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ABSTRACT The progressive replacement of synchronous generation by inverter-based renewable energy
resources is altering the dynamical structure of modern power systems, reducing system strength due to
the inertia curtailment. In this context, grid-forming inverters have emerged as a fundamental technology
capable of establishing voltage and frequency in inverter-dominated grids. However, their effective
deployment is intrinsically dependent on the control framework that must guarantee stability, robustness,
and interoperability under complex and uncertain operating conditions. The most adopted grid-forming
control strategy is droop control. This work presents a proportional scaling strategy in the inner current loop
for droop-controlled grid-forming inverters, which preserves the current angle, reducing only its magnitude
if a large disturbance occurs. Moreover, an innovative grid-forming controller parametrization procedure
based on hybrid jellyfish search and particle swarm optimizer is also provided. This methodology avoids
empirical tuning and allows incorporating system constraints in the controller tuning procedure. Hardware-
in-the-loop results demonstrate high performance of the optimized droop under nominal operation, load
variation, black-start, and faults.

KEYWORDS Current limiters, Fault-ride through capability, Meta-heuristic optimization, Renewable

energy.

I. INTRODUCTION
As electrical power systems go through a transformation, the
traditional architecture of centralized and inertia-rich power
generation is moving to a decentralized landscape dominated
by renewable energy sources [I]. Technologies like solar
photovoltaic [2]] and wind turbines [3]] are essential for decar-
bonization. These power conversion systems are interfaced
with the grid through power electronics inverters [4]. This
change alters how the grid behaves due to an absence of
inertia inherent to synchronous machines (SM) [5]]. One of
the most promising solutions to maintain stability in the
modern power grid is the grid-forming (GFM) inverters [6].
Unlike conventional grid-following controllers, which
need to synchronize to an established grid voltage waveform
to regulate power generation, such in [[7]-[9], GFM inverters
create and regulate voltage and frequency, while emulating
inertia and enabling grid-supportive operation in off-grid
systems [10]. These units mimic the behavior of SMs,
providing necessary services for the grid formation even
in the absence of mechanical inertia [11]. This capability
becomes critical as the share of inverter-based resources
(IBRs) increases, especially in scenarios where conventional
generators are ceased. However, enabling GFM behavior is
not simply a matter of hardware.

Functional GFM inverters require a proper control system
to ensure that these inverters can operate autonomously, sup-
plying the power demand, and respond dynamically to dis-
turbances. They must balance competing objectives: stability,
robustness, efficiency, and scalability. Control strategies like
droop control [[12]-[14], virtual synchronous machines [|15]]—
[[17]], and virtual oscillator control [[18]—[20] are being devel-
oped to address these challenges. Between these approaches,
droop control is widely adopted, being currently one of the
most popular GFM control strategies [21]. Although droop
control strategies are simpler than other approaches, the
controller’s performance depends on how well it is tuned.
In this sense, the contributions of this work are threefold:

e A droop control with a proportional scaling strategy in
the inner current loop that preserves the current angle,
reducing its magnitude if a large disturbance occurs;

e An innovative GFM controller parametrization proce-
dure based on hybrid jellyfish search and particle swarm
optimizer (JS-PSO);

e Virtual hardware-in-the-loop (HIL) validation consider-
ing load variation, short-circuit faults, black start, and
imbalance.
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The remainder of this work is organized as follows:
Section II describes the system, followed by control strategy
formulation and systematic tuning procedure in Section III.
Next, Section IV discusses the virtual HIL results, and
Section V gives the conclusions of this work.

Il. SYSTEM DESCRIPTION

The system, illustrated in Fig. [I] consists of a three-wire
inverter operating in islanded mode and forming a stable
electrical grid, maintaining voltage and frequency within pre-
established limits, even under variations in load or operation.
The coupling between the inverter and the loads is achieved
though an LCL filter, whose purpose is to attenuate the high-
frequency harmonics generated by the inverter switching
dynamics, ensuring compliance with the IEEE 1547 standard

requirements.
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FIGURE 1. GFM inverter connected to the loads through an LCL filter.

The cascaded control strategy is composed of outer and
inner loops. The first one regulates system frequency and
voltage amplitudes, based on references generated by P —w
and Q — V droop controllers, respectively. These control
algorithms allow it to emulate the behavior of a synchronous
generator, enabling power-sharing. On the other hand, the
internal loop acts to dampen the LCL filter resonance
through an active damping technique and is responsible
for generating the modulation signal applied to the inverter
switches, ensuring stability and power quality.

