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ABSTRACT Power converters provide energy interface in various applications; in photovoltaics, they
interconnect solar panels to the grid, with two-level inverters being the most common across virtually all
power ranges, followed by three-level neutral point clamped (3LNPC) converters. The proportional-integral
(PD) controller is the most commonly employed controller for these converters. This paper proposes the
use of Bayesian Optimization (BO) to tune the PI controller for a 3LNPC converter connected to the grid.
The optimization algorithm was used to determine the controller’s tuning gains through computational
simulation. Subsequently, the PI controller tuned using BO was implemented on an experimental test
bench to validate the concept. The performance of the controller tuned with the proposed method was
compared to PI controllers adjusted using classical methods widely found in the literature. The test results
demonstrated that Bayesian Optimization is straightforward to implement and, when compared to the
Genetic Algorithm (GA), it exhibited a more effective and targeted exploration of the search space. This
led to superior PI controller tuning, with improved dynamic response and reduced total harmonic distortion
relative to the benchmark methods.

KEYWORDS Power converters, three-level, neutral point clamped, PI controller, Bayesian Optimization.

I. INTRODUCTION

Nowadays, several research studies in power generation
focus on renewable energy systems (RES) due to the need to
reduce greenhouse gas emissions [1]]. These sources require
power electronics for integration and control of the generated
energy. The three-level Neutral Point Clamped (3LNPC)
converter is the most typical multilevel topology found in
renewable generation systems [2], [3]]. These converters are
mainly used in variable-speed wind turbines but are also
applied in pumped hydro energy storage plants [4]], [5]]. For
this reason, the 3LNPC converter is the subject of study
in this paper, given its great potential and application in
variable-speed generation systems [6]—[8].

Voltage Source Converters (VSCs) play a fundamental
role in grid-connected systems, enabling efficient electri-
cal energy conversion. However, the presence of nonlinear
loads can degrade voltage quality, introducing harmonics
and affecting system stability. To mitigate these effects,
controllers are integrated into VSCs, ensuring more precise
operation [9]-[11]. Among the most widely used control
methods, the Proportional-Integral (PI) controller stands out
for its simplicity and effectiveness in compensating static and

dynamic errors. However, its performance depends on the
proper tuning of the controller parameters, requiring a deep
understanding of the system’s dynamic behavior [[12]]. The PI
controller is designed to operate at a specific working point
of the plant, where its gains are adjusted to optimize stability
and dynamic response. Nevertheless, variations in operating
conditions, such as load changes, external disturbances, or
shifts in the operating point, can compromise its performance
[13], [14]. These challenges necessitate advanced adaptive
tuning techniques to ensure control robustness in dynamic
environments.

Given the problem presented, several strategies have been
developed for tuning the parameters of the PI controller.
Among the classical methods, the Symmetrical Optimum
(SO) is widely used. This method employs an approximate
transfer function of the system to determine the gains that
best adjust the controller. Its effectiveness depends on the
accuracy of the system parameters, but variations in the
plant gain and time constants can compromise the optimized
calibration of the PI controller [15], [[16]. In [17]], a tuning
method based on a first-order transfer function is proposed,
where the controller gains are defined by the closed-loop
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poles to ensure stability and good dynamic response. Al-
though simple, this approach requires frequent adjustments
if the plant parameters change over time.

Among computational intelligence methods, metaheuris-
tic algorithms have been widely applied to PI controller
tuning. Artificial Neural Networks (ANNs) are effective
in this process as they can learn complex patterns and
dynamically adapt controller parameters, as demonstrated in
[18] for the control of a two-level grid-connected converter.
However, ANNs require high computational power and a
large volume of data for efficient training [19]], [20]. The
Genetic Algorithm (GA) is applied in [21]] for PI tuning
in a two-level grid-connected converter, offering a flexible
approach capable of exploring a broad solution space and
providing optimized tuning. However, algorithm tuning can
be complex, and the computational cost is high [22]. The
Grey Wolf Optimizer (GWO) efficiently adjusts PI controller
gains in [23] for the control of a two-level grid-connected
converter in an offshore wind system. This algorithm bal-
ances exploration and exploitation, but its application to
highly nonlinear systems may be limited [24], [25].

