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Abstract

Conventional fixed phase-shift strategies for parallel PV converters fail to minimize output
ripple under heterogeneous input conditions, while communication-based synchronous
methods incur high costs and reliability risks. Furthermore, standard global optimiza-
tion algorithms like conventional Particle Swarm Optimization (PSO) suffer from slow
convergence, hindering real-time application. To address these limitations, this paper pro-
poses a communication-free distributed ripple suppression method based on an enhanced
PSO with randomized phase shifting. Unlike traditional approaches, our method enables
autonomous convergence without inter-unit communication. Crucially, a randomized
pre-scanning mechanism narrows the search space, accelerating convergence significantly.
Simulation results demonstrate that the proposed method reaches a steady state in merely
5 ms, which is 50% faster than conventional PSO (~10 ms) and eliminates communication
latency. Under severe heterogeneous conditions, the technique reduces output voltage
ripple to 0.66 V (a 53% reduction) compared to the unoptimized 1.21 V, vastly outperform-
ing fixed interleaving strategies that show negligible improvement. The approach also
ensures robust stability during load steps and plug-and-play operations, offering a superior
low-cost and high-speed solution for distributed PV systems.

Keywords: PV converters; ripple suppression; randomized phase shifting; enhanced PSO;
communication-free

1. Introduction

Solar photovoltaic (PV)power generation offers advantages such as cleanliness, re-
newability, and abundance of energy resources. Its application has become increasingly
widespread in the context of traditional fossil energy shortages [1]. DC-DC converters,
which are widely used in PV power generation, have also undergone significant devel-
opment. Among various technical routes, multi-module parallel operation to achieve
high-capacity power supplies is recognized as one of the key directions in the development
of modern power conversion technology [2]. By connecting multiple power modules in
parallel to share the load power, the current stress on the main switching devices in each
module is greatly reduced, thereby fundamentally improving reliability and reducing costs.
Furthermore, multiple parallel modules allow flexible configuration of various power
capacities, replacing serial production with modularization. This shortens the development
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and production cycles, reduces costs, and enhances the standardization, maintainability,
and interchangeability of various switching power supplies.

However, due to the inherent characteristics of converters, PV systems often exhibit
certain voltage ripples in their output, which adversely affects both the output power and
system stability [3,4]. In multi-converter parallel systems, appropriate control strategies
can suppress the output ripple to some extent. Therefore, how to reduce the output voltage
ripple in multi-converter parallel PV systems has attracted widespread attention from
researchers [5-7].

For a uniform input signal, parallel-connected converters generate output current
ripples of the same magnitude, attributed to the switching properties of DC-DC circuits.
If the phase of the control signal for each converter is adjusted, the phase of the output
current ripple of each converter will shift accordingly [8,9]. When the control signals
of all converters are in phase, the output current ripples reach their peaks and valleys
simultaneously, resulting in maximum ripple on the bus voltage. Conversely, if the control
signals of individual converters are staggered with a certain phase shift, the current ripples
can cancel each other out, thereby reducing the overall ripple on the bus. For a system with
N converters, the ideal phase shift between control signals is 360° /N [10].

Taking a three-phase interleaved converter as an example. When the three input
signals are identical, configuring the PWM waves of the three converters with a 120°
phase difference enables mutual cancellation of current ripples, ultimately reducing the
output ripple. If the three input signals are not identical, the optimal phase shift must be
recalculated [11].

However, in multi-module parallel-connected photovoltaic (PV) systems, the physical
separation between PV arrays makes inter-converter communication challenging. Addition-
ally, difficulties in time reference synchronization further hinder the precise coordination of
phase shifts among converters to achieve optimal performance. Moreover, due to varying
and unstable input conditions across individual PV units, the ideal phase shift between
converters is difficult to determine analytically.

