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Abstract—This paper focuses on enhancing the performance
of capacitor voltage and inverter current controllers for grid-
forming inverters (GFMIs) equipped with an LC filter, ensuring
seamless transitions from off-grid to grid-tied modes. A novel
Particle Swarm Optimization-Tuned Fixed-time Sliding Mode
Control (PSO-FSMC) method is introduced and applied within a
cascaded voltage and current control framework for GFMlIs. This
paper presents a new and straightforward approach for designing
sliding surfaces and control laws of the FSMC, specifically
focusing on balancing chattering reduction, singularity avoid-
ance, and ensuring both rapid response and strong robustness.
An innovative application of the PSO algorithm optimizes 24
control parameters of the FSMC, aimed at reducing tracking
errors during transitions from off-grid to on-grid modes. The
effectiveness of the proposed PSO-FSMC is rigorously tested and
compared with well-established PI voltage and current controllers
through simulations conducted in MATLAB/SimPowerSystems.
The behavior of the closed-loop system using the proposed
controller is evaluated during transitions from autonomous to
grid-connected modes under both ultra-weak and ultra-strong
grid conditions. Results confirm that the proposed method
significantly outperforms the PI controller, achieving a 97%
reduction in tracking errors in both transient and steady-state
responses.

Index Terms—SMC, GFMI, robustness, PSO, fixed-time.

I. INTRODUCTION

HE operation of power grids is transitioning from tradi-

tional synchronous machines (SMs) to a more dominant
role for inverter-based resources (IBRs). The inverters used
in IBRs are generally designed to follow grid voltages and
inject current into the existing voltage, hence they are known
as grid-following inverters (GFLIs). A key component in their
synchronization with the grid is the phase-locked loop (PLL),
which can negatively impact the stability of voltage source
inverters under weak grid conditions [1]. Furthermore, unlike
SMs, the rapid expansion of IBRs based on GFLIs introduces
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significant challenges due to their inherently low inertia, which
causes them to respond quickly to stochastic events, potentially
leading to stability and robustness issues [2]. In response, there
is an increasing shift towards adopting grid-forming inverters
(GFMIs). Distinct from grid-following inverters, GFMIs act
as both voltage and frequency regulators without the need for
a PLL. This capability not only enhances the power grid’s
stability and robustness by simulating inertia, but also provides
crucial support during power outages, enabling it to act as
the primary power source in black start events [3]. However,
effective control of GFLIs is crucial to ensure a seamless
transition for IBRs from off-grid to grid-tied mode, especially
within the voltage and current control loops.

The control architecture of GFLIs typically incorporates
multiple nested loops, including voltage and current control
loops, as well as power synchronization control loops (primary
layer). In the primary layer, droop control is widely used for
power synchronization, due to its simplicity and effectiveness
[1]. Focusing on cascaded voltage and current control loops,
the most commonly adopted controllers are proportional-
integral (PI) controllers [1]. Although PI controllers are fa-
vored for their simple structure and ease of implementation,
tuning the parameters of cascaded PI controllers is challenging
and heavily dependent on a precise model of the GFMI
system to achieve the desired performance. Furthermore, PI
controllers are sensitive to stochastic events during operation,
such as transitions from off-grid to grid-connected modes,
which can degrade their performance, highlighting the need
for further improvements.

Numerous control techniques have been employed for cas-
caded loop control in inverters, including table-based control
[4], predictive control [5], and repetitive control [6]. Each of
these methods, however, has its own set of limitations: table-
based and intelligent control may generate undesirable current
harmonics due to variable switching frequencies, predictive
control requires precise system parameters for optimal perfor-



mance, and repetitive control is confined to static conditions
with slow response times.

A high-order sliding mode control (SMC) for GDMIs has
been proposed in [7] and compared with conventional vector
control, which includes PI controllers. Although the results
show improved response time and enhanced robustness to
stochastic events, the proposed method employs a single-loop
voltage controller, which may compromise safety in real-
world implementations due to the potential for current to
exceed safe limits. Furthermore, an asymptotic SMC-based
inner current controller is introduced in [8] to deliver fast and
robust performance within the inner current loop. Despite these
advancements, the SMC has not been incorporated into the
outer voltage controller, and no solution has been presented to
address the chattering, a common problem with conventional
SMC. In [9], an asymptotic SMC method is applied to both
voltage and current controllers within a cascaded framework
for GFMIs. Although [9] outlines principles for selecting
control parameters for SMC, the selection principles employed
in [7], [8], and [9] rely on trial-and-error, which may not
guarantee optimal performance.