The Whale Optimization Algorithm (WOA), applied in
[26] for PI tuning in two-level converter control, is a
simple and effective alternative for optimizing PI controller
parameters. However, its sensitivity to parameter selection
may affect the stability of the solution [27]], [28]. The
Particle Swarm Optimization (PSO) is a fast and easy-to-
implement method, as evidenced in [29] for PI tuning in
a grid-connected wind-solar cogeneration system. However,
it may converge to local minima in complex systems [30],
[31]. In [32]], self-tuned PI controllers based on fuzzy logic
are applied in a photovoltaic system. Unlike the previously
mentioned methods, fuzzy logic is a heuristic approach that
enables handling uncertainties and imprecisions, making it
useful in control systems and artificial intelligence. However,
properly tuning fuzzy sets can be a challenge [33]], [34].
Finally, Bayesian Optimization (BO) is a probabilistic and
iterative method that stands out for its efficiency in searching
for optimal solutions in complex objective functions with
high computational cost [35], [36]. Unlike the aforemen-
tioned algorithms, BO requires fewer data for tuning, avoids
local minima, and efficiently handles high-dimensional prob-
lems, ensuring more effective convergence. Although it has
been widely applied to predictive controller tuning, as in [37]
and [38], this strategy has not yet been extensively explored
for the PI controller tuning applied to 3LNPC converters.

Within this context, this paper aims to evaluate the
Bayesian Optimization (BO) method in PI controller tuning
for current control of a grid-connected 3LNPC converter. An
experimental platform, consisting of a real grid-connected
3LNPC converter, is used to compare the performance of tra-
ditional PI tuning methods with the Bayesian Optimization-
based approach, assessing the effectiveness and robustness
of each technique in controller parameter adjustment. The
main contributions of the article are as follows:

e Improved PI Controller Tuning: The Bayesian Opti-
mization (BO) algorithm applied to PI controller tuning
finds the gains more quickly and efficiently. As an
iterative method, the algorithm can provide multiple
sets of gains that ensure good performance in controller
tuning;

e Superior Dynamic Performance: The controller tuned
with BO-optimized gains exhibits lower overshoot,
reduced steady-state error, and shorter settling time
compared to controllers tuned using classical methods
(SO and Yazdani);

e Novel Contribution: This study addresses a gap in
the literature by exploring the application of Bayesian
Optimization in PI controller tuning for the 3LNPC
converter.

This work is divided as following: Section [lI| presents the
proposed methodology, the modeling of the PI controller
for the 3LNPC converter, and the tuning using BO. Section
[1I] introduces the experimental setup used to validate the
controller tuning. In Section the results of the BO-based
tuning and experimental validation are presented. Finally,
Section [V] concludes the study.

Il. PROPOSED METHODOLOGY

This work proposes the use of Bayesian Optimization as a
tuning method for the PI controller applied to the control
of a 3LNPC converter. The approach employs an offline
simulation of the model to implement the BO process and
determine the controller’s tuning gains. Subsequently, these
gains are used for configuring the controller applied in
an experimental bench setup. Fig. |1| presents the complete
framework of the proposed methodology. The following sec-
tions describe the grid-connected 3LNPC converter model,
the implemented controller, and the Bayesian optimization
process.

Experimental Offline
I Setup Simulation
5 [ )
3LNPC ¥Y_ Fig.2 Fig. 3
- Bayesian
Controller J " | Optimization J

AKX A A T

ISE
Calculation

Computer

FIGURE 1. Diagram of Bayesian Optimization for Pl controller.
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A. Model of the Three-Phase Grid-Connected Converter
The Fig. [T)illustrates a grid-connected 3LNPC converter with
a L filter. This type of converter uses an inductor (Lg) to
smooth the current injected into the grid, reducing harmonics
and minimizing electromagnetic disturbances. The simplicity
of the L filter makes it a viable choice for low-power
applications, ensuring an efficient connection between the
converter and the electrical grid. However, due to its limited
attenuation at high frequencies, system performance may be
affected by oscillations and distortions, requiring advanced
control strategies to optimize its operation [39].

