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1 Executive Summary

The EU’s commitment to net-zero greenhouse gas emissions by 2050 necessitates rapid
deployment of power converter-interfaced devices in electric power systems. This includes
renewable energy sources (RESs) and energy storage systems (ESSs) in distribution net-
works (DNs). Traditional two-port power converters often fail to meet demand profiles ef-
fectively, leading to significant voltage fluctuations during generation-demand imbalances,
particularly in radial feeders.

Multiport Converters (MPCs) provide an effective solution by integrating multiple en-
ergy ports into a single aggregated hub, offering high controllability and efficient energy
management across all ports while maintaining power quality and grid stability. MPCs can
address DN challenges by reducing conversion stages, leading to cost-efficiency and higher
power density. MPCs offer flexibility in selecting the number of ports and their characteris-
tics (AC or DC), making them ideal energy hubs for connecting feeders, substations, RESs,
and ESSs. Compared to conventional systems composed of multiple individual interfac-
ing converters, MPCs provide lower system cost, reduced size, and higher power density.
Advanced controllability, communication, and computational capabilities in MPCs support
future smart grids by decentralizing decision-making processes, enabling rapid responses,
and holistic control to enhance overall grid performance.

WP3 focuses on investigating and enabling MPCs in low-voltage (LV) DNs, addressing
challenges such as developing efficient and compact circuit topologies for interfacing three-
phase and single-phase AC systems with multiple DC ports. This will enhance converter
efficiency, improve power density, and reduce component counts by minimizing conversion
stages. Additionally, control and modulation constraints will be addressed to ensure Zero-
Voltage-Switching (ZVS) and reduce passive reactive elements to boost power density.
High-performance current and voltage control techniques will maintain control bandwidth
and impedance passivity across all ports, reducing dynamic instability and transient oscil-
lations in future distribution grids.

At the distribution level, DNs with significant penetration of renewable sources and var-
ious industrial loads require power electronics to facilitate the integration of renewables
and ESSs, optimize network use, and connect loads at different voltage levels. Power-
electronic solutions like ESOP, smart transformers, and MPCs enhance capacity, flexibility,
and controllability in distribution grids. For residential areas, MPCs accommodate future
connections of EVs and distributed renewable generation, improving load balance, voltages,
and renewable capacity.

In household settings, MPCs link local RESs and ESSs with the distribution grid, support-

ing local energy storage systems and EVs. This enhances system efficiency and reduces

Deliverable D3.2 -Prototype Development, Experimental Validation, Page 16 of 103
and Evaluation of Low-Voltage Multiport Converters
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integration costs, optimizing energy management at the household level and contributing
to the overall stability and efficiency of the distribution network.

This report, Deliverable 3.2 of the iPlug project, provides a comprehensive overview of
the laboratory prototypes developed and the experimental validation conducted as part of
WP3, which focuses on the investigation of multiport converters (MPCs) for LV applications.
Building upon the foundations laid in the previous WP3 deliverable, D3.1 [1], which intro-
duced innovative single-stage non-isolated MPC topologies tailored for residential use, this
report emphasizes the experimental assessment of those proposed converter architectures
under a wide range of realistic operating conditions.

In Sections 3 and 4, the experimental tests to validate the performance and efficiency
of the proposed converters under steady-state and dynamic scenarios are presented, re-
flecting practical grid-interfacing and energy management requirements. Furthermore,
this deliverable advances the evaluation of MPCs by incorporating a multi-objective opti-
mization framework. The optimization simultaneously targets high efficiency and elevated
power density—two critical metrics for compact and cost-effective power conversion sys-
tems. The results demonstrate the ability of MPCs to meet stringent performance targets
while reducing the component count and enhancing system integration.

In Section 5, a comparative study is presented between the proposed MPCs and con-
ventional solutions based on multiple interconnected two-port converters. Under mission
profiles emulating renewable energy generation and storage, the MPCs consistently outper-
formed their counterparts, particularly in terms of system-level efficiency and compactness.

Finally, the report details the refinement and validation of a non-linear control strategy
originally proposed in D3.1 [1] for the Y-converter topology in Section 6. The enhanced con-
trol approach has been extended and adapted for the broader class of MPCs introduced in
this work. Its effectiveness is demonstrated through improved transient response, robust-
ness against parameter variations, and overall control performance under varied operating

conditions.
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2 Introduction

2.1 Background and Motivations for Multiport Converters

The urgency of the climate crisis, coupled with the European Union’s strategic goal of
achieving climate neutrality through net-zero greenhouse gas emissions by 2050, is ac-
celerating the deployment of power converter-interfaced devices within electric power sys-
tems. This growing reliance on power electronics, particularly for integrating renewable en-
ergy sources (RESs) and energy storage systems (ESSs) into distribution networks (DNs),
introduces new operational challenges that demand innovative converter architectures and
control strategies to ensure both efficiency and grid reliability [2].

Traditional two-port power converters are often underutilized, especially in scenarios
where their controllability is poorly aligned with the variable and often unpredictable na-
ture of demand profiles. This is particularly critical on radial feeders, which are susceptible
to significant voltage deviations under generation-demand mismatches [3]. To address
this issue, the concept of enhanced soft-open-points (ESOPs) has emerged. These devices
interconnect adjacent radial feeders and coordinate with nearby RESs or ESSs, thereby en-
abling grid-support functionalities such as peak shaving and facilitating greater penetration
of low-carbon energy sources [4, 5].

Simultaneously, the proliferation of dc-based systems—such as ESSs and electric vehi-
cle (EV) chargers—has led to an increased number of conversion stages, which adversely
impacts system cost, volume, and efficiency. Nevertheless, the widespread availability of
energy sources and sinks opens up opportunities for local energy aggregation and shar-
ing. In high converter-density environments, such as residential or commercial buildings,
there is significant potential for more streamlined energy integration, resulting in improved
overall energy utilization.

Multiport power converters (MPCs), shown in Fig. 1, offer a promising solution by consoli-
dating multiple energy interfaces—ac and dc—into a single, unified conversion platform [6].
With high controllability and flexibility, MPCs enable efficient energy exchange among var-
ious ports, while meeting local constraints such as voltage quality and power balancing.
Their inherent capability to reduce the number of required conversion stages relative to
conventional multi-terminal ac or dc solutions positions them as attractive candidates for
achieving higher power density and cost-effectiveness in modern distribution networks [7].

MPCs are highly versatile, offering configurable port characteristics (ac or dc) and scal-
able port count, which makes them ideal for acting as centralized energy hubs. These hubs
can seamlessly connect multiple feeders, substations, and distributed energy resources.
Compared to systems composed of several dedicated two-port converters, MPCs reduce

the overall footprint, cost, and complexity, while delivering enhanced power density and
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Figure 1: Represntation of a Multiport converter interfacing various sources, loads and
storages.

integration flexibility.

Another notable advantage of MPCs is their advanced control, communication, and
computational capabilities. These features enable decentralized operation, allowing local
decision-making without relying solely on centralized grid management. This distributed
intelligence fosters faster, more coordinated responses to dynamic grid events, thereby
improving resilience and stability [8,9].

On a broader level, MPCs are capable of performing localized grid-support functions—such
as voltage regulation, frequency support, and continuity of service—while also contributing
to system-wide objectives like efficiency optimization, load balancing, and congestion man-
agement. Their flexibility enables them to act as both local controllers and system-level
optimizers [10]. Furthermore, future advancements in MPC control will leverage adaptive,
data-driven algorithms capable of evolving in response to real-time grid conditions. These
adaptive strategies will enhance security, power quality, and dynamic robustness.

The primary objective of WP3 is to investigate and facilitate the deployment of MPCs in
low-voltage (LV) distribution networks, addressing both household and broader distribution-
level scenarios. Key research directions include the development of compact, high-efficiency
circuit topologies capable of interfacing multiple dc ports with single-phase or three-phase
ac grids. This will reduce the number of conversion stages, minimize passive component
size, and improve overall converter power density.

In parallel, WP3 addresses key control and modulation challenges, including the real-
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Figure 2: Multiport converter for distribution level scenario.

-
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ization of Zero-Voltage Switching (ZVS) across varying operating conditions. Advanced
control methods—such as oversampling techniques and digital hysteresis modulation—will
be employed to enhance current and voltage regulation, while preserving passivity and en-
suring high control bandwidth across all ports. These innovations are essential to mitigate
dynamic instabilities and oscillatory behavior in increasingly complex and flexible future

grids.

2.2 Scope of WP3 Research Activities

In distribution level scenario where DNs have a significant penetration of renewable sources
such as solar PV and wind power plants, along with various industrial loads, electric vehi-
cle charging stations, and energy storage units, power electronics play a vital role. They
facilitate the integration of renewables and energy storage systems, optimize the use of
the distribution network, and enable the connection of various loads at different voltage
levels, both AC and DC as presented in Fig.2. Several power-electronic solutions have
been discussed in the literature for enhancing capacity, improving flexibility, and enhanc-
ing controllability in distribution grids. These solutions include ESOP, smart transformers,
and multiport converters. Additionally, there is a growing interest in introducing multiport
converters in residential areas to accommodate future connections of EVs and distributed
renewable generation. For example, a multiport converter has the capability to intercon-
nect two low-voltage (LV) lines in a region to improve the balance of loads, voltages, and
renewable capacity.

For distribution-level MPCs, back-to-back voltage source converters (VSCs) have demon-
strated superior performance at high power levels and have been widely reported in various
industrial projects. Therefore, the topology evaluation of distribution-level MPCs is consid-

ered well-covered in the literature [11, 12]. Additionally, as shown for two-port VSCs,
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Figure 3: Multiport converter for residential level scenario.

three-level and multi-level VSCs can potentially improve performance compared to two-
level VSCs, and these findings can be readily extended to back-to-back VSCs [13, 14].

In household/residential settings, MPCs can play a pivotal role in linking local RESs and
ESSs with the broader distribution grid as displayed in Fig. 3. Additionally, multiple ports of
the converter can be designed to support local energy storage systems and electric vehicles.
Implementing MPCs in household installations offers substantial advantages, including en-
hanced system efficiency and reduced integration costs for renewable energy, EVs, and
energy storage compared to traditional methods. This approach not only optimizes en-
ergy management at the household level but also contributes to the overall stability and
efficiency of the distribution network, paving the way for more resilient and cost-effective
energy solutions.