To address the aforementioned shortcomings, this paper
introduces a novel PSO-FSMC method for voltage and current
control within a cascaded framework for GFMIs. The principal
contributions of this article are:

o This paper presents a new design of sliding surfaces and
control laws for GFMIs aimed at reducing chattering,
avoiding singularity issues, and ensuring both rapid dy-
namic responses and high robustness. The design process
is thoroughly elaborated through detailed analytical sta-
bility analysis.

« An innovative approach is proposed using the PSO algo-
rithm to optimize 24 control parameters of the proposed
FSMC for GFMIs. This optimization specifically targets
the reduction of tracking errors during the transition from
off-grid to on-grid modes.

o Comparative evaluations are conducted against a well-
established PI controller [1], commonly used in GFMI
applications, during transitions from off-grid to grid-tied
modes under two critical grid scenarios (ultra-weak and
ultra-strong). The results demonstrate that the proposed
PSO-FSMC significantly enhances the performance of
both voltage and current controllers, achieving up to a
97% reduction in tracking errors compared to the PI
controller.

II. CASCADED VOLTAGE AND CURRENT CONTROL BASED
ON NOVEL PSO-FSMC

A. Model of a GFMI System

Fig. 1 depicts the investigated system featuring a three-
phase GFMI supplying a local load (R) in off-grid operation
through an LC filter. In this configuration, Ry and L¢ repre-
sent the resistance and inductance of the LC filter inductor,
respectively, while Cf is the capacitance of the LC filter
capacitor. The three-phase voltages at the capacitor or point of
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Fig. 1. Control structure of LC-filter-based GSML

common coupling (PCC) are denoted by voap.. Additionally,
the utility grid is emulated by an AC voltage source (vg),
which is connected through an equivalent grid resistance ()
and inductance (Lg).

As depicted in Fig. 1, the proposed control strategy includes
power synchronization control (i.e., active and reactive power
synchronization loops) and cascaded voltage and current con-
trol loops based on FSMC, with 24 control parameters opti-
mized using PSO. For the power synchronization loops, droop
controllers are utilized for both active and reactive power,
as detailed in [1]. The cascaded voltage and current control
loops, which are based on PSO-FSMC, will be elaborated on
in subsequent sections.

For the GFMI system, the voltage balance equations across
the LC filter inductor can be obtained in the dq reference
frame as:

id = —7rid + V4 — 7;Vod + Wig 0

. Ry - 1 .

tqg = = g T £,V = T, Voq — Wid-

Similarly, the current balance equations across the LC filter
capacitor can be obtained in the dq reference frame as:

2

. 1 - 1 -

Vod = ;% — ¢;lod + Wloq

Voq = a'l,q — G'Loq — WUVp(d-
B. Current Loop Control based on FSMC

The current controller is designed to accurately and quickly
track the reference currents (i4q,-cy) provided by the voltage
controller. To initiate the design process, let us first define the
current tracking error in the dq reference frame:

{ }N'd = ldref — Id 3)

g = lg,ref — g-

where Ed and %q are the current tracking errors, ig rer and ig rcy
are the reference currents provided by the voltage controller.

In general, the design of a SMC with fixed-time stability
involves two key steps:

1) Designing a stable sliding surface that ensures the de-
sired fixed-time behavior once the inverter dynamics are
constrained to evolve along it; and



2) Developing a control law that drives the inverter dynam-
ics to reach the designed sliding surface within a fixed
timeframe.

To ensure that ¢4, reaches i4qrcy Within a fixed time
during the sliding phase, the sliding surfaces are constructed
as follows:

{ st =+ ll|2d\ ™ sgn (ia) + l2|2d‘:4 sgn (ia) (4)

S —zq—|—l3|zq|”2$gn( )—|—l4|zq|b4sgn( q) -

where iy and {q represent the time derivatives of the
tracking errors, as defined in (3). The control parameters
l1,19,13,14,b1,b9,b3, and by must be selected within their
respective constraints (as explained in Remark 1). Given that
the controller’s performance is highly sensitive to the selection
of these parameters, PSO is employed to determine their
optimal values and enhance overall system performance.