The 3LNPC converter connected to the grid in three-phase
systems can be represented as:

. dig

Va,NPC = 'Lg,aRg + Lg dt7g + Va,g, (1)
. di

Vy,NPC = tg Il + Lg# + Vp, g, ()
. dic.g

Ve, NPC = Zg,cRg + Lg dt + Ve, g5 (3)

where the subscript N PC represents the 3LNPC converter,
and g represents the grid, L, and R, represent, respectively,
the inductance and internal resistance of the filter. The
system representation in the synchronous reference frame
can be reached by using coordinate transformation and it
can be represented as:

. dig q . .
VNPC,dg = ig,aqllg + Lg (;t L+ Vg,dg + jwgLlglgaq, (4)
which means
. dig.q .
UNPC,d = Zg,ng + Lg dgt’ + Vg4 + (J.)g.[/glg,q7 (®)]
and
. di .
UNPC,q = tg,qftg + L 94 4 Vg.q — Wglgiga. (6)

7 dt

where vy pc 44 €xpress the converter voltage vector, Vg 4q
represents the grid voltage vector, ig 4, express the grid
current vector and w, represents the grid angular frequency.

B. Grid Voltage Oriented Control for 3SLNPC
Grid voltage-oriented control (VOC) is a strategy to ensure
the stability and quality of electrical power in energy systems
[40]. It operates by transforming the three-phase currents into
a synchronous reference frame, aligned with the grid voltage
vector—typically using a Phase-Locked Loop (PLL) [41].
In this case, it has a grid following operation. The Fig. [2]
illustrates the VOC applied to the 3ALNPC converter.
Initially, sensors measure the three-phase grid current,
which is then converted into the o reference frame using
Clarke’s transform [42]. Subsequently, the current is trans-
formed into the synchronous reference frame dg based on
the grid angle 6, and the grid current vector. The angle 6,

ig,abc Sabc
; UNPC,abe
L9d ¢{dq /| af
igq €1/ B abc
g wyLygigg
. ’ PI
1g,dref - - d
gudre = UNPC,d |99
O—> K, + =t >QUNECy
+ =+ af
. —>
lgqref + =1+ UNPC,q abc
K, + < >0
- - + ap
)
94 . T
wgLgiga by

FIGURE 2. Diagram of VOC controller.

is determined through measurements of the electrical grid
voltage via sensors and processed using a PLL.

To regulate the system, two PI controllers compute the
error between the grid current vector and its reference values,
enabling the calculation of the converter voltage vector in the
dq reference frame, as shown in Eq. (7) and (8). The PWM
algorithm then generates control signals for the converter,
utilizing the elements of the grid voltage vector in the
stationary reference frame while employing the grid angle
for synchronization:

OUNPC,d = (igdref — iga) - PI —wgLgig q, @)

UNPC,q = (iggref —tg,q)  PI+wgLgiga, ®)
where PI = K, + Livh

The DC link Voltaée is manipulated by means of the direct
axis component of the grid current grid vector (i4 4). In this
case, the DC link voltage is represented by a fixed voltage
source, and the reference current (Z4 grf) is directly supplied
to the controller.

Therefore, proper tuning of the PI controller is essential
to ensure system stability and efficiency, minimizing errors
and improving dynamic response. Precise gain adjustment
enables better control of the DC link voltage and grid current,
ensuring reliable operation and high power quality.

C. Tune PI Controller using Byesian Optimization (BO)

Bayesian optimization is an efficient method for optimizing
objective functions that are expensive to evaluate and lack an
explicit structure. Initially, a set of points is selected and used
to train a surrogate model, usually a Gaussian process [35].
This probabilistic model provides an estimate of the objective
function and its uncertainty. At each iteration, an acquisition
function is computed to determine the next evaluation point,
maximizing a criterion such as exploration or exploitation.
The chosen point is evaluated in the objective function
and incorporated into the dataset, updating the surrogate
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model. This process repeats until the maximum number of
iterations or another stopping criterion is reached, returning
the best solution found. The Bayesian approach enables an
efficient exploration of the search space, making it ideal for
optimizations where evaluations are limited or costly [36].

The PI controller adjusts the system current by comparing
the measured value (44, 44) With the reference value (ig ggref)
and applying corrections based on two terms: the propor-
tional (K,), which reacts instantly to the difference between
the actual and desired value, and the integral (K;), which
accumulates errors over time to eliminate persistent devi-
ations. This comparison is essential to minimize harmonic
distortions, improve grid stability, and ensure compliance
with power quality standards.