For household/residential scenario, The primary technical and scientific objectives are
threefold: First, it aims to provide a detailed assessment and evaluation of MPCs in low-
voltage (LV) applications compared to multiple converters. This will involve a comprehen-
sive analysis of losses, volume, and optimization of semiconductor devices and passive
elements, considering factors such as switching frequency and wide bandgap device tech-
nologies. Second, the project seeks to propose novel MPC topologies to overcome existing
limitations, such as reliance on DC-link or magnetic coupling, restrictions on power ex-
change, and the presence of circulating currents. These novel topologies will aim for single-
stage power conversion, enhanced efficiency, power density, and bidirectional power flow
at all ports. Third, the project will focus on ensuring reliable and high-performance control

of MPCs through advanced controllers, oversampling, and digital hysteresis modulation,
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addressing dynamic interactions and minimizing disturbances with other power electronics

converters in distribution grids.

2.3 Interrelations with WP3 Previous Deliverable (D3.1)

Deliverable 3.1 [1] of the iPLUG project provided the initial foundations for WP3, identifying
the core challenges associated with soft open point (SOP) converters in LV networks, and
introducing a passivity-oriented control framework to ensure robust stability. Key outcomes
included the proposal of novel single-stage, non-isolated multiport converter topologies for
residential applications and the demonstration of improved dynamic performance via a
non-linear control law applied to the Y-converter.

Building directly on those results, Deliverable D3.2 shifts focus from topology and control
design to hands-on experimental validation. The laboratory prototypes developed here em-
body the single-stage MPC architectures introduced in D3.1 [1], and are tested under both
steady-state and dynamic operating conditions that emulate real-world grid-interfacing and
energy-management scenarios.

Furthermore, D3.2 extends the scope of evaluation by incorporating a multi-objective
optimization framework, targeting simultaneously high conversion efficiency and elevated
power density—two metrics that are critical for compact, cost-effective LV power conver-
sion. Comparative studies against cascaded two-port converter arrangements demonstrate
that the MPCs deliver superior system-level efficiency and reduced component count under
renewable-generation mission profiles. Finally, the non-linear control strategy first devel-
oped for the Y-converter in D3.1 [1] has been refined and generalized to the broader MPC

scenario.

2.4 Interrelations with Other WPs in the iPlug Project

The activities of WP3 are organized to align with the outcomes of WP1, ensuring compli-
ance with grid codes and standards, considering the defined KPIs for evaluating different
converters, and adopting the case studies presented in WP1. The following case studies,
shown in Fig. 4, have been considered in WP3 activities: Case Study 2.2 for interconnection
of LV feeders, Case Study 2.4 for LV residential areas, and Case Study 4 for smart home
installations.

Considering the interrelation with WP2, the proposed control techniques for FRT and
impedance passivity can be extended to the medium-voltage case studies addressed in
WP2. Additionally, the evaluation studies presented in WP3 can provide valuable insights
for topology evaluation and ranking in WP2. Moreover, both WP2 and WP3 shared the
same approach of rapid prototyping using Imperix modules and controllers for prototype
development and experimental verification. For WP4, the proposed converters in WP3 and
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Figure 4: WP1 case studies utilized in WP3 activities.
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the impedance passivity approach can be utilized in the grid-interaction studies undertaken
in WP4.

2.5 Summary of Contributions in This Deliverable

2.5.1 Experimental Prototype Development for the Proposed Multiport Convert-

ers

A rapid-prototyping setup is employed to enable flexible experimental testing of the pro-
posed multiport converters under both steady-state and dynamic conditions.

The experimental prototype integrates two distinct types of half-bridge modules, each
selected or custom-designed to meet the specific electrical and functional requirements of
the respective stages in the multiport converter.

Six commercial Imperix PEB8024 half-bridge power modules are used for the boost
stages. These modules incorporate C2M0080120D SiC MOSFETSs, providing robust switch-
ing performance along with integrated protection features, which are advantageous for
rapid development. However, the C2M0080120D devices exhibit a relatively high on-state
resistance of 80 m, contributing to elevated conduction losses, particularly under high
current operation. Additionally, each Imperix module includes a sizable built-in dc-link ca-
pacitor of 235 uF, which, while beneficial for stabilizing the dc voltage, results in significant
reactive power consumption when interfacing with the ac grid.

To meet the specific requirements of the buck stages—especially those connected to the
ac grid—three custom-designed half-bridge modules are developed. These modules utilize
UF4SC120023K4S SiC MOSFETs, which offer a significantly lower on-state resistance of
23mQ, thus reducing conduction losses under high current conditions. Moreover, the cus-
tom modules feature a modular and adjustable dc-link capacitance, configurable between
3.5 UF and 20 uF, providing greater flexibility and improved compatibility with grid-connected
applications.

This deliverable presents a detailed description of the main building blocks of the pro-
totype, including the semiconductor devices, control architecture, power supplies, power

measurement instruments, and related hardware components.

2.5.2 Experimental Validation of the Proposed Symmetric and Asymmetric Mul-

tiport Y-converters

A detailed experimental validation of both the symmetric and asymmetric variants of the
proposed multiport Y-converter is presented in this deliverable. The developed hardware
prototypes have been extensively tested under a variety of operating scenarios to verify the
theoretical analysis, assess dynamic behavior, and evaluate performance metrics such as

current sharing, voltage regulation, power conversion efficiency, and grid current quality.
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The experimental setup replicates real-world conditions through the integration of bidi-
rectional ac and dc programmable power supplies, real-time control platforms, and preci-
sion measurement instruments. Both converters were subjected to steady-state and dy-
namic load conditions to capture their transient response, stability margins, and their ability
to handle power flow in both directions across ports. Emphasis was placed on validating
the correct operation during different load distributions among the dc ports and across
multiple operating modes, such as charging, discharging, and simultaneous bidirectional
power exchange.

Waveforms captured using high-speed oscilloscopes and real-time data acquisition sys-
tems confirm that the converters maintain balanced three-phase grid currents with low
total harmonic distortion (THD), even during fast transients. In the symmetric configura-
tion, the results demonstrate uniform power distribution and consistent port behavior due
to structural uniformity. In contrast, the asymmetric configuration reveals its capability
to manage differential power flows efficiently, thanks to its flexible control strategy and
hardware asymmetry tailored for application-specific requirements.

The performance of both prototypes was benchmarked in terms of efficiency across a
wide range of operating powers. Using calibrated power meters and synchronized current

and voltage measurements, efficiency curves were derived and evaluated.

2.5.3 Performance Evaluation of Multiport Y-Converters using Renewable Source
Mission Profile

To further highlight the potential of MPCs, the design and optimization of converter topolo-
gies for interconnecting 400 V dc MGs with the European low-voltage ac grid is conducted.
The Y-converter topology is investigated, offering single-stage power conversion and bidi-
rectional buck-boost capability. Two design approaches are evaluated: employing separate
two-port Y-converters (2Y) and utilizing a single, integrated multiport Y-converter. A Pareto
optimization framework is applied to explore trade-offs between efficiency and power den-
sity, based on detailed analysis of component losses, volume, and design constraints. Re-
sults show that both approaches achieve high efficiency and power density, with the MPC
exhibiting superior average efficiency for dc power transfer by avoiding additional losses
introduced by the intermediate ac stage present in the 2Y configuration. These findings
demonstrate the strong potential of MPCs as compact and efficient interfaces for future dc
MGs integration with the ac grid.
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2.5.4 Proposing Nonlinear Control of Y-Converters for Grid Integration of 400V

DC Microgrids

A loss-free resistor hysteresis controller is proposed for the Y-converter as an alternative
approach to the conventional linear controllers. The motivation for employing loss-free
resistor hysteresis controller over traditional linear controllers lies in its ability to signifi-
cantly enhance the dynamic performance of power converters. Linear controllers, while
widely used, often struggle with rapid transient responses and maintaining stability across
a wide range of operating conditions due to their inherent reliance on fixed gain settings
and limited bandwidth. In contrast, loss-free resistor hysteresis control dynamically adjusts
the switching actions based on real-time system conditions, allowing for precise control of
current and voltage with minimal delay. This method also improves response times to tran-
sient events and maintains stable operation without the need for complex compensation
networks. Additionally, hysteresis control inherently adapts to variations in load and supply
conditions, providing a robust solution that enhances overall system reliability. The pro-
posed controller is initially proposed for two-port converter and then extended to multiport

converter scenario.
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3 Experimental Verification of the Multiport Y-Converter

This section briefly reviews the fundamental operation and analysis of the proposed sym-
metric multiport Y-converter, with the primary focus on prototype development and ex-
perimental validation. A more comprehensive analysis and evaluation of the multiport

Y-converter can be found in D3.1 [1].

3.1 Brief Analysis and Background

3.1.1 Derivation and Operation Principle

The proposed multiport converter topology is derived from the Y-converter, as depicted in
Fig. 5a, transforming it from a two-port configuration into a multi-port structure capable of
connecting multiple dc ports to a three-phase ac grid, as illustrated in Fig. 5b. Initially, the
two-port Y-converter comprised three four-switch buck-boost modules [15,16]. Alterna-
tively, in the proposed converter, each module is expanded into a six-switch dc-dc converter.
Considering the structure of a three-port converter, the upgraded design includes a shared
buck half-bridge and two boost half-bridges, establishing connections to the dc ports. No-
tably, the configuration is potentially adaptable to additional dc ports by incorporating one

boost converter into each module for every extra dc port, thus maintaining scalability.
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Figure 5: A schematic of two-port and multiport Y-converters in a modular form: (a) Two-
port Y-converter; (b) The symmetric Multiport Y-converter.