Reference [12] proposed a parallel interleaving method by delaying the clock signals
of individual converters by specified phase shifts to achieve parallel interleaved control.
However, this approach cannot quickly adapt to changes in the number of converters, as
it requires pre-calculation of specific phase shifts and adjustments to the control system.
Reference [13] introduced an additional phase communication line between each converter
and its two adjacent converters, ensuring equal phase differences among every three adja-
cent converters, including the unit itself. This method necessitates extra communication
lines and performs poorly when applied to converters with different parameters (which
require different phase shifts). Reference [14] employed a phase-sweeping strategy, travers-
ing all possible phase scenarios at fixed intervals to identify the phase configuration that
minimizes output ripple. Nevertheless, this method involves substantial computational
effort, as it requires evaluating the entire phase range. Reference [15] derived the optimal
phase shifts for three converters to minimize output ripple under varying input amplitudes
and duty cycles. However, this theoretical framework is limited to three converters and
involves complex calculations, making it difficult to implement in practice.

To overcome these limitations, this paper proposes a distributed, communication-free
ripple suppression technique based on a Particle Swarm Optimization (PSO) algorithm, which
employs randomized variable phase shifts for multi-module parallel-connected systems.
This approach enhances conventional interleaving strategies by allowing converters to au-
tonomously adjust their phase shifts without communication, thereby significantly reducing
output voltage ripple. Furthermore, it improves the convergence speed and global optimiza-
tion capability of the algorithm. The proposed method effectively adapts to diverse converter
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input conditions and rapidly responds to converter plug-and-play operations, ensuring that
the bus ripple remains minimized under dynamic operating conditions.

Compared with conventional PSO algorithms that only employ personal best and
global best terms to search the full phase range, the proposed method introduces an
additional control term based on the circuit characteristics. This term helps to preliminarily
narrow down the optimal phase region before further optimization. By integrating the
algorithm with the inherent properties of the converter circuit, the proposed approach can
achieve faster convergence speed and better optimization performance.

The main contributions of this paper are twofold. First, an optimization algorithm is
introduced for ripple suppression in parallel PV converters, which replaces the conventional
exhaustive phase searching from 0° to 360° and greatly improves the optimization efficiency.
Second, an enhanced PSO adapted to circuit characteristics is proposed, where an additional
control term derived from circuit properties is added to narrow the search range and achieve
faster convergence and better global optimization performance.

2. Materials and Methods

The current or voltage in Figure 1 can be decomposed into corresponding DC and AC
components, for example:
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Figure 1. System structure of the paralleled PV with distributed converters.

Other current or voltage quantities follow the same principle and will not be listed
individually here. The AC component will be the focus of our discussion.

As shown in Figure 1. When converters are connected in parallel, the total current
ripple on the bus iy, can be regarded as the superposition of the inductor current ripples
from each individual converter iy, expressed as:

N
Z.total = Z i 2)
k=1

where N is the total number of converters. Due to differences among converters and
photovoltaic devices, the input characteristics exhibit certain variations. The term j in the
equation can be decomposed using Fourier analysis, yielding:

I = Ayel¥ 3)

where Ay represents the amplitude of the ripple current, and ¢ indicates the phase angle
of the ripple current.
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At the bus terminal, due to the effect of capacitive reactance, a phase difference exists
between the bus voltage ripple Vius and the current ripple Trotal- Considering the bus
impedance denoted (including R and Cp,;s) as Z, the relationship can be expressed as:

N .
Lotal = Z Ake]q)k 4)
k=1
A N H
Vous = |Z] x Y Ayelloutars(Z)) (5)
k=1

For the k-th converter, when analyzing the bus voltage while excluding the influence
of its self-induced ripple, the current and voltage ripples generated by the remaining
converters can be attributed to:

Z0other = 2’\1‘otal - Z¢I< (6)
where iy, is the total current from the other converters. Due to the capacitive reactance
on the bus, the phase of the bus voltage ripple consistently lags that of the bus current. For
simplicity of representation, the phase angle of each converter is referenced to itself as zero,
leading to the relationship illustrated in the figure below [16]:

As shown in Figure 2, following the same notation as ¢, we designate ¢ _ ey as the
phase of —i,4,, and designate @_vyyps as the phase of —Vj,,,. Therefore, AY represents the
phase difference between ir and —1,, while A¢ represents the phase difference between
ix and —Vj,,s. The phase of signal i; should be precisely opposite to that of signal 7, to
minimize ripple, namely:

Pk = P—other (7)

where ¢;,;, indicates the phase angle of the bus current. Therefore, the ideal objective in
adjusting ¢y is to achieve AY = 0, which yields the following control strategy

Agp = CAY (8)

where C is the control coefficient. However, due to the absence of communication, we
cannot actually know the current phase of the other converters. Considering that —Zy,,,
and —V,,; have the same phase direction relative to ir, we can use A¢ instead of AY for
control, namely:

Ay = CAP )

~ ltotal
Lother

AY
A

~

—lother

/\V
-7 bus

Figure 2. Vector Diagram of Converter Parameters.
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This approach will introduce certain errors, namely:

where ¢, represents the control error induced by the absence of communication, and its
value varies under different conditions. Therefore, we propose the use of the PSO algorithm
to optimize the system and eliminate this error.

The PSO algorithm is a computational method inspired by the social foraging behavior
of bird flocks. In PSO, each potential solution is represented as a “particle” in the search
space. These particles navigate through the solution domain by interacting with both their
own historical experience and the collective knowledge of the swarm to rapidly converge
toward an optimal solution. During the iterative process, the velocity and position of each
particle are updated in each generation. The fitness of each particle is evaluated based on
an objective function. The algorithm maintains records of the best position encountered
by each particle, which is defined as personal best (pbest), and the best position found by
the entire swarm, which is defined as global best (gbest). These guide the search toward
promising regions, ultimately identifying the global optimum [17-19].

Considering the aforementioned control strategy and the PSO algorithm, we can
derive the following control law:

best best
A@gn = +c1r ((Pf - A(Pk,nfl) + Czrz(q?i * A(Pk,nfl) + 3138 + wAPg -1 (11)

Pkn = DPrn—1+ D@Prn (12)

where n denotes the nth iteration of the PSO algorithm. (pf best represents the individual
optimal solution of the converter in the PSO algorithm iteration, while (pib“t denotes the
global optimal solution.

The third term c3r3A¢ corresponds to the control strategy presented in Equation (9),
which satisfies the following expression:

C=c; (13)

and incorporates the random number r3 required by the PSO algorithm, enabling the
algorithm to avoid becoming trapped in local optima during iteration.

The first two terms cq71 (go,’fbm - Aq)k,n_l) and cp7p ((pibeSt — Aq)k,n_l) are used to
eliminate the error @

In the third control term, enabling the algorithm to search for the optimal solution
within an appropriate range. c; and ¢, are the control coefficients for these two terms, while
r1 and 7, are also random numbers.

It can be observed that the algorithm should initially prioritize the third term with a
larger coefficient, enabling the particle phase to rapidly converge to ¢ _yp,s and approach
the vicinity of the optimal solution @_ . Subsequently, the weight of the first two terms
should gradually increase, and their coefficients should be enlarged, allowing particles to
perform PSO optimization within this range to find the optimal solution. Therefore, the
bus ripple can be considered as a control coefficient, namely:

A

- = —— 14
€1 =0 Vo] - A (14)
A
=1-—=— 1
c3 Vow| + 4 (15)
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where |Vbus| represents the ripple amplitude and A is an empirical coefficient that can be
adjusted based on the actual ripple value generated by the circuit.