One of the criteria used to assess the quality of current
control is the Integral of the Squared Error (ISE) [43]]. The
ISE computes the sum of errors over time, squaring them to
penalize more significant deviations. An efficient controller
should minimize this index, ensuring that the current quickly
approaches the desired value and reducing the effects of
oscillations and external disturbances. The use of ISE allows
for comparisons between different control strategies, helping
to select the one that provides the best system performance.
In the case of current control, the ISE,, for currents ¢4 and
iq can be calculated as follows:

T
ISEqq = \// (igrefa —ig,a)? + (igrefqg — ig,q)?dt, (9)
0

where T is the final time of the ISE analysis. As an iterative
process, Bayesian Optimization can identify multiple sets of
gains that result in a lower ISE. However, other performance
parameters must be considered to ensure proper controller
tuning. Thus, the following constraints were adopted: over-
shoot below ten percent (Osy; < 10%) and settling time
under three milliseconds (St; < 3 ms), both for the step
applied to the direct axis current. Therefore, the optimization
problem for PI controller tuning using Bayesian Optimiza-
tion can be defined as:

min f(z) = minimize(ISE4)
reX (10)
subject to: Osg < 10% and Stq < 3 ms,

where X is the search space containing possible values for
the gains K, and K.

Thus, the optimization process selects initial values of
K, and K; from the search space X, executes the model
presented in Fig. ] using a system simulation, calculates
the ISE, adjusts the surrogate model, applies an acquisition
function to select the next point to be evaluated, and repeats
the process until the stopping criterion is met [44]. In this
study, the chosen stopping criterion was the number of
iterations (n = 100). At the end of the process, the values
of K, and K; that meet the established performance criteria
are verified. Fig. [3] illustrates the described process.

Start

\—l—/

Return the best
values for

K,and K;
Generate Initial Ld ‘
Data
r — ¢ —————— No
I'| Runthe Calculate | ! Update Surrogate
I simulation ISEq, I Model
B Yes
Evaluate the

Objective Function f(z,)
Optimize Acsition
Query Function

FIGURE 3. Bayesian Optimization for PI tune.

The optimization process described was performed using
the bayesopt function in MATLAB and was configured with
the parameters presented in Table [T}

TABLE 1. Parameters of Bayesian Optimization configuration.

Bayesian Optimization Configuration
Kp eR, 1 < K, <1000
K; eR, 1< K; <1000

Expected Improvement-Plus

Searching Space X

Acquisition Function

Number of iterations: n = 100
Default

Stopping Criterion

Random Seed (rng)

lll. EXPERIMENTAL SETUP

The simulations were conducted using MATLAB/Simulink
on a workstation equipped with sufficient computational
resources to support optimization algorithms and dynamic
system modeling. The system configuration ensures reliable
performance and numerical stability throughout the simula-
tion process. Table [2] presents the described setup.

TABLE 2. Simulation Setup Specifications

Component Specification

Processor Intel Core i7-12700 (12th Gen), 2.10 GHz
RAM 16 GB (usable: 15.7 GB)

System Architecture | 64-bit, x64-based processor

Operating System Windows 11

MATLAB Version R2024a

The test bench is designed to evaluate the performance
of the proposal, which consists of an Imperix B-Box RCP
system operating with Simulink-based control algorithms.
The system is capable of sampling signals at a rate of 20
kHz, with data recorded through the Imperix Cockpit for
accurate analysis. To simulate real-world conditions, a 9
kVA regenerative grid simulator is employed, functioning as
an AC grid. The maximum output power of the multilevel
converter employed in this study is rated at 23 kVA. Ad-
ditionally, an L-filter with parameters R, = 23.9 m{2 and
L, = 2.2 mH. This setup enables comprehensive testing
and validation of the control strategies implemented within
the B-Box RCP system, ensuring reliability and efficiency
in various operational scenarios.
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The laboratory setup employed to test the PI control is
presented in Figs. ]

FIGURE 4. Experimental platform used for control tests, composed of:
converters, sensing and signal conditioning boards, Imperix B-Box RCP
connected to a computer.