The design of the SMC control law is structured around
two main components: the equivalent control function (vqq,eq),
which ensures reachability to the sliding surface, and the
switching control function (v4q,sw), Which guarantees fixed-
time stability and a high degree of robustness. The control
law is:

Vdg = Vdg,eq T Vdg,sw- ®)

When the sliding surface is reached, the motion along the
sliding surface will maintain [s;q, $;4] = [0, 0] for ¢ > 0. This
principle aids in designing the equivalent control function. To
begin with the design of the equivalent control function for the
d-component (vq, cq), let us first simplify the sliding surface:

3 ~ b ~ ~  bs
Sia = 14+ l1lia| % sgn (iq) + lalia| " sgn (iq

: Ry . 1 1 ,
= ld,ref — _ffld + ffvd - ffvod + Wig

+ ll|2d|%sgn (%d) + lgﬁd\%sgn (%d) .
(6)

From (6), to drive s;4 to zero, the equivalent control function
(Vd,eq) must be designed as follows:

Sig =1 — —&Z—FlL +&z—|—1 d— Wi
id — Ud,ref Lf d L f L d L q
+id,ref + l1ﬁd|gsgn (ia) + lz|gd|ﬁ39n (ia) ))
1o
Lfvod Wig
~ b ~ ~ ks ~
+ l1]2q] 2 sgn (zd) + la]ig] 4 sgn (zd) =0.
@)

Similarly, the equivalent control function for the g-
component (vq.q) can be designed. Thus, the equivalent
control functions for both the d- and gq-components are derived
as follows:

~ ) using (1) & (3)

Ry

1
Ud,eq:Lf< L Zd+L

— Wig

. ~ ~ ~ b ~
+d,ref + ll|id|53gn (id) + lg|id|§sgn (id) )

Ry 1
Uq,eq:Lf(+f _A'_i

) Vog + Wiq
Ly 9 Ly ™

+zq,ref+l3|zq|bzsgn( )+l4|zq|b4sgn( ))
8

To ensure rapid dynamic response within a fixed timeframe
and to guarantee a high degree of robustness, the switching
control function is constructed as follows:

. by by
Ud,sw = Lt <l55id P2 591 (Sia) + ls|Sia|*4 sgn (sia) )

by b3
bg,sw = Lt (l7|5iq| "2 5gn. (Siq) + ls|siq| 4 sgn (siq) ) :
©))

Here, vd, sw and vq,sw are the time derivatives of the
switching control functions, and [s5, lg, l7, ls, b1, b2, b3, and by
are control parameters that must be selected within their
respective constraints to ensure system stability (as outlined
in Remark 1). PSO is employed to optimize these parameters,
thereby enhancing the overall controller performance.

The proof of fixed-time stability for the closed-loop system,
utilizing the FSMC-based current controller, is derived by
employing methods analogous to those used in [10], leveraging
the principles of Lyapunov stability theory. For this purpose,
the following candidate Lyapunov function is defined:

1 1
V = 531211 R (10)

PR
C. Voltage Loop Control based on FSMC
The voltage controller is designed to enable the GFMI
system to follow the reference voltage generated by the power
control 100p (Vodq,re ). To achieve this, let us first define the
voltage tracking error in the dq reference frame:
?od = Vod,ref — Vod (1 1)
Voq = Voq,ref — Voq-
where 7,4 and ¥,, are the voltage tracking errors, voq,ref
and Vo4, are the reference voltages provided by the power
control loop.
To ensure that v,q, reaches voqqrey Within a fixed time-
frame during the sliding phase, the sliding surfaces are de-
signed as follows:

. _ b5

Svod = Vod + l9|Tod| P6 591 (V0a) + llO|U0d| 5% 591 (Voa)
bs

(o ) "‘l12|voq|b8 sgn (0 oq) -

(1

Svoq = ’6oq + llll’Doq 0

Here, f)od and f;oq are the time derivatives of the tracking
errors (as defined in (11)), and lg, 10,11, l12, b5, bg, b7, and
bg are control parameters that must be selected within their
respective constraints to ensure the stability of the closed-
loop system (as elaborated in Remark 1). Since the controller



performance is highly sensitive to the selection of these
parameters, PSO is proposed to optimize their values and
enhance overall controller performance.