Similar to the two-port Y-converter, the three modified modules are interconnected at a
central point denoted as m, serving as the neutral point for the Y-connection of the modules.
Since each module functions as a dc-dc converter, maintaining a non-negative voltage on

the ac side of the module (v, .c1m > 0V) is crucial. To achieve this, an offset voltage is
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required between the grid’s neutral point » and m. A constant offset voltage (V,;) is then
applied, which must exceed the peak value of the ac grid phase voltage (V,,). The ac-side

voltages v, vsm, and v, can be expressed as follows:
Ve (t) = va(t) + Vors = Vo SIN(WE + 0,) + Vog s (1)

where v,, with x = (a,b,¢), represents the ac grid phase voltages, w denotes the ac grid
frequency in rad/s, and 6, signifies the respective phase angles of v,.

Since V,; also represents the common-mode voltage (CMV) of the converter, the fixed
CMV is an additional advantage of the proposed topology. While CMV can pose a threat to
overall system performance by inducing leakage current through parasitic capacitances to
ground and causing electromagnetic interference (EMI) in the high-frequency range [17],
the fixed CMV in the proposed topology minimizes these issues as the leakage current
flowing through parasitic capacitances is significantly reduced.

The analysis of the converter is presented by considering a single module (module a), as
depicted in Fig. 6, and it similarly applies to the other modules as well. This module consists
of the two inductors L; and L, along with three half-bridges: one on the ac side, labeled
as Bu,, and the others on the dc sides, labeled as Bo,; and Bo,,. Although the main focus
of this article is on interfacing 400V dc systems, the subsequent analysis is generalized
for arbitrary values of V,.; and V,.. Additionally, it is assumed that at least one of the dc
ports’ voltage is lower than the peak of the ac side voltage (V,, + Vorr), and Vg is lower
than V,.,. Based on these assumptions, the Bu, and Bo,; half-bridges are under control,
ensuring that only one of them is modulated at any given moment, while the other remains

clamped based on the values of v,,, and V,.;, whereas Bo,,; will be modulated continuously.

3.1.2 Analysis and Fundamental Relations

3.1.2.1 Buck Mode When v,,, exceeds Vy., module a operates in buck mode. In this

mode, the Bu, half-bridge switches, while the Bo,; half-bridge is clamped with S,5 on and

S.4 Off, as illustrated in Fig. 7a. Simultaneously, the Bo,, half-bridge operates with a fixed

duty cycle, depending on the ratio between V,. and V.. The duty cycles of S,; and S5,

denoted as dp,, and dp,,,, respectively, can be calculated using the following equations:
Ve Vel

dBu, (t) = Vam (1) - Voo sin(wt) + Vors -

o Vdcl
dBoa.2 =17 _
Vdc2

(3)

The ac grid current of phase a, denoted as i,, is assumed to be pure sinusoidal and in
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Figure 6: Module a of the proposed converter.
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Figure 7: Operation modes of one module of the proposed converter: (a) Buck mode when
Vam > Vae1; (b) Boost mode when v, < Vg1

Deliverable D3.2 -Prototype Development, Experimental Validation, Page 31 of 103
and Evaluation of Low-Voltage Multiport Converters



[ ]
iPLUG project - Grant agreement No.101069770 —I PI u g

phase with its corresponding phase voltage v, and then can be calculated as follows:

ia(t) = Iy SiN(wt) = Iy + Im2) SiN(wt)

9P1  2Pus) .
= ( del | 2 d 2) sin(wt)
3Vm 3V

(4)

where P,.; and P, represent the power delivered to dc ports 1 and 2, respectively, while I,,
denotes the peak phase current. Additionally, I,,; and I,,» signify the equivalent reference
peak phase current solely due to the power of dc MG#1 and #2, respectively.

The summation of average inductor currents (i.€., irq1,00 + “La2,av), denoted as ipq 40,
can be derived by applying Kirchhoff’s current law (KCL) at the ac input of the module, as

follows:
ia (t) - Z'qu,a (t)
dBua, (t)

where ic¢, represents the current through the input capacitor C;. By neglecting icy ., the

(5)

iLa,av(t) = iLal,av(t) + iLa2,av(t) =

equation can be simplified as follows:

ia(t) I sin(wt)

) a,av t) = = 6
e = G @ = dpun (0 (6)
Using (4) and (6) , 441,00 @Nd 7142 4» Can be determined as follows:
. I, sin(wt
ZLal,av(t) = }Bi(w)
.o (7)
. T2 sin(wt)
ZLa2,(w<t) = di
Bug

3.1.2.2 Boost Mode The second mode of operation occurs when v,,, falls below V.. In
this mode, module a operates in boost mode. In this mode, the Bo,; half-bridge switches,
while the Bu, half-bridge is clamped with S,; on and S,. off, as depicted in Fig. 7b. Simul-
taneously, the Bo,, half-bridge operates with a time-varying duty cycle. The duty cycles of

S.3, denoted as dg,,,, and dg,,, can be calculated using the following equations:

o, (1) = 2221 (8)
dBoa2 (t) = vl;«/?v;lc(;) (9)

Using (7) and given that dg,, = 1 in this mode, i141,4, @Nd iL42,4, Can be determined as:

Z'Lal,cw(ﬁ) = Aml Sin(wt) (10)

Z'LaQ,av(t) — Am2 Sin(wt)
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Figure 8: Key waveforms of module a of the proposed converter.

The key waveforms for module a of the proposed converter are plotted in Fig.8. Ad-

ditionally, the basic characteristic equations of the proposed converter are summarized in

Table 1. These equations are applicable to any values of V., and V., including the scenario

presented in the analysis (where V. is lower than V,.) and also when V., is higher than

Vdc2 '

3.2 Description of the Experimental prototype

This section provides a detailed overview of the experimental prototype used to validate

both the symmetric and asymmetric multiport Y-converters, highlighting the main compo-

nents along with their key features and specifications. Fig.9 shows the rapid-prototyping
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Table 1: Summary of the basic equations of the proposed converter.

Parameter Equation Parameter Equation
Uy Vo sin(wt + 6,) Vpm, Uy + Vorys
min(vwnw Vdcla Vch) min(vwmv Vd(,’17 Vch)
dBuI dBOl-l
Vzm Vdcl
MiN(Vam, Viet, Vie : [ Si
dpo., ( det1, Vic2) iLo00 I, sin(wt +6,)
Vaco dBy,
. 2P, Sln(wt + Hﬁ) . 2P Sln&dt + (933)
Lzl,av ~ 1Lx2,av =
! 3Vm dBuI 2 3Vm dBuz

setup employed to facilitate flexible experimental testing of the proposed converters under
both steady-state and dynamic conditions. While this approach enables quick verification
of functionality and control performance, it does not yield optimized efficiency or power

density; those optimization efforts are discussed later in this deliverable.

3.2.1 Semiconductor devices

The experimental prototype integrates two different types of half-bridge modules, each
selected and designed to optimally fulfill the requirements of the respective stages in the
multiport converter. The prototype consists of six commercial Imperix PEB8024 half-bridge
power modules are employed. These modules utilize C2M0080120D SiC MOSFETs and the
modules offer reliable switching performance and integrated protection features, making
them well-suited for rapid prototyping and development. However, they come with certain
limitations: the MOSFETs exhibit a relatively high on-state resistance of 80 m{2, leading
to increased conduction losses, particularly under high current conditions. Furthermore,
each module includes a substantial built-in dc-link capacitance of 235 uF, which, although
beneficial for voltage dc voltage stabilization, when connected to ac grid it consumes a high
reactive power.

To address the specific demands of the buck stages—particularly those interfacing with
the ac grid—three custom half-bridge modules were designed. These modules are built
around the UF4SC120023K4S SiC MOSFETs, which feature significantly lower on-state re-
sistance (23 m<). This characteristic is essential to reduce conduction losses during high-
current operation, which is more critical on the ac side. In contrast to the Imperix modules,
the custom boards incorporate a modular and adjustable dc-link capacitance, ranging from
3.5 MF to 20 yF.

In addition to power stage considerations, both module types are equipped with suitable
gate-driving and sensing circuitry. Isolated gate drivers with high dV/dt immunity ensure
robust switching performance, while onboard sensing elements provide accurate current
and voltage measurements for closed-loop control. The gate drivers are designed with

adjustable dead-time settings, and each half bridge integrates current sensing of the half-
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Figure 9: Picture of the experimental prototype of the proposed converter.
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bridge’s mid-point current and a voltage sensing for dc-link monitoring.

Overall, the combination of commercial modules for the boost stages and customized
designs for the buck stages enables a flexible and efficient hardware platform. This hybrid
approach supports comprehensive experimental validation of the proposed symmetric and
asymmetric multiport Y-converters, capturing both steady-state and dynamic behavior un-
der realistic grid-connected scenarios. It also establishes a foundation for future refinement

toward a more power-dense and cost-optimized converter implementation.

3.2.2 Control architecture

The control architecture of the experimental prototype leverages two Imperix B-Box rapid
control prototyping (RCP) controllers configured in a master-slave arrangement for the
symmetric multiport Y-converter while a single B-Box is used for the asymmetric topol-
ogy. This setup facilitates the management of complex multiport converter operations
by distributing control tasks across the two units. The master controller oversees the
primary control algorithms and coordinates the overall system behavior, while the slave
controller handles auxiliary functions and specific control loops, ensuring synchronized op-
eration across all converter ports.

Programming of the B-Box controllers is accomplished through MATLAB/Simulink, uti-
lizing Imperix’s Automated Code Generation (ACG) software development kit (SDK). This
integration allows for seamless transition from simulation to real-time implementation,
enabling rapid prototyping and iterative development of control strategies. The Simulink
environment provides a user-friendly interface for designing control algorithms, which are
then automatically converted into executable code for the B-Box controllers.

Real-time monitoring and debugging are facilitated by Imperix Cockpit, a comprehen-
sive software tool designed for power electronics applications. Cockpit offers a suite of
features including real-time visualization of control variables, parameter tuning without
the need for code recompilation, and data logging capabilities. The software supports the
creation of custom dashboards through its GUI Builder, allowing users to tailor the moni-
toring interface to specific application needs. Additionally, Cockpit enables the scheduling
of transient events and the application of test scenarios, providing a robust platform for

system validation and performance assessment.

3.2.3 Magnetic components

330 4H inductors are employed for the main inductors L; and L., utilizing Fluxsan FS-
301026-2 magnetic cores. Each inductor is wound with copper wire, resulting in a to-
tal resistance of 21 mQ. Additionally, the grid-side filter inductor L; is implemented using

1.2mH inductors, constructed with ferrite cores and copper windings with a total resistance
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of 30mQ. All inductors are designed to support a saturation current of 40A.