IV. RESULTS

The simulation phase aims to assess the effectiveness of
Bayesian Optimization (BO) in determining the optimal
tuning gains for the PI controller. The performance of the
BO algorithm is benchmarked against the Genetic Algorithm
(GA), focusing on convergence speed and the ability to
explore the predefined search space. Furthermore, the PI
controller tuned via BO is subjected to parametric variation
and harmonic distortion tests to evaluate its robustness
under dynamic operating conditions. The experimental tests
are conducted on the setup described in Section with
the objective of comparing the dynamic performance and
power quality of the PI controller tuned via BO against
controllers configured using empirical methods, specifically
the Symmetrical Optimum (SO) and Yazdani approaches.

A. Simulation Results

Once the search space and Bayesian Optimization (BO)
configurations were defined, as detailed in Section [[I] the
optimization algorithm was employed to determine the tun-
ing gains of the PI controller using the system simulation
illustrated in Fig. [I] For comparative purposes, the Genetic
Algorithm (GA) was also applied to the same tuning task.
The GA was configured with MaxGenerations = 3, Popu-
lationSize = 20, and EliteCount = 0, ensuring a total of
100 iterations—matching the number of evaluations used
in the BO procedure. This population size was deliberately
chosen to align the GA’s evaluation budget with that of BO,
so that both methods could be compared under equivalent
computational effort. All other parameters were retained at
their default values as defined by the Genetic Algorithm
function within MATLAB’s Global Optimization Toolbox.
Fig. [5] presents the optimization results obtained from both
algorithms.

BO Evaluated Points

GA Evaluated Points 4

w

N
i
)

800
200

Ki Kp

FIGURE 5. (a) Evaluated points of Bayesian Optimization. (b) Evaluated
points of genetic algorithm.

Fig. )illustrates the optimization performance of Bayesian
Optimization (BO) and the Genetic Algorithm (GA) in the
search for optimal PI controller gains. In Fig. [5[a), the BO
approach yields a significantly higher density of solutions
where the ISE,, is below 1, indicating superior tuning
performance across a broader region of the search space. In
contrast, Fig.[5[b) shows that the GA produces fewer optimal
gain sets and exhibits a high repetition of explored points
within the same 100 iterations. This behavior is consistent
with the inherent characteristics of GA, which relies on
population-based selection and crossover mechanisms that
can lead to premature convergence and reduced diversity.
Overall, the BO method demonstrates a more effective
exploration of the search space, resulting in a richer set
of high-performance controller configurations, as evidenced
by the convergence behavior of the cost function over 100
iterations illustrated in Fig. [6] This highlights the method’s
ability to balance exploitation and exploration, ultimately
leading to more robust and diverse controller designs.

BO Objective Function Convergence

i |

0 20 40 60 80
Iterations

100

FIGURE 6. BO Objective Function Convergence.

In terms of computational time, the Genetic Algorithm
(GA) required approximately 72.7 minutes (4359.36 sec-
onds) to complete 100 iterations, while Bayesian Optimiza-
tion (BO) completed the same number of evaluations in
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approximately 67.9 minutes (4073.40 seconds). Although
BO was slightly faster, the difference in execution time is
not substantial and does not significantly impact the overall
feasibility of either method. It is important to note that the
GA is particularly sensitive to the population size parameter.
Larger populations tend to improve the diversity of candidate
solutions and reduce the risk of premature convergence, but
they also increase computational cost, as presented in [22].
Conversely, smaller populations may lead to faster execution
but can compromise the quality and diversity of the solutions
found. Therefore, careful tuning of the population size is
essential to balance performance and efficiency in GA-based
optimization.

After the iterations, the tuning point with the lowest
ISEy,, overshoot below ten percent (Osg < 10%), and
settling time under three milliseconds (St; < 3 ms) was
selected. As a reference, to evaluate the performance of
the PI controller tuned using BO, the controller was also
configured using two classical methods: the Symmetrical
Optimum (SO) and the method proposed in [[17] (Yazi). The
selected gains for all three methods are presented in Tab[3]

TABLE 3. Gains found for each evaluated method.

Tune Method Ky K;
Bayesian Optimization | 22.79 | 489.54
Symmetrical Optimum 11 13750

Yazdani 44 467.8

To evaluate the robustness of the controller tuned using the
proposed method, parametric variation tests were performed
by individually adjusting the values of R, and L, from
50% to 150% of their nominal references, as shown in
Table [ and @ The results indicate that the controller is
capable of maintaining power quality under reduced Lg
conditions, achieving total harmonic distortion (THD) below
5%. However, this scenario leads to slower dynamic response
and increased overshoot. In contrast, variations in Rg did
not produce significant changes in the controller’s behavior,
suggesting low sensitivity to grid resistance fluctuations.