The w represents the inertia coefficient, which determines the particle’s tendency to
retain its previous velocity. A higher value of w promotes global exploration, while a lower
value favors local optimization. Typically, w is implemented as a dynamic parameter that
decreases linearly with the number of iterations. However, as indicated in earlier analysis,
the optimal solution for the converter should be confined near the point where its phase is
opposite to that of the bus ripple (i.e., where A¢ = 0). This implies that when A¢ is large, the
solution is more likely to be trapped in a local optimum, and the particle should emphasize
global search (i. e., a larger w. Conversely, when A¢ is small, the optimal solution lies
within a narrower range, and w should be correspondingly reduced. Considering that the
value of w is typically a fixed value between 0.3 and 0.8 [20], the control strategy proposed
in this paper requires w to be adjusted based on the number of iterations. Therefore, by
integrating the value range of w and empirical data from the simulation process, the value
of w in this paper is set as follows:

w =03+ 05A¢ (16)

The final system control block diagram is shown in Figure 3 (Taking a system of four
converters as an example). The effectiveness of the proposed algorithm will be verified in
Section 3 through Simulink simulations, focusing on four key metrics: steady-state ripple
suppression rate, convergence speed, stability under load step changes, and plug-and-play
adaptability. The simulation parameters (e.g., circuit components, PSO coefficients)are
detailed in Tables 1 and 2 to ensure reproducibility. The parameters of the PSO and the
enhanced PSO are completely consistent, with only the optimization code being different.
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Figure 3. Control Block Diagram of Phase-Shift-Based Ripple Suppression.

https:/ /doi.org/10.3390/ electronics15091815


https://doi.org/10.3390/electronics15091815

Electronics 2026, 15, 1815 7 of 14
Table 1. Control Algorithm Parameters.
Parameter Name Parameter Symbol Parameter Value
Swarm Size K 60
Maximum Number of Iterations T 1000
Inertia Coefficient(Initial Value) w 0.8
PSO Individual Coefficient(Initial Value) 1 0.3
PSO Social Coefficient(Initial Value) c2 0.3
Range Coefficient(Initial Value) c3 0.7
Table 2. Circuit Parameters.
Parameter Name Parameter Symbol Parameter Value
Control Frequency f 20 kHz
output filter capacitor Ck 50 uF
Load Resistance R 10
Filter Inductance Ly 200 uH
bus capacitor Chus 50 uF
number of converters N 4

To ensure stable and cooperative convergence among multiple converters without
inter-converter communication, the proposed algorithm introduces random coefficients ¢,
2, and c3 in each iteration. This stochastic update mechanism avoids the problem that all
converters adjust phases synchronously while keeping their phase differences unchanged,
which would prevent the system from reaching the global optimum. Driven by the random
disturbance and the unified objective of minimizing bus voltage ripple, all converters can
eventually converge cooperatively to the near-optimal phase solution.

3. Simulation Results and Discussion

In this section, the effectiveness and stability of the proposed controller are validated.
It is noted that the output voltage amplitude may undergo significant variations during
the plug-and-play operations of multiple parallel-connected photovoltaic units. Since the
primary focus of the converter control is to verify ripple suppression performance, a droop-
based voltage stabilization method is applied in the simulation to facilitate clear observation
of the ripple characteristics. PV modules are modeled with MPP voltage 29 V, MPP current
7.35 A (Table 2), and their input irradiance is set to 1000 W/m? (25 °C)with fluctuations
to simulate real-world non-uniform condition. The parameters of the components and
algorithms used in this study are listed in the table.

3.1. Comparison of Steady-State Ripple Amplitude

Four DC-DC converters were connected in parallel, and the ripple magnitude was
compared under conditions with and without the controller applied.

As shown in Figures 4-6, when no control system was implemented, the input phases
of the converters were random, leading to significant bus voltage ripple. After applying
the control system, the output bus ripple was effectively suppressed. Prior to activating
the controller, the steady-state bus ripple measured 1.21 V. With the controller enabled, the
steady-state ripple was reduced to 0.65-0.67 V, achieving approximately 53% suppression
compared to the uncontrolled case.
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Figure 4. Without Controller.
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Figure 5. Ripple suppression capability of the PSO Algorithm Control.
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Figure 6. Ripple suppression capability of the Improved Phase-Shift Control.