The isolated system consists of two loads connected in
parallel at different instants. Initially, a load of 75 kW and 10
kVAr is tied to the formed grid. Next, a second load of 25 kW
and 2 kVAr is added in parallel, resulting in an increase in the
demanded power. The system operates at a nominal voltage
of 220 Vgrys and 60 Hz, while the inverter works with a
switching frequency (fs,,) of 10 kHz. The LCL filter follows
the procedure discussed in [22]], whose elements resulted in
Li = 0.621 mH, Ly = 0.017 mH, and C = 91.85 uFE. The
system dynamics are described by the relationship between
the capacitor voltage (v.) and the voltage synthesized by the
inverter (u;). The corresponding transfer function is

vo(s) _ Lo
vi(s) CL1L282 + L1 +L2’

ey

The resonant frequency of the LCL filter is obtained from
the denominator of (I) by equaling it to zero and replacing
s = jw. Thus, it follows:

Ly + Lo
res — . 2
“’ V I.L.C @

Figure [2| shows the Bode diagram of the LCL filter
considering the designed elements.
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FIGURE 2. Bode diagram of the LCL filter.

A pronounced resonance peak is observed at approxi-
mately 4.07 kHz. At this frequency, the resonance peak
magnitude is 18.45 dB, indicating a significant amplification
that must be overcome using active or passive damping
methods to ensure system stability. The filter’s attenuation
increases relevantly after the frequency where the resonance
peak occurs, especially when compared to L and LC filters,
allowing for effective filtering of switching harmonics, while
it is also more financially viable.

The filter resonance, considering the load, can be calcu-
lated as

o Ly + Ly + Lipaa 3)
res Ll(L2 + Lload)c’7

where L;,.q is the load inductance.

Figure [3] shows the Bode diagram considering five differ-
ent loads (75 kW, 81 kW, 87 kW, 93 kW, and 100 kW). As
can be seen, there is a frequency shift where the resonance
peak occurs as the power increases. Considering the load
of 75 kW, the resonance peak occurs at around 905.43 Hz,
while for the load of 100 kW, it shifts to approximately
971.48 Hz. Additionally, the peak amplitude also varies with
the load. This feature is a challenge for the control system.
Regarding the frequency response analysis, the resistive part
of the load is not considered because it contributes positively
to controller performance. However, since the load can vary,
or the system can even operate without load, it is chosen
not to rely on this natural physical damping provided by
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the resistive loads when designing the controllers. While
this approach makes the controller design process more
challenging, the resulting controllers are more robust because
they are designed for the worst-case scenario, characterized
by the maximum resonance peak.
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FIGURE 3. Bode diagram of the LCL filter considering different loads.

lll. CONTROLLER STRATEGY AND OPTIMIZED DESIGN
This section presents the implemented control framework
and the systematic tuning methodology using a meta-
heuristic optimization algorithm.

A. Droop control

Unlike the grid-following (GFL) inverter, which exhibits
controlled current source characteristics, the GFM inverter
behaves as a controlled voltage source. In synchronous
machines, the operating frequency is slightly adjusted as
a consequence of the imbalance between generation and
demand when load varies, allowing the establishment of
a new operating point and meeting the required power.
This inertia is not inherently present in systems based on
renewable energy sources. The simplest strategy to emulate
this behavior is through droop control, which is computed
as follows [23]:

Wdroop = w* — mp(P* - PLPF)7 4)
Vdroop =V - nq(Q* - QLPF)a (5)

where w*, V*, P*, and Q* are the references for frequency,
voltage, active power, and reactive power, respectively.
Moreover, Prpr and QQppr are the active and reactive
power measures at the point of common coupling (PCC) and
filtered by a first-order low-pass filter (LPF), respectively.
Additionally, the droop coefficients m, and n, are calculated
as

Aw  376.99 — 380. 13

e = AP+ T T 100000 — 0 —3Ldp,©)
AV 311 —317

_ _ - 7

"= AQr T 12000—0 0 @

where AP* and AQ* are the reference range established for
obtaining droop gains [24].

Figure summarizes the droop control, where w, indicates
the cutoff frequency of the LPF.
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FIGURE 4. Block diagram of the droop control.

The active and reactive power are calculated as

3 . .

P = i(UC,d'Lo,d + UC,q'Lo,q), ¢))
3 . .