3.2.4 Power supplies

Bidirectional ac and dc power supplies are employed to emulate both the utility grid and
the dc microgrid environments. The ac source is a Cinergia GE&EL-20, which provides a
stable three-phase voltage waveform with adjustable amplitude and frequency to mimic
grid conditions. On the dc side, two Keysight RP7962A units are used; each can operate
either as a programmable dc source or as an electronic load. These dc supplies support both
constant-voltage and constant-current modes, enabling tests under various load and source

scenarios, including bidirectional power flow, transient response, and stability assessments.

3.2.5 Power Meter

To accurately evaluate the efficiency of the multiport converter prototype, the Dewesoft
SIRIUS XHS high-speed data acquisition system is employed. This advanced system fea-
tures HybridADC® technology, enabling both high-bandwidth transient recording and high-
dynamic, alias-free acquisition. Each analog input channel supports sampling rates up to
15 MS/s with a 5 MHz bandwidth, allowing precise capture of rapid voltage and current
transients across all ports of the multiport converter.

The SIRIUS XHS system offers flexible configuration options, with software-selectable
modes per channel. This flexibility permits simultaneous acquisition of high-speed and
high-dynamic signals, ensuring comprehensive measurement of the converter’s perfor-
mance under various operating conditions. The system’s high galvanic isolation (up to CAT
IT 1000 V) between channels and to ground enhances measurement safety and accuracy,
particularly in high-voltage environments.

Synchronization of multiple SIRIUS XHS units is achieved through the Precision Time
Protocol (PTP v2), ensuring time alignment across all measurement channels. This capa-
bility is crucial for capturing synchronized voltage and current waveforms necessary for
accurate power and efficiency calculations. The modular nature of the system allows for
scalable expansion, accommodating additional measurement channels as required for com-
plex multiport converter configurations.

Data acquisition and analysis are facilitated by the DewesoftX software, which pro-
vides real-time visualization, data logging, and post-processing capabilities. The software’s
power analysis module enables detailed evaluation of power parameters, including real-
time calculation of efficiency metrics. This comprehensive suite of tools ensures that all

aspects of the converter’s performance are thoroughly assessed and documented.
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Table 2: SiC devices and passive components utilized in the experimental prototype.

Parameter Symbol Value
ac-side Part number UF45C120023K4S
SiC MOSFET Voltage _ Vbs 1200V
On-state resistance Rps 23 M
dc-side Part number C2M0080120D
SiC MOSFET Voltage Vbs 1200V
On-state resistance Rps 80 M«
Inductor Ly, Lo 330 uH
p:::;‘;tt(;s Core part number Fluxsan FS-301026-2
Inductor dc resistance R q4c 21 mQ
- Inductor Ly 1.2mH
Input filter Capacitor Cy 10 uF

3.2.6 Oscilloscope

To capture and analyze the experimental waveforms of the MPC prototype, a Tektronix
MSO58 mixed-signal oscilloscope is employed. This advanced instrument offers eight in-
puts, each configurable as either an analog input or eight digital logic inputs, providing
exceptional versatility for comprehensive signal monitoring. The MSO58 supports a maxi-
mum analog bandwidth of up to 2 GHz and a real-time sampling rate of 6.25 Gsps across all
channels, ensuring high-fidelity acquisition of fast transient events and intricate waveform
details.

In the experimental setup, the MSO58 is configured to simultaneously measure and
display the following key electrical quantities: vy, vy, Vam, ta, tb, ter ire1, @aNd irqee. The voltage
v. is not directly measured; instead, it is computed in real-time using the oscilloscope’s
internal math functions, leveraging the balanced nature of the imposed ac voltages, i.e.,
v, = —vg — vp. This capability allows for efficient utilization of available channels while
maintaining comprehensive voltage monitoring.

The specifications of the SiC devices and passive components utilized are summarized
in Table 2.

3.3 Experimental Results

Experimental waveforms of the Y-MPC prototype are presented in Fig. 10 to showcase its
performance under different operating conditions. For the presented operating points, V.
and V., are set to 360V and 400V, respectively, with the ac grid voltage set to its rated
value. Additionally, P, is fixed at 3kW. The first operating point is displayed in Fig. 10a,
where P, equals 3kW so both MGs are absorbing power from the ac grid. As evident from

the waveforms, the ac currents are sinusoidal and well-synchronized with the ac voltages,
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resulting in a measured power factor equal to 0.99. The measured efficiency of the prototype

at this operating point equal to 94.75%.
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Figure 10: Experimental waveforms of the proposed converter with V,.; and V., are set to
360V and 400V under different values of P,;.; and P;.: (a) P and P, both equal to 3kW;
(b) P;., and P, equal to 3kW and 0kW, respectively; (c) P;.; and P,;. equal to 3kW and
-3 kW, respectively; and (d) P, and P, equal to —3kW and -3 kW, respectively.

The second operating point is presented in Fig. 10b, where P, is controlled to zero,
representing the case when the power balance in dc MG#2 is attained only by its RESs,
ESSs, and loads. Therefore, in this case, only MG#1 is absorbing power from the ac grid.
To ensure zero power delivered to dc MG#2, i;,, is controlled to have an average low-
frequency component set to zero. Therefore, in the presented waveforms, i;,» has only
the high-frequency ripple component resulting in no power for dc MG#2. The waveform
irq1 remains the same as in the first operating point due to the fixed value of P,.;. The

measured efficiency of the prototype at this operating point equal to 94.63%.
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Figure 11: Calculated losses breakdown of the experimental prototype at P,.; and P,.; both
equal to 3kW.

In the third operating point, depicted in Fig. 10c, P, is controlled to equal —3kW. This
case represents when dc MG#2 has an excess of power generation, allowing it to meet the
power demand of dc MG#1 directly through the Y-MPC, and hence no active power is drawn
from the ac grid. In the presented waveforms, i;.» is inverted with respect to i;,; due to
the different direction of power flow of the dc MGs. Additionally, as there is no active power
drawn from the ac grid, the ac grid currents are minimized, and only the current due to
the reactive power drawn by C; flows. The measured efficiency of the prototype at this
operating point equal to 95.71%.

In the last operating point, shown in Fig. 10d, both P,.; and P,., are set to —3kW. This
case represents when both dc MGs have a surplus power generation that is fed to the ac
grid. In the presented waveforms, the ac grid currents are inverted with respect to their
corresponding ac voltages, indicating the power flow direction to the ac grid. The measured
efficiency of the prototype at this operating point equal to 94.73%.

The calculated power loss breakdown for the experimental prototype, with both P,;.; and
P,.2 set to 3kW, is presented in Fig.11. The losses are categorized as follows: conduction
and switching losses of semiconductor devices, denoted as P,.,,.q and P,,,; core and copper
losses of the main inductors, denoted as P.,..(Li, L) and P.,(L1, Ly); and copper losses of
the input filter, denoted as P.,(L;). The calculated losses indicate that total semiconductor
losses represent 55.7% of the total losses, while the losses in the main inductors account for
26.1% of the total losses. The term “other losses” includes losses not specifically calculated,
such as those in the connections between modules, PCB losses, capacitor losses, etc., as
well as the mismatch between the calculated and actual losses.

The transient behavior of the Y-MPC prototype is examined under various conditions.
In Fig.12a, the converter initially operates with P,;.; and P,;. equal to 3kW and 0.3kW,
respectively. P,. is then increased from 0.3kW to 3kW while keeping P,.; constant. In
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Figure 12: Experimental waveforms illustrating the transient behavior of the experimental
prototype: (a) P, equal to 3kW and P, increased from 0.3kW to 3kW; (b) P, equal to
3kW and P,., decreased from 3kW to 0.3kW; (c) P, equal to 3kW and P, changed from
3kW to —3kW; (d) P, equal to —3kW and P,., changed from —0.3kW to —3kW.

Fig. 12b, P,., is decreased from 3 kW to 0.3 kW with P,.; kept constant at 3kW. In Fig. 12c,
P, is changed from 3 kW to —3 kW with P,.; kept constant at 3 kW, causing P,. to drop from
6 kW to 0kW. In Fig.12d, P, is changed from —0.3kW to —3 kW with P,.; kept constant at
—3kW. The experimental results illustrate the change in iy, to deliver the required P,.,
while i1, remains unaffected by the change in P,.,, validating the power decoupling feature
of the proposed converter and its ability to regulate the power flow to the dc MG#2 without

causing a disturbance to the power flow of dc MG#1.
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4 Experimental Verification of the Asymmetric Multiport
Y-Converter

This section provides a comprehensive analysis of the asymmetric multiport Y-converter,
addressing its various operating modes and highlighting key challenges associated with
the topology, such as ac grid current balancing and minimization of low-frequency voltage
ripple. In addition, an extensive experimental validation of the converter is presented to

demonstrate its performance under realistic operating conditions.

4.1 Principle of Operation and Analysis

The proposed converter builds upon the Y-converter [15], transforming it from a two-
port configuration into a multiport converter that interlinks multiple dc systems with the
three-phase ac grid. As shown in Fig. 13a, the original two-port Y-converter consists of
three four-switch buck-boost modules. To extend it into a multiport converter, the four-
switch buck-boost converter is extended into a six-switch buck-boost converter, featuring
a shared buck half-bridge and two boost half-bridges. This expansion can be realized in
either a symmetric or asymmetric configuration. In the symmetric configuration, depicted
in Fig.13b, this extension to a six-switch buck-boost converter is applied to the three
modules. In contrast, in the asymmetric configuration, the extension is applied only to
selected modules, as illustrated in Fig. 13¢c, where it is applied solely to module a.

The Asymmetric Multiport Y-converter (AY-MPC) offers a more compact structure with
fewer semiconductor devices and inductors compared to the Symmetric Multiport Y-converter
(Y-MPC). When interlinking the three-phase ac grid with two dc systems operating at dif-
ferent power levels, the AY-MPC integrates the lower-power dc system into the grid using
a minimal number of components, resulting in a simpler structure and a more compact
overall size.