TABLE 4. Parametric variation settings of the grid inductance (L) applied
for evaluating the robustness of the controller.

Lg=22mH | ISE4, Osa | Sta | THD
(%) (ms) (%)

50% 0356 | 3187 | 6730 | 222
62.5% 0290 | 23.35 | 44.00 | 181
75% 0.248 1282 | 023 | 156
87.5% 0.220 11.87 | 028 | 1.34
100% 0200 | 696 | 0.18 | 1.29
112.5% 0.188 | 548 | 020 | 125
125% 0.180 | 588 | 023 | 125
137.5% 0.174 | 600 | 029 | 124
150% 0.171 601 | 028 | 127

TABLE 5. Parametric variation settings of the grid resistence (R,) applied
for evaluating the robustness of the controller.

Rg =2329mQ | ISE,, Osa | Sta | THD
(%) | (ms) | (%)

50% 0.200 600 | 0.19 | 1.28
62.5% 0.201 595 | 018 | 131
75% 0.200 597 | 018 | 130
87.5% 0.201 546 | 019 | 132
100% 0.200 696 | 0.18 | 1.29
112.5% 0.201 542 | 018 | 127
125% 0.201 551 | 018 | 132
137.5% 0.201 60 | 019 | 129
150% 0.201 557 | 018 | 130

Additionally, to further evaluate the robustness of the PI
controller beyond parametric variations, harmonic distortion
tests were conducted under more challenging grid condi-
tions. These tests aimed to assess the controller’s ability to
maintain power quality when subjected to distorted voltage
waveforms. The distorted grid scenario is based on the
configuration presented in [45]], where the voltage includes
a 60 Hz fundamental component along with harmonic com-
ponents of the 5th (3.94%), 7th (3.15%), 11th (2.36%), 13th
(1.5%), 17th (1.1%), and 19th (0.7%) orders, with respective
amplitudes shown in parentheses. This harmonic profile
results in a total harmonic distortion (THD) of approximately
6%, providing a realistic nonideal operating condition for
evaluating the controller’s performance. The dynamic be-
havior of the system under this distorted grid scenario is
illustrated in Fig. [/} which highlights the controller’s ability
to mitigate harmonic effects and maintain power quality.

Vg,a
300V —>»

Ig,a

T

THD =2.43%

1

1.11
Time (s)

1.08 1.09 1.1 1.12

FIGURE 7. Simulation results under harmonic distortion conditions.

B. Experimental Results

The dynamic response of the controller was tested using the
experimental setup described in the previous section. The
grid to which the converter is connected operates with a
phase-to-phase voltage of 380 V and a frequency of 60 Hz.
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The controller’s performance was evaluated by applying
step signals to the iy ¢ and 74, components of the current.
For the 44 4 component, the reference current is initialized at
0 A. The first step is applied at 0.1 s, raising the reference
to 2 A. Subsequently, at 1.1 s, a second step increases the
current to 4 A. The current returns to 2 A at 2.1 s and is
finally reduced to 0 A at 3.1 s. For the ¢, , component, the
reference also starts at 0 A. At 0.6 s, a negative step is
applied to -2 A, followed by a second step at 0.9 s reducing
the current further to -4 A. The current returns to 0 A at
2.6 s. Figure [§] illustrates the response of the controller
tuned using BO for the reference steps described above.
The performance demonstrates that the controller’s response
follows the reference for both components.

_igiyd _ig,dref g

~ 0

Current[A]
o = N

w

25 3 35

0 05 1 15 2
—gq —lggqref
< Of
<
o
S2r
o
-4 L L L L
0 05 1 15 2 25 3 35
Time[s]

FIGURE 8. Dynamic response of the PI control tuned by BO for i, 4 and
ig,q Steps.

Fig. 0] shows the three-phase currents following the step
applied to 44 4 at 1.1 seconds. A change in current amplitude
from 4 A to 6 A can be observed, resulting from the
combined contributions of the i, 4 and iy, components.