Q = i(UC,dzo,q - ’UC,qZO,d)7 (9)

where 7,4 and i, , are the load currents in the d and ¢
coordinates, respectively. Furthermore, v¢ ¢ and vo 4 are the
capacitor voltages in the d and ¢ coordinates, respectively.

IV. OUTER VOLTAGE LOOP

The main purpose of the outer voltage loop is to track
the voltage reference from the droop control, ensuring a
stable voltage at the inverter output. The output of this loop
provides the reference current for the current control loop. A
proportional-integral (PI) controller is used to ensure proper
steady-state tracking, implemented in dgq reference frame,
with feedback obtained from measurements taken at the
PCC. Figure [j] illustrates the voltage control loop, where
Liim.q and Ij;p, o are the reference currents considering the
current limitation.

Vdroop
. [P ] ._/- SLdtim
Vabe | abe —I Vd—>=d . .
dq

‘1—> wC

Waroop —A v ::._>- qlim

q

FIGURE 5. Voltage control loop.

V. INNER CURRENT LOOP

Differently from approaches implemented in [25]], [26],
and [27]], which control the inverter-side current, this work
employs the controller at the load side. Although it brings
benefits for harmonic attenuation, it also implies a greater
challenge for the control system. Thus, the active damping
technique uses capacitor current feedback to mitigate the
resonance peak of the LCL filter. This approach allows
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for suppressing resonance without the need for resistors,
reducing energy losses caused by these passive elements and
increasing system efficiency.

Additionally, a current limiter was also incorporated into
the controller. The strategy is based on [28]. In this approach,
the control prioritizes the active current (];; 4) to ensure
transient stability, resulting in the following saturation logic:

|I:,d| = min(Inaz, |I:,d‘)7 (10)

115, = maz (\/Tue = (0% 1,0) - (D)

However, when a large disturbance occurs and the current
I,.q reaches the limit I,,,ax, the reactive component I, , is
forced to zero to maintain the total magnitude up to the
allowed value, which is I,,,, = 230 A. Since the reactive
power is null, the voltage control temporarily loses its regu-
lation capacity, which can excessively raise the voltage after
the fault and hinder the inverter’s recovery to non-saturated
mode. Therefore, it is proposed to use a proportional scaling
factor. This strategy preserves the angle of the current vector
¢ = arctan(l, 4/1, ), reducing only its magnitude, which
is calculated as

,q|:

Imay = (I:,d>2 + (Ig,q)Q' (12)
If I'nag > Imae, then the scaling factor k is
Imam
k= ) (13)
Imag
The new limited references are Ijjm.q = k:I;; 4 and

Liim,q = k[;"q. If Ihag < Imaz, then, the references are
Diim,a = I} g and D g = I3 . Figure@depicts the external
current loop.

I o,d

FIGURE 6. Current control loop with active damping.

A. Meta-heuristic-based controller tuning

Manual adjustment of PI controller gains is often based on
classical tuning rules such as the Ziegler-Nichols method,
trial and error, performance criteria, and process knowledge,

resulting in suboptimal performance and increased design
time. Meta-heuristic optimization algorithms can automate
this process by minimizing a fitness function under stability
and saturation constraints. These techniques systematically
explore the parameter space, converging into a pair of
controller gains that balances response time, damping, and
steady-state error in accordance with the fitness function
minimization. This work employs the hybrid JS-PSO [29]
for controller tuning.

The fitness function J designed in this work is a modi-
fied version of integral of the time-weighted absolute error
(ITAE) criterion. This cost function considers both voltage
regulation and current tracking errors, each one with a
ponder factor. Mathematically, a weighting factor of 0.2
was adopted to reduce the current loop influence on the
fitness function value. Since the control is implemented in
a cascade configuration, the current reference is generated
by the voltage loop. Consequently, it was chosen to give
a greater weight to this control loop. Therefore, the fitness
function is

J= /t(t—tO)E(t)dt, (14)
where N
evd(t) = Viroop(t) — ve,alt), (15)
euq(t) = V5 4(t) —voq(t), (16)
eia(t) = 15 4(t) — Lo,a(t), (17)
€ig(t) =I5 4(t) — Lo,q(t). (18)

Moreover, the accumulation of the fitness function is acti-
vated only after the initial settling time ¢y = 0.2 s. Excluding
the initialization window (0 < t < 0.2 s) prevents the
objective function from being disproportionately increased
by the startup error peak. This ensures the optimization
algorithm converges on robust control gains optimized for
tracking performance and disturbance rejection, rather than
being biased by the initial transient. Additionally, a fitness
penalty strategy was implemented to ensure that the algo-
rithm converges only to dynamically stable solutions. In this
sense, if the optimization results in a set of controller gains
that cause overcurrent in the inductors or overvoltage in the
capacitors (exceeding 1000 A and 1000 V, respectively), the
fitness function receives a high penalty value. That is, J =
103, immediately eliminating solutions that are unfeasible
for practical implementation.