When the sliding surface is reached, the motion along the
sliding surface will maintain [s;q4, $;q] = [0,0] for ¢t > 0.
Accordingly, following the logic used in the derivation of
the equivalent current control (as given by (6) and (7)), the
equivalent control function can be derived as:

. 1. .
ldeq = Cf + alod — WVoq + Vod,ref

ORI S - U 4 -
+ l9|Dodl| 6 sgn (Voa) + L10|Tod| 8 sgn (Vod) >

. 1. .
lg,eq = Cf + aloq + Woq + Voq,ref

by b
+ 1l \ﬂoq|isgn (Dog) + Z12|ﬁoq|%39n (og) ) .
(13)
To ensure robustness and a rapid dynamic response within a
fixed timeframe for the voltage controller, an additional control
function is designed and integrated with the equivalent control
function (i4q,¢q) to generate the current reference as:

Z'dq,ref = 7f'dq,eq + idq,sw- (14)

The switching function is constructed as follows:

. by b
id,sw = Ct <113|3id 52 51 (S;q) + l1a|sia| P4 sgn (Sid))

. b b
ig,sw = Ct <l15|5iq|b;39n (8iq) + l16|3iq|£59” (5iq) )
15)

Here, id’sw and iq’sw are the time derivatives of the
switching control functions, and the control parameters
113,114, 15, l16, b1, b2, b3, and by must be selected in accor-
dance with their respective constraints (as explained in Remark
1). Since the controller’s performance can be significantly af-
fected by these parameters, PSO is employed to optimize their
values, thereby enhancing the overall system performance.

The proof of fixed-time stability for the closed-loop system,
utilizing the FSMC-based voltage controller, is derived by
employing the candidate Lyapunov function (10), following
the approach outlined in [10].

Remark 1: Based on Lyapunov stability analysis, the control
parameters for the voltage and current controllers must adhere
to the following constraints to achieve fixed-time stability: [y
through l16 and by through by must be positive constants.
Additionally, the ratios must satisfy 0 < Z—; < 1, and Z—z > 1.

D. Proposed PSO-FSMC

FSMC involves numerous control parameters that are often
determined through trial-and-error. However, this approach
is generally impractical and unlikely to yield a sensible so-
lution. Therefore, an optimization-based strategy is a more
logical and systematic alternative. Given the critical impact
of these parameters on the controller’s performance, this

Algorithm 1: PSO-based optimization framework for FSMC
1. Initialize:
Sett+ 0
Set SwarmSize <— 20
Randomly initialize each particle’s position X;(0) within predefined
bounds, aligning with limits set in MATLAB for each of the 24 control
parameters (1 to l16 and by to bg).
2. While Termination Criteria not met:
a. Evaluate the Swarm:
For each particle 7 in SwarmSize:
Calculate F'(IAE, ITAE) using MATLAB/Simulink model.
b. Update Personal and Global Bests:
For each particle 4:
If F(IAE,ITAE); < F(IAE, ITAE)pbes, :
Update pbest; < Xj.
If F(IAE,ITAE); < F(IAE,ITAE)peq:
Update gbest <— X;.
c. Update Velocity and Position:
For each particle 4:

Update velocity: V;(t + 1) = w - V() + ¢1 - rand() - (pbest, —
X;(t)) + co - rand() - (gbest — X;(t)), where ¢1 = 1.49, ¢; = 1.49,
w = [0.1;1.1].

Update position: X; (¢t + 1) = X,;(¢t) + Vi(¢t + 1).

d. Check for Termination:
Increment ¢.
If t > MaxlIterations=10, terminate the loop
3. Output:
Apply the best set of parameters from gbest to configure the FSMC in
the Simulink model.
Perform further validation and performance assessment.

paper proposes an optimized FSMC framework that employs
PSO to tune the control parameters. The primary objective
is to minimize tracking errors, evaluated using the Integral
of Absolute Error (IAE) and the Integral of Time-weighted
Absolute Error (ITAE) performance indices.

1) Algorithm Implementation using PSO: PSO is a robust
metaheuristic algorithm inspired by the social behaviors of bi-
ological species, extensively applied across various optimiza-
tion contexts [11]. In this research, PSO is utilized to precisely
adjust 24 control parameters of the FSMC, which include [,
through 4 and b; through bg. Within the PSO framework,
these parameters are conceptualized as particles. The objective
is to systematically refine their settings to minimize the cost
function F(ITAE,ITAE), which quantitatively evaluates the
tracking performance of the control system:

F(IAE,ITAE) = IAE(iq) + ITAE(i,)

- - (16)
+ ITAE(Uoq) + ITAE (Vo).

where [AE(iq)) = [0 [iag|dt and ITAE(Toa,) =
fg’fﬂﬁodq\dt. Here, t; denotes the total evaluation period.
These metrics, IAE and ITAE, respectively measure the ag-
gregate magnitude of error and the urgency of error correction
over time, offering insights into the controller’s accuracy and
effectiveness in ensuring system stability and performance.