In the AY-MPC, module a comprises two inductors, L; and Ly, along with three half-
bridges: one on the ac side, labeled Bu,, and two on the dc sides, labeled Bo,; and Bo,s.
In contrast, modules b and ¢ each consist of a single inductor, L;, and two half-bridges
labeled Bu, and Boy; for module b, and Bu, and Bo.; for module c.

The AY-MPC modules are interconnected at a central point, denoted as m, which serves
as the neutral point for the Y-connection of the modules. Since each module operates as
a dc-dc converter, it is essential to maintain a non-negative voltage on the ac side of each
module (v(p,0)m > 0V). To ensure this, an offset voltage between the grid neutral point n
and m is required. A constant offset voltage, Vy, is applied, which must exceed the peak

value of the ac grid phase voltage V,,. The ac-side voltages v,,, can be mathematically
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Figure 13: Different configurations of the modular Y-converter: (a) The two-port Y-

converter, (b) The symmetric multiport Y-converter (Y-MPC), and (c) The asymmetric mul-
tiport Y-converter (AY-MPC).
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expressed as:

vxm:vz+Voff:Vmsin(wt—i—@x)—FVoff (11)

where v,, with z = (a,b,¢), represents the ac grid phase voltages, w denotes the ac grid
frequency in rad/s, and 6, signifies the respective phase angles of v,.

In the subsequent analysis, two distinct operating modes of the AY-MPC are analyzed:
Mode I, where the high-power port voltage V,.; is lower than the low-power port voltage
Vie2, and Mode II, where V. is higher than V,»,. The key waveforms of the proposed

AY-MPC in both modes are presented in Fig. 14.

4.1.1 ModeI (V. < Vi)

In this mode, the Bu, and Bo,; half-bridges are controlled so that only one half-bridge in
each module is modulated at any given time, while the other remains clamped based on
the values of v,,, and V,.;. Meanwhile, Bo,, is modulated continuously.

In each module, when their ac-side voltage is greater than V., their corresponding Bu,
half-bridge keep switching, while their corresponding Bo,; half-bridge is clamped with 5,3
on and S, off. To determine the duty cycle of S,;, denoted as d,,,, the following calculation

can be applied:

VC C
dpy, = L2t — VY (12)
T Vem Vi sin(wt 4 0,) 4+ Vo

For the Bo,, half-bridge, it operates with a fixed duty cycle when v,,, is greater than
Vae1, depending on the ratio between V,.; and V,.. The duty cycle of S,5, denoted as d,,,,,
can be calculated as follows:

Ve

dboy, = 13
s = T (13)

The ac grid currents, denoted as ,, are assumed to be pure sinusoidal and in phase

with its corresponding phase voltages v, and then can be calculated as follows:

Q(Pdcl + Pch)

m

iq = I SiN(wt + 0,) = sin(wt + 6,,) (14)

where P,., and P,., represent the power delivered to dc port#1 and dc port#2, respec-
tively, and I,, denotes the peak phase current.

By applying Kirchhoff’s current law (KCL) at the ac input of each module, the average
inductor currents, denoted as iz,,,, can be derived. For modules b and ¢, ir,,, represents

the average of their inductor currents, while for module q, it represents the average of the
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Figure 14: Key waveforms of the proposed AY-MPC in different operating modes: (a) Mode
I: when V. is lower than V,., and (b) Mode II: when V. is greater than V..

sum of its two inductor currents. The relationship is given by:

. iw_ic
U1 xgy — fo (15)

where ic, represents the current through the input capacitor C;. By neglecting ic, , the

equation can be simplified as follows:

iy Ly sin(wt+0,) (16)
dbux o dbum

ZLwa'u =

Similarly, for each module, when the ac-side voltage is lower than V,;, the correspond-
ing Bo,, half-bridge keeps switching, while the corresponding Bu, half-bridge is clamped

with S,; on and S, off. To determine the duty cycle of S,3, denoted as d,,,,, the following
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calculation can be applied:

U Vin SIN(WE + 0,) + Vs (17)
Vdcl Vdcl

dbozl =

For the Bo,. half-bridge, d;,,, can be calculated as follows:

Vgm Vi SIN(wt +6,) + Vorg (18)
Viea Vic2

dboa2 =

Using (16) and given that d,, =1, i1,,, can be determined as:

iLa,, =iz = Ly SiN(wt + 0,) (19)

The key waveforms of the proposed AY-MPC in Mode I are depicted in Fig.14a. As
evident from the analysis and waveforms, and given that V.., which interconnects with
the three modules, is lower than V,.,, the converter exhibits symmetric duty cycles for the
Bu, and Bo,; half-bridges. In fact, the Bu, and Bo,; half-bridges are modulated similarly
to a conventional two-port Y-converter that interlinks the three-phase ac grid with V.
Meanwhile, the Bo,, half-bridge is continuously modulated throughout the entire cycle.

4.1.2 Mode ITI (V.1 > Vie2)

In this mode, where V., is considered to be lower than V,., the lower dc port voltage
associated with module «a is V., while modules b and ¢ are only interconnected with V.
As a result, the Bu, half-bridge is controlled to step down v,,, to V4. when v,,, exceeds
Viea. In contrast, modules b and ¢ have their Bu, and Bu. half-bridges controlled to step
down vy, and v.,,, respectively, to V... This difference in the operation of the modules
creates an asymmetry in the duty cycles of module « compared to modules b and ¢. As a
result of this asymmetry, the following analysis will address each module’s operation and
its key relations individually.

For module a, when v,,, exceeds V., the Bu, half-bridge will be switching, while the
Bogs half-bridge will remain clamped, with S,5 on and S, off. To determine d,,, in this

mode, the following relationship can be used:

_ Vdc2

dbua — (20)
For the Bo,; half-bridge, d;,,, can be calculated as follows:
Vch
dbOal ‘/dc1 ( )
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Table 3: Summary of the basic equations of the proposed converter.

Parameter Equation Parameter Equation
Vg Vi sin(wt + 0,) Vgm vz + Vot
min(vama Vdch Vch) min(vama Vdch Vdc2)
dBua dBoal
Vam Vdcl
min(’me, Vdcl) min(vbm’ Vdul)
dBu, — dBoy, —_——
Vbm, Vdcl
min(vcm: Vdcl) min(vcm> Vdcl)
dBu, —_— dBoc, — Y
Vem Vdcl
d min(vam,Vdcl,Vdcg) . fm sin(wt-&—&z)
Bogo lLl'av - 73
Vch dBﬂz

When v,,, is lower than V,., the Bo,; and Bo,s half-bridges will be switching, while the
Bu, half-bridge will be clamped with S,; on and S, off. To determine d,,,, and dy,,, in this

mode, the following calculations can be applied:

v, v,
d _ Yam d _ “am 22
boal Vdcl ) hoag VdCQ ( )

For modules b and ¢, operation remains consistent in both Mode I and Mode II, as the
functioning of their half-bridges depends only on V., v, and v.,. Consequently, the
modulation strategy and key relations given in (12) and (17) for Mode I are also applicable
to Mode II.

The key waveforms of the proposed AY-MPC in Mode II are presented in Fig. 14b. As
highlighted in the previous analysis, the converter exhibits asymmetric duty cycles for the
half-bridges in different modules, resulting in asymmetry in the iy, currents. In addition
to the key waveforms, the fundamental equations governing the proposed converter, ap-

plicable to both Mode I and Mode II, are summarized in Table 3.

4.2 Minimization of the Low-frequency Voltage Ripples at the DC
ports

The AY-MPC offers a reduced structure compared to the Y-MPC, which potentially leads
to a more compact and lower-cost power converter, especially when interfacing two dc
ports with high and low power levels. However, two challenges arise with the AY-MPC:
maintaining balanced ac grid currents given the asymmetric structure, and minimizing
low-frequency voltage ripples at the dc ports. These ripples appear on V.., due to the
single-phase power flow from the ac grid, similar to any typical single-phase rectifier, and

on V. due to the unbalanced power flow from the ac grid to V,.; across the three modules.
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Figure 15: Different waveforms of iy .2,, to be analyzed for reducing the low-frequency
voltage ripples at the dc ports: (a) original waveform; (b) dc waveform; (c) ideal waveform

eliminating the low-frequency voltage ripples; and (d) clamped waveform. The waveforms
are not to scale.

To address both challenges, ir,;,, and ir.o,, are controlled to ensure balanced ac grid
currents and minimized low-frequency voltage ripples at the dc ports. To achieve balanced
ac grid currents, the sum of iz,;,, and ir.2,, is controlled to be equal to iz, ,, as indicated
in (16). Additionally, a new degree of freedom is introduced: the ability to shape both
ira1,, and irqo,, While ensuring their sum equals iz, . This degree of freedom is utilized to
minimize the low-frequency voltage ripples at the dc ports.

Theoretically, despite the asymmetric structure, the low-frequency voltage ripples at
the dc ports can be effectively eliminated. Assuming a ripple-free dc current at dc port #2,

denoted as I,., the resulting iy.2,, is calculated as follows:

inan, = 722 (23)
As dy,,, tends to zero when v, is at its minimum value, shaping ir.2,, to fully eliminate
the low-frequency voltage ripples at the dc ports leads to excessive current stresses on
the semiconductor devices and inductors of module a. Although these excessive current
stresses can be reduced by increasing V., the overall performance of the converter will be
degraded due to the increased voltage and current stresses across all modules. Therefore,
in the following analysis, shaping ir.z,, to fully eliminate the low-frequency voltage ripples
at the dc ports will not be considered. Instead, three different waveforms of i, B are
analyzed with the aim of minimizing the voltage ripples without significantly increasing
the current stresses on the AY-MPC components. These i1,2,, waveforms are presented in
Fig. 15.
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The first waveform of iy, resembles the shape of i;,,, (also the inductor current of
the two-port Y-converter) and will therefore be referred to in the following discussion as
the original waveform. The iz.2,, in this case can be determined as follows:

2P, .
iLa2,, = ——2 sin(wt) (24)

m - Ubu,

The second waveform of iz.o,, is @ dc waveform, where the magnitude of this dc wave-
form is controlled to deliver the required P,.. Lastly, the third waveform of i;,»,, mod-
ifies the waveform presented in (23), which ideally eliminates the voltage ripples, into a
clamped waveform where the peak current is limited to a specific value. This waveform will
be referred to in the following discussion as the clamped waveform, and the peak value is
selected to be equal to the peak of the original waveform presented in (24). The ip,s,, in

this case can be determined as follows:

inan,, = min (2Pl Lae (25)
Vi - Min(dpy,) dboas

For each ip.2,, waveform presented in Fig. 15, the corresponding ir,:,, waveform must
also be adjusted to maintain balanced ac grid currents. The three i;.,,, waveforms, along
with their respective i;,;,, waveforms, are shown in Fig. 16. In these waveforms, V;.; and
Va0 are set to 400V and 500V, respectively, while P,;.; and P, are set to 3kW and 1kW,
respectively.