The parameters that JS-PSO aims to tune are the gains of
the multi-loop control system, which are the proportional and
integral gains for both external voltage loop (k,, and k;,)
and internal current loop (k,; and k;;), as well as the gain
associated with the active damping strategy (k,4). Therefore,
the variables of interest are:
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S = [kpv kiv kpi kii kadl, (19)

whose search space for each variable of interest is delimited
by a lower bound (L) and upper bound (U), which is

Ly, =[0.1 50 1 500 1], (20)
Uy, = [0.4 100 4 10000 4]. @1

The search space was defined to account for the dynamic
characteristics of each control loop, establishing limits com-
patible with the response speed and the specific tuning range
of each controller. Values presented in [24] and [30] were
also used as the basis. The optimizer was configured with a
population size of 10 search agents and 25 iterations.

VI. VIRTUAL HIL RESULTS

Typhoon HIL simulator, in its virtual version, was used
to validate the control design and closed-loop operation of
the proposed system, allowing for a detailed analysis of
the inverter’s dynamic behavior under different operating
conditions. Table [I] presents the system parameters and the
optimized controller gains.

TABLE 1. System parameters and controller gains.

Parameter Value Parameter Value Gain Value
Lioad 0.668 mH np =500 kpo 0.358
Lot oad 1.21 mH myp -31.4p kiv 68.171
Rioad 1.89 Q We 3 Hz kpi 3.79
Ror0ad 573 Q fs 10 kHz kii 828.559

kad 3.74

A. Operation with load variation

In the initial interval, for ¢ < 0.1 s, only load 1 is connected
to the inverter. As illustrated in Figs. [7] and [§] the system
operates below its nominal power. Even so, satisfactory per-
formance is observed, with the effective voltage maintained
close to 220 Vgas and the frequency with a maximum
variation of 0.0083% in relation to the nominal value of
60 Hz. This behavior demonstrates good system regulation
and the controller effectiveness in grid formation, even under
partial load conditions.

At time ¢ > 0.1 s, load 2 is connected, bringing the
system to its nominal operating condition. In this situation,
both voltage and frequency remain within the limits specified
in the design, without significant oscillations or temporary
instabilities, which demonstrates the controller’s adequate
responsiveness to load variations.

Table 2] presents quantitative performance metrics: mean
absolute error (MAE), mean squared error (MSE), and root
mean squared error (RMSE).

The analysis of these performance indexes reveals low
steady state error values, indicating high accuracy in tracking
voltage and frequency references. The reduced MAE con-
firms the overall system stability, with low tracking error,
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FIGURE 7. Closed-loop system response considering load variation: a)
Control actions, b) Voltages at PCC, and c) Currents at PCC.
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TABLE 2. Quantitative performance metrics.

Metric Power (W)  Power (VAr)  Voltage (V)  Frequency (Hz)
MAE 350.132 42.020 0.557 0.000281
MSE 123985.792 2160.977 0.481 0.00000008
RMSE 352.116 46.486 0.694 0.000281

while the RMSE shows a good transient response, without
relevant deviations. These results corroborate the effective-
ness of the implemented control system. A comparison
against a benchmark case is presented in the Appendix,
where the superiority of the proposed controller can be
verified.

1) Repeatability analysis

Five independent runs of the optimizer were performed to
evaluate the consistency and performance of the optimization
procedure across different runs. Table [I| shows the optimized
gains. Figure Q] presents the convergence curves of the fitness
in these five runs, where it can be observed that all solutions
converge to a small value, close to zero, indicating irrelevant
tracking errors. Additionally, Table [3] presents the error
metrics for each variable, enabling an analysis of the results
across the different runs. Note that there is consistency of
the results obtained with all optimized controllers.
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Run  kpo kiv kpi ks kad
1 0.308 77.467 3.78 962.243 3.93
2 0.360 80.885 3.50 1780.381 3.81
3 0.330 70.229 3.13 708.838 3.62
4 0.358 68.171 3.79 828.559 3.92
5 0.368 63.605 3.10 1113.216 3.74
0.0100 e
1 = Run 1
Run 2
0.0098 = Run3 |
\ = Run 4
— —\ ——— Run 5
w
< 0.0096 \ \
= —
+0.0094 A
(V]
[a1]
: \
0.0092 \ \ N\
0.0090
1 3 5 7 9 11 13 15 17 19 21 23 25
Iteration

FIGURE 9. Fitness convergence curves.