2) Algorithm Description: The PSO-based optimization
framework, outlined in Algorithm 1, systematically refines
FSMC control settings through iterative adjustments based on
performance feedback from simulations.

ITII. SIMULATION RESULTS

The proposed control method is evaluated and compared
with a well-established PI controller [1] through a sim-



TABLE I
PARAMETERS OF THE GFMI SYSTEM, PI CONTROLLER, AND POWER
SYNCHRONIZATION CONTROL

TABLE II
CONTROL PARAMETERS OF FSMC OPTIMIZED BY PSO FOR TWO
DIFFERENT GRID CONDITIONS

Plant Parameter  Value Control Parameter  Value Gain  Value (SCR =1) Value (SCR = 30) Range

L¢ 10 mH Ep, 0.5 I 10000 4.3616 x 107 [1000, 10000]

R¢ 0.1 Q . 400 la 3.5992 x 103 9.3503 x 103 [1000, 10000]

Ct 50 uF Ep, 31.4159 I3 7.8185 x 103 5.3463 x 103 [1000, 10000]

P 1pu i 314.159 la 10000 5.7126 x 103 [1000, 10000]

Qn 0p.u ap 0.0005 ls 2000 2000 [500, 2000]

Vg 1pu Qq 0.0001 ls 2000 1.9950 x 103 [500, 2000]

Wn 1007 rad/s Tp 0.031415 s l7 500 1.3977 % 103 [5007 2000]

- - Tq 0.031415 s Ig 2000 500 [500, 2000]

Base VA Rating  Value Base V Rating Value lg 9.9688 x 103 9.9875 % 103 [1000, 10000]

Sn 20 kVA Va 326.6 V lip  9.9585 x 103 10000 [1000, 10000]

l11 10000 7.1891 x 103 [1000, 10000]
l2 7.4362 x 103 3.4463 x 103 [1000, 10000]

. . . . . l13 2000 2000 [500, 2000]
ulatlon' of a GFMI, as depicted in Fig. 1, using MAT- Lu 2000 2000 (500, 2000]
LAB/SimPowerSystems. The parameters for the GFMI sys- lis 688.2809 1.9988 x 10° [500, 2000]
tem, provided in Table I, are selected based on practical high 216 5228?98 s 1-9120 X7105 {5007 2000}

. . . . L 1 1.0007 x 10 999.492 990, 1001
power and current ratings typical in real-life applications. The by 1013 10028 x 10° (1002, 1013]
parameters for the PI controllers, adopted from [1], are also bs 1013 1.0073 % 103 (1002, 1013]
detailed in Table I. by 990 , 098.8802 [990, 1001]
. . : bs 1.0004 x 10 1001 [990, 1001]

To ensure a fair comparison and coqcentrate on the per b 1002 1002 (1002, 1013]
formance of the capacitor voltage and inverter current con- by 1013 1.0109 x 103 (1002, 1013]
trollers, this paper employs the same active and reactive bs 990 990 [990, 1001]
power synchronization loops using the droop controllers from
[1].. The cor'ltrol parameters qf the. proposgd FSMC. were 2 2107 @ x10° [Pt —PsOTSMC| _ ()
optimized using the PSO described in Algorithm 1, with the E 105 252
optimized parameters detailed in Table II. To determine the S0 A0 A— S i L o \
limits for the PSO-optimized FSMC control parameters, they & 0 - S, P 2P
must first be selected within their respective constraints to — —
ensure the stability of the closed-loop system (as explained 0 01 02 02s04 03 00 0L 02,0 00
in Remark 1). In addition to stability, these parameters are 2—[ ey -1.24
chosen to meet critical design specifications such as chattering < 0.01 s Foi o 0y =05 é i = l.Zﬁm
reduction, robust performance, and fast dynamic response '~ 0 F- I RO /Zg ]
with minimal transient overshoot. Specifically, the parameters -0.01 ——— —

0 0.1 02,, 03 04 05 0 01 702, 03 04 05

l1-1l4 and lg-ly5 correspond to the sliding surfaces, while
ls—lg and 13-4 are associated with the switching control
laws. To achieve the desired performance, the sliding surface
parameters are assigned relatively larger values than those
used in the switching control laws, which helps minimize
chattering, ensure a fast dynamic response during the sliding
phase, and improve robustness. Additionally, the parameters

bi1-bg are selected to satisfy the conditions 0 < Z—; < 1 and
b

3= > 1 (as detailed in Remark 1), with both ratios (% and
Z—Z) chosen close to unity. This parameter selection strategy
reduces transient overshoot and enhances convergence speed.
Further details on these design principles can be found in [10].