To demonstrate the performance of the three iy .., , waveforms, the required capacitance
at dc port #2, denoted as Cy., to attain a 10V peak-to-peak voltage ripple at V., is defined
using numerical simulations. Fig. 17 presents the required C,.. for the three i;,,,, wave-
forms, with V,., ranging from 450V to 800V, while V., is fixed at 400V, and P,.; and P, are
set to 3kW and 1kW, respectively. The results highlight the reduction in C,;., when using
the dc or clamped waveform compared to the original waveform. For instance, at V., equal
to 450V, the required C,., values are 3.18 mF, 1.14 mF, and 0.56 mF for the original, dc, and
clamped waveforms, respectively. Beside the dependence of the required Cy.» on the V.,

the required Cy., varies linearly with P,..

4.3 Experimental Results

The AY-MPC prototype can be considered a reduced version of the Y-MPC prototype shown in
Fig. 9. The AY-MPC prototype is constructed by combining four Imperix PEB8024 half-bridge
power modules with C2M0080120D SiC MOSFETs for the dc-side half-bridges (instead of
six modules used in the Y-MPC prototype), while the ac-side half-bridges are implemented
with UF4SC120023K4S SiC MOSFETs, which feature a lower R;, compared to the dc-side

devices due to higher current stresses. Control of the prototype is achieved using only
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Figure 16: Different waveforms of i;,, and their corresponding i;,; to to maintain balanced
ac grid currents: (@) irqo original waveform; (b) i;,2 dc waveform; and (c) iz clamped

waveform.
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Figure 17: Required Cy., for the three ip,»,, waveforms with V., is fixed at 400V, P, and
P, are set to 3kW and 1kW, respectively.

one B-box controller, compared to the two B-box controllers used in the Y-MPC prototype.
Bidirectional ac and dc power supplies are employed to emulate the ac grid and dc MGs.
L, and L, are implemented using 330 uH inductors, and a single-stage input filter is utilized
with Ly =1.2mH and C; = 10 yF.

The following experimental results are categorized into three sections: steady-state
results, transient results, and efficiency evaluation results. In these sections, the perfor-
mance is examined in both Mode I and Mode II. Additionally, the converter’s performance

with the three i;.,,, waveforms is demonstrated.

4.4 Steady-State Experimental Results

This section presents experimental waveforms to demonstrate the converter’s performance
in steady-state under various operating modes and i..»,, waveforms. Additionally, the
results showcase the converter’s behavior at different values of P,;.; and P,., providing

insights into its steady-state performance under varying power conditions.

4.4.1 ModeI (Vi < Vi)

In Mode I, when V., is lower than V,., the operating conditions are set as follows: V. is
maintained at 400V and V., at 500V, with the ac grid voltage set to its rated value. This
conditions serve as baselines for the experimental results presented in Mode 1.
Experimental waveforms of the AY-MPC prototype, in Mode I and with the original ip.s,,
waveform, are presented in Fig. 18 to showcase its performance under different operating
conditions. The first operating point is displayed in Fig. 18a, where P,.; equals 3kW and P,.,

equals 0.5 kW. As evident from the waveforms, the experimental results match the analysis
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and simulations, showing pure sinusoidal ac grid currents that are well-synchronized with
the ac voltages, resulting in a measured power factor above 0.99. Additionally, despite the

asymmetric structure of the proposed converter, the ac currents remain balanced.
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Figure 18: Experimental waveforms of the proposed converter in Mode I, using the original
ira2,, Waveform at different power levels, with V., and V. set to 400V and 500V, respec-
tively: (a) P41 equals 3kW and P, equals 0.5kW; (b) P, equals 3kW and P, equals
1kW; and (c) P, equals 1.6 kW and P, equals 1 kW.

The second operating point is displayed in Fig. 18b, where P,.; equals 3kW and P,
equals 1kW. Compared to the first operating point, P, is increased from 0.5 kW to 1kW.
Consequently, i;.o increases to deliver the required P,., while i;,; decreases to maintain
balanced ac grid currents. Similarly, in the third operating point, presented in Fig. 18c,
where P, equals 1.6kW and P,., equals 1kW, as P,.; decreases compared to the previous

operating conditions, i;,; further decreases to maintain balanced ac grid currents. As
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demonstrated in the three operating conditions, pure sinusoidal ac grid currents that are
well-synchronized with the ac voltages are attained at different power levels.

The experimental waveforms of the proposed AY-MPC, operating in Mode I with the dc
ira2,, Waveform, are presented in Fig.19. The first operating point is shown in Fig. 19a,
where P, equals 1.6kW and P,. equals 1kW. The second operating point, displayed in
Fig. 19b, features P,;.; at 3kW and P, at 1kW. The third operating point, presented in
Fig. 19c, shows P, at 1.6kW and P,., at 1kW. The experimental waveforms demonstrate
the effective shaping of both iy,; and ir.., which minimizes low-frequency voltage ripples
at the dc ports while maintaining pure sinusoidal and balanced ac grid currents. As evident
from the results reported in Fig. 18 and Fig. 19, the quality of the ac grid currents is not
affected by the selected iz .o, waveform.

Fig. 20 displays the experimental waveforms of the proposed AY-MPC, operating in Mode
I with the clamped i1.2,, waveform. The first operating point is shown in Fig. 20a, where
Py.1 equals 1.6 kW and P,., equals 1kW. The second operating point, displayed in Fig. 20b,
features P, at 3kW and P, at 1kW. The third operating point, presented in Fig. 20c,
shows P, at 1.6kW and P, at 1kW. The experimental waveforms demonstrate effective
shaping of both i;,; and i;,2, as well as the successful limiting of i;,, according to (25),
preventing excessive currents in module « devices. Once again, as evident from the re-
sults reported in Fig. 18, Fig. 19, and Fig. 20, the quality of the ac grid currents remains

unaffected by the selected i,»,, waveform.

4.4.2 Mode II (Vi1 > Vi)

In Mode II, when Vg is higher than V,., the operating conditions are set as follows: V.
is maintained at 500V and V., at 400V, with the ac grid voltage set to its rated value. This
conditions serve as baselines for the experimental results presented in Mode II.

Experimental waveforms of the AY-MPC prototype in Mode II, using the original iL2,,
waveform, are shown in Fig. 21. In both presented operating points, V. is set to 500V and
Vaeo to 400V. The first operating point, presented in Fig. 21a, corresponds to P;.; of 3kW
and P, of 0.5kW. The second operating point, shown in Fig. 21b, corresponds to P, of
3kW and P, of 1kW.

The waveforms confirm that the proposed converter operates efficiently in both Mode 1
and Mode II, with experimental results aligning with analytical and simulation findings. The
balanced, pure sinusoidal ac grid currents are synchronized with the ac voltages, delivering

a measured power factor exceeding 0.99.
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Figure 19: Experimental waveforms of the proposed converter in Mode I, using the dc iy,
waveform at different power levels, with V,.; and V. set to 400V and 500V, respectively:
(a) P, equals 3kW and P, equals 0.5kW; (b) P;.; equals 3kW and P,., equals 1kW; and

(c) Py equals 1.6 kW and P, equals 1 kW.
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Figure 20: Experimental waveforms of the proposed converter in Mode I, using the clamped
ira2,, Waveform at different power levels, with V., and V., set to 400V and 500V, respec-
tively: (a) Py equals 3kW and P, equals 0.5kW; (b) P, equals 3kW and P, equals

1kW; and (c) P41 equals 1.6 kW and P;., equals 1kW.
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Figure 21: Experimental waveforms of the proposed converter in Mode 11, using the original
ira2,, Waveform at different power levels, with V., and V., set to 400V and 500V, respec-
tively: (a) P, equals 3kW and P, equals 0.5kW; and (b) P,;.; equals 3kW and P,., equals
1 kW.

4.4.3 Transient Experimental Results

This section evaluates the transient behavior of the proposed AY-MPC converter under varia-
tionsin P;.; and P,.». The objective is to demonstrate the robustness of the adopted control
technique and to provide deeper insights into the converter’s performance across different
operating modes. By analyzing the converter’s response to changes in power levels, the
section highlights its stability and ability to maintain high-quality performance during dy-
namic operating conditions. The results presented will focus on both Mode I and Mode 1I,

showcasing the converter’s resilience and fast response to power transients.

4.4.3.1 ModelI (V. < V42) The transient behavior of the AY-MPC is examined in Mode
I with the original i...,, waveform, where V. equals 400V and V.o equals 500V. The
transient response is first assessed by varying P,.; while keeping P, constant. In Fig. 22a,
the converter’s transient performance is shown as P, is increased from 1 kW to 3 kW, with
P,.» held constant at 0.5kW. While in Fig.22b, the transient performance is presented
for the reverse scenario, where P, is decreased from 3kW to 1kW, again with P, kept
constant at 0.5 kW.

The waveforms demonstrate the smooth transition and the converter’s ability to main-
tain pure sinusoidal ac grid currents, despite both the increase and decrease in Py.;. Ad-
ditionally, P, remains unaffected by the transient changes in P,., as evident from the
unchanged ir ., waveform. This highlights the effective power decoupling between P,.; and

P,.o, ensuring stable operation across different power conditions.
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Figure 22: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the original i..»,, waveform at V;.; equals 400V, V.2 equals 500V,
and Py equals 0.5kW: (a) Py is increased from 1kW to 3kW; and (b) P, is decreased
from 3kW to 1kW.