Fig. @ shows the behavior of the voltage v, , and current
ig,c in response to the controller’s action following the
step applied to i, 4 at 0.1 seconds. The observed behavior
indicates that the current remains in phase with the voltage,
as the reference for the iy, component is held at zero
throughout this interval. This implies that there is no reactive
power contribution, resulting in a purely active power flow
aligned with the grid voltage waveform.

Fig@ illustrates the step applied to the i, 4 reference
at 1.1 seconds and the corresponding control response for
the three evaluated tuning methods. Based on the observed
performance, the controller tuned with Yazdani’s (Yazi)
exhibited the shortest rise time (Rty; = 0.063 ms) but also
the highest overshoot among the evaluated methods (Osy =
44.22%). The tuning based on Symmetrical Optimum (SO)
resulted in the longest rise time (Rty = 0.28 ms), the longest
settling time (St; = 1.3 ms), and a significant overshoot
(Osq = 20%). Meanwhile, the controller optimized using
Bayesian Optimization showed the second shortest rise time
(Rty = 0.136 ms), the shortest settling time (Sty; = 0.249
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FIGURE 9. Three-phase current of the dynamic response of the Pl
controller tuned by BO.
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FIGURE 10. Phase a current and voltage of the dynamic response of the
Pl controller tuned by BO.

ms), and an overshoot below 5% (Osq = 3.7%), demonstrat-
ing the best dynamic performance among the three evaluated
tuning methods. The values mentioned are presented in
Table [6] to facilitate comparison among the evaluated tuning
methods.

TABLE 6. Dynamic response values for i, step of tune methods.

Tune Method Osa Rta Sta

(%) | (ms) | (ms)

Bayesian Optimization | 3.711 | 0.136 | 0.249
Symmetrical Optimum | 20.00 | 0.284 1.3

Yazdani 4422 | 0.063 | 0.451

Fig. @ illustrates the step change in the i, , reference at
2.6 seconds and the corresponding control response for the
three evaluated tuning methods. The behavior observed is
similar to that seen in the ¢, 4 step response, with the op-
timized tuning method demonstrating the best performance
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FIGURE 11. Dynamic response of the Pl control for i, step with each tune
method.

among the evaluated approaches. The performance values
are presented in Table [/| to facilitate comparison among the
evaluated tuning methods.
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FIGURE 12. Dynamic response of the Pl control for i, , step with each
tune method.

TABLE 7. Dynamic response values for i, , step of tune methods.

Osq | Rig Stq
Tune Method
(%) (ms) (ms)
Bayesian Optimization | 3.563 | 0.127 | 0.235
Symmetrical Optimum | 17.34 | 0.285 1.5
Yazdani 41.49 | 0.058 | 0.448

In addition to the analysis of the dynamic response, the
ISE4, index and Total Harmonic Distortion (THD) was
computed for all evaluated controllers. The results presented
in Table [§] indicate that the controller configured using the
proposed tuning methodology achieves the lowest integral of
squared error across both current components, highlighting
its superior tracking performance. The THD values obtained
by the controllers tuned with the three evaluated methods
comply with the international IEEE 1547.2-2008 standard,

remaining below 5%. Moreover, the controller tuned with
BO achieves the lowest THD, with a value of 1.05%.

TABLE 8. IS E 4, and THD (%) for each tune method.

Tune Method ISEgyq | THD (%)
Bayesian Optimization 0.1334 1.05
Symmetrical Optimum 0.1536 1.29

Yazdani 0.1568 1.17

V. CONCLUSION

Thus, this work demonstrates that Bayesian Optimization
(BO) offers superior performance in exploring the search
space when tuning the gains of the PI controller for the
three-level 3LNPC converter. Unlike classical methods, BO
efficiently identifies promising regions by leveraging prob-
abilistic models, resulting in a broader and more effective
coverage of the solution space. Even with a fixed limit of
100 iterations—equal to that used for the Genetic Algorithm
(GA)—BO produced a greater number of viable solutions
that met the control performance criteria. This enhanced
exploration capability allowed for a more comprehensive
understanding of parameter sensitivity and system behavior.
The PI controller tuned with BO reliably tracked the desired
reference, exhibiting low overshoot (< 5%) and a settling
time below 3 ms. Additionally, compliance with the IEEE
1547.2-2008 standard was confirmed, with current harmonics
remaining under 5%. These findings establish BO as a
robust and promising alternative for integration into power
generation systems based on three-level converters, offering
improved reliability and control precision.
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