The simulation study primarily assesses the performance
of the proposed controller during the transition from off-grid
to grid-tied mode. The tests are conducted under two critical
grid scenarios: an ultra-weak grid condition (SCR = 1) and an
ultra-strong grid condition (SC'R = 30). The GFMI is initially
operated in islanded mode and subsequently connected to the
grid at t = 0.1 s. The impedance values of the grid are adjusted
to maintain a constant X/R ratio of 5 in both grid scenarios.

Figs. 2(a)-2(d) compare the tracking performance of the
proposed PSO-FSMC and the PI controller for both voltage

t(s)™ t(s)

Fig. 2. Comparison of voltage and current tracking errors using PSO-FSMC
and PI controllers for SCR = 1.

and current control loops during the transition from off-
grid to grid-tied operation under an ultra-weak grid scenario
(SCR = 1). While both controllers exhibit minimal deviation
at the transition point (¢ = 0.1,s), the PSO-FSMC consis-
tently outperforms the PI controller, demonstrating reduced
overshoot, faster dynamic response, and significantly lower
tracking errors in both transient and steady-state conditions.
Figs. 3(a)-3(d) compare the tracking performance of voltage
and current controllers using the proposed PSO-FSMC and
the PI controller during the transition from autonomous to
grid-connected operation under an ultra-strong grid condition
(SCR = 30). The PI controller shows significant transient
overshoots in both voltage and current responses. In contrast,
the PSO-FSMC effectively mitigates these overshoots, deliv-
ering a faster dynamic response and rapid convergence to the
reference values. These results highlight the robustness and
superior performance of the proposed controller under extreme
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TABLE III
NUMERICAL COMPARISON OF THE CONTROLLERS

Grid Conditions
Criteria PI

Ultra Weak Grid Ultra Strong Grid
PSO-FSMC PI PSO-FSMC
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Fig. 3. Comparison of voltage and current tracking errors using PSO-FSMC
and PI controllers for SCR = 30.
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Fig. 4. Output voltage and filter current controlled by PSO-FSMC and PI for
SCR = 30: (a) vod, (b) vog, (€) 14, (d) ig.

grid conditions.

In Fig. 4, the performance of the proposed PSO-FSMC
method is evaluated against a PI controller by comparing the
controlled output voltage at the PCC and the filter current
in the dq reference frame. This assessment occurs during the
transition from autonomous to grid-connected modes within an
ultra-strong grid scenario (SC'R = 30). Significant deviations
are observed in the transient response from off-grid to on-grid
when using the PI controller, potentially risking damage to
inverter switches due to high inrush currents caused by notable
voltage fluctuations. As illustrated in Fig. 4, the PSO-FSMC
method effectively mitigates these variations, demonstrating a
substantial reduction in transient deviations and enhancing the
system’s stability.

Table III provides a quantitative comparison between the
proposed PSO-FSMC and the PI controller under both ultra-
weak (SCR = 1) and ultra-strong (SC'R = 30) grid condi-
tions. The comparison utilizes the combined IAE and ITAE,
F(IAE,ITAE), as defined in (16) with t; = 1s. The results
demonstrate that the PSO-FSMC achieves approximately a
97% improvement in both grid scenarios compared to the PI
controller, highlighting significant performance enhancements.
These results also highlight the limitations of conventional
PI control under extreme grid conditions, underscoring the
importance of advanced control strategies such as PSO-FSMC
in ensuring robust and efficient performance.

F(IAE,ITAFE) | 5.8702 0.1509 6.0731 0.1525

IV. CONCLUSION

Ensuring a seamless transition from autonomous to grid-
tied modes for GFMI systems presents a critical challenge.
This paper proposes an effective solution through the devel-
opment of a novel and straightforward design of FSMC. The
proposed method is applied to both capacitor voltage and
current controllers within a cascaded framework for GFMIs.
A key challenge in implementing advanced sliding mode
controllers such as FSMC lies in selecting control parameters
to achieve optimal performance—a task that is generally
unfeasible through manual tuning. To overcome this, 24 FSMC
parameters are systematically optimized using PSO. Compar-
ative simulation evaluations of the transition from off-grid to
on-grid mode under different grid conditions demonstrate that
PSO-FSMC provides a robust solution, enabling a seamless
transition with no chattering and a rapid response, significantly
outperforming a well-established PI controller. The proposed
method significantly reduces tracking errors, as confirmed by
a 97% improvement in tracking performance compared to the
PI controller.
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