To demonstrate the transient response when P, is varied while keeping P,;.; constant,
Fig. 23a presents the converter’s waveforms during the transient when P,., is increased
from 0.1kW to 1kW, with P, held constant at 3kW. Additionally, Fig.23b presents the
transient performance for the reverse scenario, where P, is decreased from 1 kW to 0.1 kW,
again with P;.; kept constant at 3kW.

The waveforms again showcase the seamless, stable transition and the converter’s abil-
ity to maintain pure sinusoidal ac grid currents, despite both the increase and decrease in
P,.2. Additionally, the change in i;,; to maintain balanced ac grid currents is evident. It
is worth highlighting that P,;.; remains constant and unaffected by the transient changes
in Py.o. Although iy,; varies with the change in i;,2, modules b and ¢ are controlled to
compensate for this variation, ensuring smooth operation.

The transient behavior of the AY-MPC is also examined in Mode I with the dc ip.s,,
waveform. The same conditions as in the original i...,, waveform are applied, with V.
set to 400V and V. set to 500V. In Fig.24a, the converter’s transient performance is
demonstrated as P, increases from 1kW to 3kW, while P, is maintained at 0.5 kW. In
Fig. 24b, the reverse scenario is presented, where P,.; decreases from 3kW to 1kW, with
P, still held constant at 0.5 kW.

Similarly, the transient performance is assessed when P,., is varied while keeping Py
constant. Fig.25a presents the converter's waveforms during the transient when P, is
increased from 0.1 kW to 1 kW, with P,.; held constant at 3kW. Additionally, Fig. 25b shows
the transient performance for the reverse scenario, where P,., decreases from 1kW to
0.1 kW, with P, still kept constant at 3kW.
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Figure 23: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the original iL.2,, waveform at V;.; equals 400V, V.2 equals 500V,
and Py equals 3kW: (a) P, is increased from 0.1kW to 1kW; and (b) P,. is decreased
from 1 kW to 0.1 kW.
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Figure 24: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the dc iz.»,, waveform at V,., equals 400V, V.o equals 500V, and
Py.1 equals 0.5kW: (a) Py is increased from 1 kW to 3kW; and (b) P, is decreased from
3kW to 1 kW.
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Figure 25: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the dc iz.»,, waveform at V,., equals 400V, V.o equals 500V, and
Py.1 equals 3kW: (a) Py is increased from 0.1 kW to 1kW; and (b) P,. is decreased from
1kW to 0.1 kW.

Lastly, the transient behavior of the AY-MPC is examined in Mode I with the clamped
ira2,, Waveform. In Fig. 26a, the converter’s transient performance is demonstrated as P,
increases from 1kW to 3kW, while P, is maintained at 0.5kW. In Fig.26b, the reverse
scenario is presented, where P,.; decreases from 3kW to 1kW, with P, still held constant
at 0.5 kW.

Fig. 27a presents the converter’s waveforms during the transient when P, is increased
from 0.1 kW to 1 kW, with P, held constant at 3 kW. Additionally, Fig. 27b shows the tran-
sient performance for the reverse scenario, where P,., is decreased from 1kW to 0.1kW,
again with P;.; kept constant at 3kWw.

4.4.4 Mode II (Vi > Vi)

The transient behavior of the AY-MPC is analyzed in Mode II with the original ir.»,, wave-
form, where V., equals 500V and V., equals 400V. The transient response is first evaluated
by varying P,;.; while maintaining P,;., constant.

In Fig. 28a, the converter’s transient performance is illustrated as P,.; increases from
1 kW to 3kW, with P, fixed at 0.5 kW. Conversely, Fig. 28b shows the transient performance
when P,;., decreases from 3kW to 1kW, again with P, held constant at 0.5 kW.

To demonstrate the transient response when P, is varied while P,;.,; remains constant,
Fig. 29a displays the converter’s waveforms during the transition as P,;. increases from
0.1 kW to 1 kW, with P, held steady at 3kW. Additionally, Fig. 29b illustrates the transient
performance for the reverse scenario, where P,., decreases from 1kW to 0.1 kW, while P;.;
remains constant at 3kW.
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Figure 26: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the clamped i.,2,, waveform at V,.; equals 400V, V,.2 equals 500V,
and Py equals 0.5kW: (a) Py is increased from 1kW to 3kW; and (b) P,. is decreased
from 3kW to 1 kW.
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Figure 27: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the clamped i.,2,, waveform at V,.; equals 400V, V,.» equals 500V,
and P, equals 3kW: (@) P, is increased from 0.1kW to 1kW; and (b) P,. is decreased
from 1 kW to 0.1 kW.

Deliverable D3.2 -Prototype Development, Experimental Validation, Page 60 of 103
and Evaluation of Low-Voltage Multiport Converters



iPLUG project - Grant agreement No.101069770 —_— PI ug_

ALANA A-A.A-A

20mseg/div g Tipas [TOA/div]

(a) (b)

Figure 28: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode II with the original iL.2,, waveform at V,.; equals 400V, V4. equals 500V,
and Py equals 0.5kW: (a) Py is increased from 1kW to 3kW; and (b) P,. is decreased
from 3kW to 1kW.
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Figure 29: Experimental waveforms illustrating the transient behavior of the proposed
converter in Mode I with the original i..2,, waveform at V,.; equals 400V, V.. equals 500V,
and P, equals 3kW: (@) P, is increased from 0.1kW to 1kW; and (b) P,. is decreased
from 1 kW to 0.1 kW.
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Figure 30: Measured prototype efficiency for different values of P,.; and P,;., when operating
in Mode I with the original i1.2,, waveform at V;.; equals 400V, V. equals 500 V.

4.4.5 Efficiency Evaluation

The prototype efficiency is measured using the Dewesoft SIRIUS XHS high-speed data
acquisition system for a wide spectrum of P,;.; and P,.». In the following results, P, is
swept from 0.3 kW to 3 kW with a fixed step of 0.1 kW, and P, is swept from 0.25 kW to 1 kW
with a fixed step of 0.05 kW. The efficiency measurements are reported as a fitted contour
plot at different values of P,;.; and Py.

The efficiency measurements are presented for Mode I with different i;,.,, waveforms,
as well as for Mode II, to provide a comprehensive evaluation of the converter’s perfor-

mance across a variety of operating conditions.

4.4.5.1 ModelI (V,. < Vo) The efficiency of the prototype is measured when operating
in Mode I across different current modes using V,.; of 400V and V., of 500V.

In Mode I with the original i1.2,, waveform, the prototype demonstrated a peak efficiency
of 95.36%, achieved at P, of 2.1kW and P, of 0.4kW, as shown in Fig.30. At full load,
the converter reached an efficiency of 94.89%.

For Mode I with the dc iz.2,, waveform, the prototype reached a peak efficiency of
95.29% at P;.; of 2.2kW and P,., of 0.3kW, as illustrated in Fig. 31. At full load, the efficiency
was measured at 94.25%.

Finally, when operating in Mode I with the clamped i.,2,, waveform, the peak efficiency
reached 94.88% at P,.; of 2.3kW and P,. of 0.25kW, as shown in Fig.32. The full load

efficiency for this mode was recorded at 93.59%.
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Figure 31: Measured prototype efficiency for different values of P,.; and P,;., when operating
in Mode I with the dc iy..,, waveform at V., equals 400V, V., equals 500V.

Efficiency %
1000 g 95
|
1
; 94.5
900 "
[«
N
. 94
1’
800 fi !
: 93.5
i
o 700 ' 93
g2 ] ;’
~ \
R 0 ] W
< 600 F} | ; -
1 1
i :'I 92
]
500 B L o i
S 2 91.5
] wn
400 ! g 91
\ |l
1 1
i i 90.5
300 !
' 9
500 1000 1500 2000 2500 3000
Pyer (W)

Figure 32: Measured prototype efficiency for different values of P,;.; and P,., when operating
in Mode I with the clamped i1.2,, waveform at V,.; equals 400V, V.2 equals 500 V.
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Figure 33: Efficiency comparison of the proposed converter in Mode I with different iy,_,

wavefroms. The efficiency is evaluated across a range of P,.; values at P;., equals 1kW,
Vae1 equals 400V, and V., equals 500 V.

To better highlight the efficiency performance of the proposed converter across the three
ir2,, waveforms, Fig. 33 presents the efficiency in Mode I. The efficiency is evaluated across
the P,.; range with P, equals 1 kW, V. equals 400V, and V,., equals 500V.

The results show that the original i, waveform achieves the highest efficiency for most
of the P;.; range, maintaining a nearly flat efficiency curve for P,.; higher than 1.5kW. The
dc iro,, waveform exhibits the highest efficiency at light loads (up to P,.; equals 0.92kW),
but closely follows the original iz»,, waveform for higher P, values, with a slightly lower
efficiency. Lastly, the clamped ir»,, waveform consistently demonstrates the lowest effi-
ciency across the full P,.; range.

Additionally, Fig.34 presents the efficiency in Mode I across the P,., range, with P,
set to 3kW, V. set to 400V, and V., set to 500V. Once again, the results demonstrate
that the original iz»,, waveform achieves the highest efficiency throughout the entire P,
range, maintaining a nearly flat efficiency curve.

In contrast, the dc iz,,, waveform exhibits a lower efficiency compared to the original
waveform, with efficiency decreasing from 94.92% at P;., of 0.25 kW to 94.25% at P,., of
1kW. Lastly, the clamped i.5,, waveform consistently shows the lowest efficiency across
the entire P,., range, with a drop in efficiency from 94.77% at P,., of 0.25kW to 93.57%
at P, of 1kW.
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Figure 34: Efficiency comparison of the proposed converter in Mode I with different iy,_,
wavefroms. The efficiency is evaluated across a range of P,., values at P;.; equals 3kW,
Vie1 equals 400V, and V., equals 500 V.

4.4.5.2 Mode II (V1 < Vi) The efficiency of the prototype when operating in Mode
IT with the original ir.2,, waveform, at V;.,; = 500V and V., = 400V, is reported in Fig. 35.
In this mode, the prototype demonstrates a peak efficiency of 96.04% at at P;.; and Py
equal to 2.3kW and 0.6 kW, respectively. Additionally, the converter achieves an efficiency
of 95.68% at full load.
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Figure 35: Measured prototype efficiency for different values of P,.; and P,;., when operating
in Mode II with the original iz.»,, waveform at V,.; equals 500V, V;.» equals 400V.