B. GFM inverters operating in parallel

To validate the droop-based control strategy, a second in-
verter was incorporated into the system, which operates in
parallel with the first device. The specifications of both
GFM inverters are identical. Figure [I0] shows the active
and reactive power-sharing between both units. It allows
evaluating the control strategy performance by providing
adequate power between inverters. As can be observed, each
inverter is at half of the total load, which is 100 kW and 12
kVAr.

(i
o
=]

Power (kW)
S

= Pinv,2

(a)

=
o

Power (kVAr)
wv

o

0.05 0.10 0.15
Time (s)
(b)

0.20 0.25

FIGURE 10. Power sharing: a) Active power with two inverters, and b)
Reactive power with two inverters.

C. No-load operation, black start, and RL load

The GFM inverter was subjected to a no-load test. During the
time interval ¢ < 0.1 s, the equipment remained disconnected
from the load. At ¢ = 0.1 s, an RL load corresponding
to 50% of the inverter’s rated capacity was connected,
comprising a resistance of R = 2.62 (2 and inductance of

L = 2.29 mH, resulting in an active power of 50 kW and
reactive power of 16 kVAr. Subsequently, the remainder of
the load was connected with identical electrical parameters,
bringing the total load to 100 kW and 32 kVAr, equivalent
to 100% of the inverter’s rated capacity. Given the power
factor setting in 0.95 and the change in the total reactive
power reference to 32 kVAr, the droop gains were adjusted
to

Ay 60-605  —05
My = AP+ = 1000000 100000 % 2
AV 311-317 -7
_ _ _ — 1855 (23
"= AQF T 32000—0 32000 e (23)

These gains were used exclusively to do the no-load test,
aiming to prevent excessive voltage or frequency deviations.
Figure |'1;1'| illustrates this test, showing that the GFM inverter
successfully established the output voltage and frequency
under no-load conditions, demonstrating the correct oper-
ation of the control system. Besides, it responded smoothly
to the two load steps. Figures [T1] and [I2] complemented
this analysis, where it can be observed that the system was
able to operate adequately under all evaluated conditions.
During switching operations, the inverter maintained output
voltage, frequency, and currents within expected values, even
following successive load connections, demonstrating stable
performance and satisfactory dynamic response.

Control Action

%Sz Ao "'""w""""""" "

(c)

FIGURE 11. Closed-loop system response considering black start and RL
load: a) Control actions, b) Voltages, and c) Currents.

D. No-load operation, black start, and RLC load

A second no-load test was also conducted using an RLC
load. Again, the inverter operates at no-load until ¢ = 0.1 s.
At this instant, a switching operation was performed, con-
necting the inverter to an RL load with values of R = 2.62
Q and L = 2.29 mH. Subsequently, at ¢ = 0.2 s, an RLC
load was connected to the circuit with the following values:
R =262 Q, L =5.3 mH, and C = 2330 pF, bringing the
load to the inverter’s performance with these loads. Figures
[13] and [I4] illustrate the inverter’s performance with these
loads. Again, the GFM controller presented adequate voltage
and frequency regulation.
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TABLE 3. Error metrics for the five optimized controllers.

Run  Metric  Active power (W)  Reactive power (VAr)  Voltage (V)  Frequency (Hz)
MAE 350.031 42.548 0.621 0.000281
1 MSE 124748.950 2228.852 0.578 0.00000008
RMSE 353.198 47.210 0.760 0.000281
MAE 349.705 42.838 0.605 0.000281
2 MSE 124459.645 2229.772 0.574 0.00000008
RMSE 352.788 47.220 0.757 0.000281
MAE 349.990 42.760 0.646 0.000281
3 MSE 125443.522 2272.376 0.628 0.00000008
RMSE 354.180 47.669 0.792 0.000281
MAE 350.132 42.020 0.557 0.000281
4 MSE 123985.792 2160.977 0.481 0.00000008
RMSE 352.116 46.486 0.694 0.000281
MAE 349.976 42.625 0.614 0.000281
5 MSE 124721.464 2231.901 0.578 0.00000008
RMSE 353.159 47.243 0.760 0.000281
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FIGURE 12. Closed-loop system response considering black start and RL
load: a) Active power, b) Frequency, c) Reactive power, and d) Voltage.
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FIGURE 13. Closed-loop system response considering black start and
RLC load: a) Control actions, b) Voltages, and c) Currents.