It is noteworthy that both the standard PSO algorithm and the proposed control
algorithm exhibited comparable ripple suppression performance. This similarity arises
because the PSO algorithm also essentially searches for solutions near the phase opposite
to the bus ripple, resulting in analogous optimization outcomes.

However, unlike in DC-DC converters where ripple can be reduced to very low levels,
the residual ripple in this photovoltaic-based system persists due to variations in the
amplitude of the PV inputs. Unlike ideal identical DC sources, the non-uniform input
characteristics prevent the theoretical cancellation of ripple to zero. Even with optimally
interleaved phases, a certain amount of ripple remains inevitable.

3.2. Convergence Speed

The simulation verified the effectiveness of the control method, demonstrating a
significant reduction in ripple. As mentioned earlier, although exhaustively traversing all
phase combinations or directly using the PSO algorithm to optimize the entire phase range
could also achieve the optimal solution, the proposed algorithm first narrows down the
range of the optimal solution and then further refines it, thereby reducing the time required
to reach the minimum ripple.

Four DC-DC converters were connected in parallel, and both the conventional PSO
algorithm and the improved PSO algorithm were applied.

https://doi.org/10.3390/ electronics15091815
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As shown in Figures 7 and 8§, it can be observed that the conventional PSO algorithm
reached a steady state at approximately 0.010 s (10 ms), at which point the bus voltage
stabilized. In contrast, the improved PSO algorithm achieved a similar steady state at
around 0.0052 s (5.2 ms). This difference arises because the conventional PSO must optimize
over the entire 0-360° phase range, resulting in slower convergence to the optimal solution.
When no controller is applied, the PWM output remains a fixed signal, making the concept
of convergence speed irrelevant; thus, it is not included in the comparison.

60.00

50.00

40.00 \

30.00 PSO algorithm convergence time: 0.01 seconds

Y

20.00

Voltage

10.00

0.00

0 0.005  0.010 0.015 0.020 0.025  0.030
Time /s

Figure 7. Convergence speed of the PSO Algorithm Control.
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50.00 \
> RO Improved phase-shift algorithm
E)") 30.00 convergence time: 0.0052 seconds
=]
3 20.00
=

10.00

0.00
0 0.005  0.010 0.015 0.020  0.025  0.030

Time /s

Figure 8. Convergence speed of the Improved Phase-Shift Control.

Furthermore, no local optimum phenomenon was observed in this case. However,
the improved PSO algorithm can early identify the region containing the global optimum,
thereby assessing the quality of solutions within its vicinity. In contrast, the conventional

PSO lacks the ability to evaluate nearby solutions, which could lead to convergence to a
local optimum under different conditions.

3.3. Load Step Change

After verifying the effectiveness of the improved PSO algorithm in suppressing ripple
within the photovoltaic grid-connected system, its stability performance was further vali-
dated. In this test, the bus load was adjusted to observe the convergence behavior of the

system. The load is sequentially reduced to 0.5 () at 0.3 s and 0.2 () at 0.7 s. The results are
shown in Figure 9.

40.00

30.00

— (=]
s 2
oo} S
L= (=]

Voltage /

=
2
S

e
=
=3

0.01 0.02 0.03 004 005 0.06 007 008 009 0.10
Time /s

Figure 9. Load Step Change.

Here it can be observed that during the load step change, the system returns to a
stable operating condition after a transient period of approximately 3 ms. As previously
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discussed, the inductor currents from individual converters superimpose on the common
bus. Therefore, the change in load resistance does not affect the position of the optimal
solution itself. This enables the converters to rapidly reconverge to the original optimal
operating point. The change in the ripple magnitude is primarily due to the fact that the
inductor currents generate voltage across the bus load—thus, variations in load inevitably
affect the amplitude of the voltage ripple.

