaining the others within predefined limits.

VIII. CONCLUSION

This article presented an MaO-OCRGS suitable for standard
LVRT control schemes for DG systems under unbalanced volt-
age sags. By introducing two decision variables, the proposed
strategy integrates the benefits of the traditional CRGs while
overcoming their limitations through the simultaneous optimiza-
tion of four performance metrics: Δp, Δq, THD , and UI . To
achieve this, a theoretical framework for power oscillations was
derived, and an ANN-based model was developed to analyze
current behavior, proposing HPD objective functions. This ap-
proach led to the formulation of an MaOO problem, which was
addressed based on the NSGA-III algorithm and a postopti-
mization selection to identify the optimal decision variables and
generate the corresponding optimized CRGs. The experimental
results show enhanced overall performance compared to tradi-
tional and C-IARC CRGs, demonstrating the adaptiveness and
effectiveness of the proposed MaO-OCRGS in riding through
different sag scenarios, including various sag types and depths.
This confirms its potential to improve the operation of DG
systems under LVRT conditions. Unlike the traditional ones, the
optimized CRGs optimize the performance metrics and maintain
them within acceptable limits, therefore offering a more flexible
alternative for the operation of DGs during unbalanced voltage
sags. Finally, since the influence of grid voltage harmonics and
nonideal grid impedance was considered beyond the scope of
this work, further research is needed to evaluate their impact on
CRG performance under unbalanced conditions.
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