E. Operation under faults

Figure [I3] presents the results for phase-to-ground short-
circuit events. As can be observed, the system demonstrated
recovery capability. None concerning behavior was observed
during the fault occurrence, and the voltage is completely
reestablished in the post-fault clearance.

0.05 0.10 0.15 0.20 0.25
Time (s)

(c)

0.05 0.10 0.15 0.20 0.25
Time (s)

(d)

FIGURE 14. Closed-loop system response considering black start and
RLC load: a) Active power, b) Frequency, c) Reactive power, and d)
Voltage.

Control Action

E "W"o’oo"t"'o'&'m"’u’m'o'ou’u’"o I "6'6 i

(c)

FIGURE 15. Closed-loop system response considering short-circuit event
between phase A and the ground: a) Control actions, b) Voltages at PCC,
and c) Currents at PCC.

Figure [16| shows the result for the imbalance test applied
individually to each phase. This test was performed by
inserting a resistor in phase A to validate the controller’s
responsiveness under adverse load conditions during grid
formation. As can be seen, despite the system disturbance, it
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acts efficiently to restore balance and ensure operational sta-
bility, confirming its resilience and rapid recovery provided
by the optimized control system.

Control Action

p—

A

Current (A)
o

-250

.05 0.15 0.

Time (s)

(c)

FIGURE 16. Closed-loop system response considering imbalance test in
phase A: a) Control actions, b) Voltages at PCC, and c) Currents at PCC.

Figure (17 presents the harmonic analysis. The total har-
monic distortion (THD) is concentrated in low-order har-
monics, with magnitude less than 2% of the fundamental.
The rapid decay of the higher harmonic components and
the symmetry between the phases indicate stable operation
and properly filtered loads, fully complying with current
normative standards.

N Phase B

i
10 EEE Phase A
I Phase C

10t

Magnitude (% of Fundamental

w———

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51
Harmonic Order (n)

FIGURE 17. Total harmonic distortion.

VIl. CONCLUSION

This work presented an improved control system for GFM
inverters operating in off-grid systems. The developed con-
trol strategy incorporated cascaded PI controllers with a
current limiter with a scaling strategy, which works to
preserve the current angle and reduce only its magnitude in
the event of a large disturbance. Additionally, a secondary
contribution is a parametrization methodology based on the
JS-PSO algorithm, which tunes simultaneously the multi-
loop controllers and the active damping technique. The
proposed control solution was validated in a virtual HIL
environment. The robustness and effectiveness of the inverter
were validated under various operating conditions through
a series of dynamic tests. In the no-load startup test, the
inverter demonstrated the ability to satisfactorily establish
output voltage and frequency before being subjected to

successive RL and RLC load connections. The system main-
tained stability and the expected dynamic behavior even in
the face of power factor variations and abrupt transitions,
up to the inverter’s rated capacity. Faced with severe short-
circuit and phase-to-ground events, as well as individual
phase imbalances, the optimized controllers proved to be
resilient, maintaining operational stability and rapidly restor-
ing normal voltage levels following the fault. Additionally,
the THD analysis confirmed the satisfactory quality of the
generated power, maintaining magnitudes below 2% relative
to the fundamental component and ensuring full compliance
with current technical standards. Therefore, the proposed
tuning methodology provided an optimal parametrization for
the developed enhanced droop-controlled system, ensuring
stability and satisfactory performance in transient events and
steady state.
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APPENDIX - COMPARISON AGAINST BENCHMARK CASE
The pole-placement technique was used as a comparison
criterion for the controller design. For the voltage controller,
Kirchhoff’s current law was applied to the single-phase
equivalent circuit of the LCL filter, resulting in
. e
if i, +C T
Since the PI controller is not recommended for sinusoidal
signals, the dq reference frame is used:

(24)

dvc,a . .
O3 —wCvo, = ifa—iod, (25)
d
C=28 — wCvea = ifg — foa: (26)
Transforming to the frequency domain:
- (i io,d + wCvC,q) 27
ve,d = —=(f,d — %o wCvc.q),
C.d sC fd »d Cyq
1. )
VC,q = E(Zf’q —lo,q T wC’Uc’d). (28)

Taking into account the feedforward of the currents i, 4
and 7, 4 and assuming perfect decoupling:

Gor,(s) = Gpr(s)Gu(s),

where Gor,(s) is the open-loop transfer function, G py(s)
is the PI controller transfer function, and G, (s) is the system
transfer function. Therefore,

(29)

ki) 1
GOLv (S) = <kp’u + 5> E (30)

The second-order characteristic polynomial is used to
obtain the gain parameters,

C(s) = 8% 4 2wps + w2, 3D

where ¢ is the system’s damping factor and w,, is the natural
frequency. Taking the closed-loop transfer function results in
GOL U(S)
Gopw(s) = ——————.

CL,t( ) 1+ GOL,U(S)
From (31) and (32), it follows:

(32)
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kpv = QEwn,vCa (33)

ki = wj, ,C. (34)

Similarly, approximating the low-frequency model, the
open-loop equation for the PI current controller is

k; 1/L
Gori(s) = Ky, + -2 eq :
oL.ils) ( vt S 5+Teq/Leq>
where r., = r1+7ro is the parasitic resistance of the inductor,
and L., = Li + Lo. Therefore, the closed-loop transfer
function is

(35)

Gor,i(s)
Geopi(s) = ——————. 36
CL, (S) 1+GOL71'(S) ( )
and comparing with (3I)),
kpi = 2€wn7iLeq — Teq> (37)
kii = Wi,iLeqa (38)

where £ = 0.89, wy, ; = 27 f5,,/10 so that the switching does
not affect the dynamics of the control, and wy, ,, = wy,;/10 so
that one control loop does not affect the other. The resulting
gains are kp, = 0.171, k;, = 100, k,; = 3.512, k;; =
6280, and k,q = 4. The same load variation test presented in
Subsection IV.A was performed, considering the same switch
transition times. Figure [18|shows the system dynamics under
load variation.
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FIGURE 18. Closed-loop system response considering load variation: a)
Active power, b) Frequency droop, c) Reactive power, and d) Voltage
droop.

Table [] presents the results of the benchmark case along
with the proposed solution, detailing the reduction in error
metrics for each system variable when tuning the control
system using the developed procedure. The data demon-
strate that the use of optimized parameters resulted in a
consistent reduction of errors across all evaluated variables.
The most significant gains were observed in frequency
estimation, where reductions reached approximately 93.29%
for MAE, 99.58% for MSE, and 93.53% for RMSE, indi-
cating a substantial improvement in the optimizer’s ability

10

to reproduce this quantity. Substantial reductions were also
achieved for voltage (ranging from 86.93% to 98.29%) and
reactive power (ranging from 72.56% for MAE to 94.07%
for MSE). Regarding active power, although the percentage
gains were more moderate (ranging from 58.92% for MAE
to 87.44% for MSE), this was expected given that the
baseline model already exhibited relatively low initial error
levels for this variable. Overall, the results demonstrate that
the parameter optimization procedure contributed to reduce
estimation errors across all evaluated quantities, highlighting
the effectiveness of the proposed methodology.

TABLE 4. Comparison of performance metrics.

Metric ~ Variable Benchmark Optimized  Reduction
Power (W) 852.162 350.133 58.92%
MAE Power (VAr) 153.126 42.021 72.56%
Voltage (V) 4.325 0.558 87.10%
Frequency (Hz) 0.00419 0.000281 93.29%
Power (W) 986780.795  123985.792 87.44%
MSE Power (VAr) 36440.128 2160.978 94.07%
Voltage (V) 28.231 0.482 98.29%
Frequency (Hz) 0.000019 0.00000008 99.58%
Power (W) 993.368 352.116 64.56%
Power (VAr) 190.892 46.486 75.65%
RMSE
Voltage (V) 5.313 0.694 86.93%
Frequency (Hz) 0.00434 0.000281 93.53%

The comparison between conventional pole placement and
the proposed meta-heuristic optimizer demonstrates a clear
advantage across all analyzed error parameters. In addition
to reducing output ripple, the proposed method improves the
waveform delivered to the load, providing greater stability
and an optimized transient response, thereby overcoming the
limitations of the traditional approach.
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