3.4. Converter Plug-and-Play Characteristics

In this method, as the converters do not communicate with each other, the optimal
operating point shifts when a converter is plugged in or removed. Consequently, each
converter autonomously readjusts its phase until the system reconverges to the new optimal
solution. Converter 2 plugged in at t = 0.01 s, Converter 3 plugged in at t = 0.02 s, Converter
4 plugged in at t = 0.03 s; each plug-in event triggers a phase re-optimization

As shown in Figure 10, during the instant of converter plug-in or removal, the optimal
phase solution for each converter changes. However, the phases of the remaining three
converters initially remain unchanged, causing a sudden increase in bus voltage ripple.
The control strategy quickly adjusts the phases of the converters, reducing the ripple again
and restoring stability after a transient period of approximately 5 ms.

50.00

49.00
48.00
47.00

e \
IR

0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time /s

Figure 10. Converter Plug-and-Play Characteristics.

It is noteworthy that when the number of converters increases from one to two, the
bus ripple is significantly reduced due to the interleaving effect. However, as the system
further scales to three and four converters, although it continues to converge rapidly, the
overall bus ripple does not decrease notably and even exhibits a slight increase. This
occurs because, in multi-converter photovoltaic parallel systems, the input conditions of
individual converters are non-uniform. As a result, even under ideal operating conditions,
the ripple does not fully cancel to zero. Thus, although the control strategy achieves the
optimal solution, some residual ripple remains and may vary with system configuration.

3.5. Carrier Frequency Variation

As shown in Figure 11, the results of varying the carrier frequency indicate that
the bus ripple amplitude changes accordingly. References [16,21] have previously uti-
lized frequency modulation techniques for ripple suppression. However, it should be
emphasized that frequency variation does not interfere with the phase-shift-based ripple
suppression mechanism proposed in this method. The controller maintains its effectiveness
and demonstrates notable stability even under changes in operating frequency.

3.6. Result Comparison

In this section, we define the Ripple Suppression Performance as the ratio of the
ripple value obtained using the corresponding control strategy to the ripple value obtained
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without using that strategy. It can be observed that a smaller value of this ratio indicates
better ripple suppression effectiveness of the control strategy.

60.00

50.00
. 40.00
gj 30.00
530,
= — 20kHz 067V g2y
> 20.00 — 50kHz

10.00

0‘000‘01 0.015 0.02 0.025 0.03

Time /s

Figure 11. Carrier Frequency Variation.

For instance, Reference [22] achieves a bus ripple reduction to 0.14 V, demonstrating
significantly better ripple suppression performance compared to the method proposed in
this paper. However, this approach is only applicable to converters with identical input
sources. In contrast, due to varying amplitudes of photovoltaic inputs in our system, theo-
retical ripple cancellation to zero is unattainable—unlike in converters with uniform DC in-
puts. Even with optimally interleaved phases, certain residual ripple remains unavoidable.

Reference [23] addresses ripple suppression in parallel-connected PV converters,
achieving suppression rates between 58% and 87%. While its best-case performance is simi-
lar to ours, this method requires exhaustive traversal of all phase combinations. Although
the convergence time is not explicitly stated in the reference, it is theoretically slower.

Reference [15] achieves approximately 43%ripple suppression but necessitates com-
munication among converters, introducing practical limitations.

Reference [24] employs a full-range PSO algorithm for phase optimization, attaining
46%ripple suppression—lower than the results achieved by our method. Moreover, this
study does not evaluate convergence speed, though theoretically, optimizing over the entire
phase range would lead to convergence rates similar to those in Reference [25]. The specific
results are summarized in Table 3, structured as follow.

Table 3. Performance Comparison of Different Controllers.

Ripple Suppression

Applicability to Converters of

Controller Performance Year of Publication Convergence Speed Different Specifications
This Work 53% / 5ms Yes
Reference [22] 79% 2023 10 ms No
Reference [23] 87% 2024 / Yes
Reference [15] 43% 2015 /(Slow convergence) No
Reference [24] 46% 2024 /(Slow convergence) Yes
This Work 53% / 5ms Yes

4. Experimental Verification

To verify the effectiveness of the proposed method, an experimental circuit is built
using the RTU-BOX platform in this paper. The experimental platform is shown in Figure 12.

The RTU-BOX is a real-time simulation and control platform that can be seamlessly in-
tegrated with the Simulink environment. It enables direct acquisition of real-time electrical
signals such as the current and voltage of the converters, transmits the collected data to the
Simulink model for algorithm processing, and then outputs control parameters including
duty cycle and phase shift to the power circuit. This design realizes the closed-loop control
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of the converter system without relying on traditional DSP hardware, which greatly sim-
plifies the experimental implementation process and improves the efficiency of algorithm
verification. In the experiment, two Boost converters are connected in parallel, and the
hardware parameters of the experiment are shown in Table 4.

- -
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-~ \
.

RTU-BOX and Host Computer

Figure 12. Hardware experimental platform based on RTU-BOX.

Table 4. Experimental parameters of the parallel converter system.

Parameter Name Parameter Symbol Parameter Value
Control Frequency f 10 kHz
Output Filter Capacitance C 47 uF
Filter Inductance L 220 uH
Load Resistance R 20
Number of Converters N 2
Input Voltage Vin 12V
Output Voltage Vout 24V

The experimental results are shown in Figure 13:
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Figure 13. Steady-state DC bus voltage waveforms with and without the proposed method.
(left) Steady-state DC bus voltage waveform without the proposed method enabled; (right) Steady-
state DC bus voltage waveform with the proposed method enabled.

In this chapter, the effectiveness of the proposed communication-free phase-shift
ripple suppression method is verified through hardware experiments based on the RTU-
BOX platform. A parallel system consisting of two Boost converters is constructed, and
the steady-state performance of the method is tested under heterogeneous operating
conditions. The experimental results show that, compared with the uncontrolled condition,
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the proposed method can significantly reduce the DC bus voltage ripple, with the steady-
state ripple amplitude reduced from 2.8 V to 0.9 V, which is consistent with the simulation
conclusions. The RTU-BOX real-time control platform realizes the closed-loop control of
the converter system without relying on traditional DSP hardware, which simplifies the
experimental implementation process and verifies the feasibility of the method in practical
applications. The experimental results fully demonstrate that the proposed method has
excellent ripple suppression performance and practical application value in parallel PV
distributed converter systems.

5. Conclusions

This study investigates parallel-connected photovoltaic converter systems and pro-
poses a communication-free ripple suppression strategy. Despite the promising simulation
results, this study has two limitations: first, validation is limited to Boost converters and
lacks experimental verification; second, only the dominant harmonic component (n = 1) is
considered, and higher-order harmonics may affect performance under extreme conditions.

The main contributions are as follows: First, the principle of ripple control through
phase-shift manipulation is elucidated, and a PSO-based method is introduced to identify
near-optimal solutions under heterogeneous converter parameters. Second, an enhanced
PSO algorithm is developed to constrain the search space to a promising region before
refinement, significantly accelerating convergence. The proposed method can be applied to
distributed converters, where each unit adjusts its phase autonomously in a communication-
free manner. Third, simulations performed in Simulink verify the effectiveness of the
approach and its rapid optimization capability compared to conventional PSO, along with
demonstrated stability under load transients and converter plug-and-play scenarios.

While validation remains simulation-based, future work will include experimental
implementation. Further research will focus on: first, extending the proposed method to
Buck and Buck-Boost converters, and verifying its performance in a hardware-in-the-loop
(HIL) test platform, despite its general theoretical applicability; second, expanding har-
monic suppression to higher-order components beyond the dominant harmonic considered
in this study, and developing a multi-harmonic optimization objective function that in-
tegrates both dominant (n = 0) and higher-order (n = 1, 2) harmonics, further reducing
residual ripple.
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