4.5 Conclusion

This section introduces the Asymmetric Multiport Y-converter, a single-stage non-isolated
multiport converter for interfacing the three-phase ac grid with dc systems. Compared
to the Multiport Y-converter, the Asymmetric Multiport Y-converter features a simplified
structure with fewer semiconductor devices and inductors, while maintaining the same
key capabilities, such as single-stage power conversion across multiple ports, buck-boost
functionality, and bidirectional power flow at all ports. Challenges associated with the
Asymmetric Multiport Y-converter, such as maintaining balanced ac grid currents due to
its asymmetric structure and minimizing low-frequency voltage ripples at the dc ports, are
addressed with proposed solutions. The performance of the converter is validated through
experimental tests under various operating conditions, including steady-state, transient
results, and efficiency evaluations.
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5 Performance Evaluation of Multiport Y-Converters us-

ing Renewable Source Mission Profile

5.1 Introduction

The rise of renewable energy is reshaping electrical grids, driven particularly by the in-
creased adoption of distributed energy resources (DERs). Current efforts in the energy
sector, led by researchers and policymakers, are focused on creating effective solutions to
transition from traditional fossil-fuel-based power systems to green energy systems [18].
While traditional network reinforcement remains a viable option for increasing grid capac-
ity, it presents critical drawbacks, such as high costs and long implementation times. In
contrast, dc microgrids (MGs) have emerged as an effective solution for addressing local
energy needs. These systems integrate distributed power sources directly into distribution
networks and are highly compatible with renewable energy sources, modern electric loads,
and energy storage systems [19].

As the adoption of dc MGs continues to grow, there is an increasing need to re-evaluate
how these systems are efficiently interfaced with existing ac grids. Achieving high ef-
ficiency, compactness, and scalability is essential—especially as the number of intercon-
nected dc MGs expands. Two main design strategies are considered, as illustrated in Fig. 36:
deploying multiple two-port converters, each dedicated to a single dc MG, or utilizing a sin-

gle multiport converter capable of simultaneously interfacing multiple dc MGs.

ac grid ac grid
Q) S,
acC acC acC
dc dc dc dc
dc dc dc dc
MG#1 MG#2 MG#1 MG#2
(a) (b)

Figure 36: ac grid integration of two dc MGs: (a) separate two-port converters vs. (b)
multiport converter.

Given the motivations for adopting 400V as the voltage level for residential dc MGs [20],
this study focuses on interfacing a 400V dc MG with the European low-voltage ac grid,

which also operates at a 400V line-to-line voltage. Buck-type rectifiers are particularly
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well-suited for this application, as they can directly step down the ac voltage to the dc
level [21]. In contrast, boost-type converters—such as the two-level voltage source con-
verter (VSC)—require an additional buck stage, increasing system complexity and reducing
overall efficiency.

Among the various buck-type topologies reported in the literature, the Y-converter has
demonstrated superior performance, as highlighted in [22], compared to other state-of-
the-art solutions such as current source converters (CSCs) in both six-switch and seven-
switch configurations [23,24], as well as the Swiss converter [25]. The key advantages of
the Y-converter include single-stage power conversion, bidirectional power flow, and buck-
boost capability, which enables flexible energy transfer between the ac and dc sides. These
features enhance its versatility across a wide range of applications.

Building on this foundation, the multiport structure, introduced in [26], extends the basic
two-port Y-converter by incorporating additional dc ports. This advancement allows for the
simultaneous integration of multiple dc sources and loads, significantly improving system-
level flexibility and energy management. The topological schematics of the Y-converter
and its multiport extension are illustrated in Fig. 37a and Fig. 37b, respectively.

Previous studies [22,26] have demonstrated that the Y-converter and its multiport vari-
ant offer efficient integration of dc energy resources and effective energy management
within dc MGs, while ensuring seamless interfacing with the ac grid.

This research focuses on optimizing a power electronic interface that connects two dc
ports and one ac port. The main objectives are to achieve high efficiency—minimizing
energy losses and operational costs—and to maximize power density for a compact design.
Two design approaches are investigated and compared: the first utilizes a single multiport
Y-converter, which consolidates multiple energy pathways into a unified converter unit; the
second employs a dual Y-converter configuration, in which two independent Y-converters
are used to achieve the same functionality.

The performance of both configurations is evaluated in terms of efficiency and power
density under two application scenarios. The first scenario considers the interconnection
of two 400V dc MGs, where the nominal efficiency is assessed under full power opera-
tion at each port. The second scenario focuses on renewable energy integration, with a
photovoltaic (PV) system connected to the first dc port and an energy storage system to
the second. Here, the average efficiency is calculated over a realistic PV mission profile to
evaluate energy conversion performance under variable operating conditions.

The remainder of the section is structured as follows: Sec.5.2 describes the multi-
objective optimization (MOOQO) procedure, including component modeling and key design
trade-offs. Sec. 5.3 outlines the methodology for mission-profile-based efficiency evalua-

tion under dynamic renewable energy conditions. Sec. 5.4 presents a comparative analysis
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Figure 37: Schematics of the evaluated topologies: (a) two port Y-converter; (b) multiport
Y-converter (MPC).

of the results, focusing on efficiency, power density, and component-level losses and vol-
ume for both the MPC and 2Y configurations. Finally, Sec.5.5 concludes the study and

summarizes key findings.

5.2 Multi-Objective Optimization Procedure

The MOO provides a framework for systematically exploring inherent trade-offs in com-
plex systems, such as power electronics converters, where competing performance met-
rics cannot be simultaneously optimized [27]. For example, increasing switching frequency
(fsw) May improve power density (reducing component size) but degrade efficiency due to
higher switching and inductor losses. Traditional single-objective optimization risks sub-

optimal outcomes by prioritizing one performance metric at the expense of others. In
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contrast, MOO identifies Pareto-optimal solution designs where no further improvement
can be achieved in one objective without affecting another, thereby preserving balance
across performance indices [28].

This work employs MOO to design the power electronics converters under study. A
flowchart of the MOO methodology highlighting design space exploration and Pareto front
generation is presented in Fig.38. The flowchart covers tunable parameters, component
selections, and practical constraints. Efficiency and power density are selected as critical
performance indices: efficiency governs energy savings, while power density determines
compactness, a key driver in modern energy systems. Using the direct-search method,
we generate the Pareto front (i.e., the set of hon-dominated design solutions representing
optimal compromises) between efficiency and power density.

The MOO procedure begins by defining the system specifications, including power rat-
ings, voltage levels, and design constraints. Next, the modulation scheme, material datasets,
and sweep parameters are selected. A comprehensive exploration of the design space is
then carried out by varying tunable parameters and component choices. Each design iter-
ation is evaluated to assess its impact on efficiency and power density—the two primary

objectives used to identify the Pareto-optimal trade-off.

5.2.1 Component Modeling

Component modeling which is critical to the optimization framework is summarized below.

5.2.1.1 Semiconductor Design The semiconductor loss model integrates time-varying
current and voltage waveforms derived from steady-state analysis under the selected mod-
ulation. Conduction losses are computed as functions of the instantaneous current, aver-
age junction temperature (7}), and temperature-dependent on-state resistance. Switching
losses (Eon, Eo) are calculated using waveform data and experimentally obtained loss
maps [29]. These losses feed into a thermal network model to iteratively compute T3,
accounting for junction-to-ambient thermal resistance and heatsink performance. This it-
erative coupling ensures accurate loss-volume trade-offs for semiconductors and heatsinks.

5.2.1.2 Inductor Design The magnetic design methodology begins with a reluctance-
based model that accounts for core nonlinearities, such as flux-dependent permeability,
and air gap effects. Core losses are estimated using the improved-improved generalized
Steinmetz equation (i2GSE, [30]), with operating-point-dependent Steinmetz coefficients
extracted from experimentally derived loss maps. Winding losses are computed by account-
ing for both skin and proximity effects, with copper conductivity corrected for temperature
variations. Finally, a thermal model is applied to predict the inductor’s internal temperature
distribution [31].
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Figure 38: Flowchart of the MOO methodology highlighting design space exploration and
Pareto front generation.
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5.2.1.3 Capacitor Design Capacitor designs are evaluated based on their losses, mod-
eled via frequency- and temperature-dependent equivalent series resistance (ESR). The
design space includes capacitor type (e.g., film, ceramic), rated capacitance, and voltage,

enabling exploration of size-loss compromises.

5.3 Mission-Profile Efficiency Calculation Methodology

This section presents a methodology for computing the average efficiency of the multiport
converter under a realistic photovoltaic mission profile, while maintaining low computa-
tional effort. The first step involves precomputing the converter’s power-dependent losses
at discrete operating points for Port-1 (Pyc;) and Port-2 (P4). These points cover bidirec-

tional power levels relative to each port’s rated power (Pyc rated1, Pac,rated2):

{Pdcl} = {_Pdc,ratedla - (Pdc,ratedl - API) yee anc,ratedl} (26)
{Pdcz} = {_Pdc,ratedZa - (Pdc,ratedz - AP?) yoe 7Pdc,rated2} (27)
where
2Pyc,rated1 2P4c,rated2
AP = ————= APp=—"" 2
= Sammedl A, - ZHan (28)

define the step sizes for N and M grid points. For instance, a 10-point grid for a 5 kW
port yields: —5,—4,...,5 kW. The resulting loss matrix I" of dimensions N x M maps each
(Pygc1, P4c2) combination to its corresponding loss value. The 250-hour PV power profile
shown in Fig. 40b, Ppy(t), is used to compute the converter losses at each point of the PV

profile. The ac port power P is fixed as the time-averaged PV power:

1
Pac = 7ZPPV(75) (29)
The storage port dynamically balances the system to ensures that the storage absorbs
PV variability, maintaining constant P,. despite fluctuating PV input, yielding
Pstorage(t) = PPV(t) — Pyc (30)

For each timestep ¢, the converter’s instantaneous loss T'(¢) is estimated using a two-
dimensional interpolation method over the precomputed loss surface I" at the corresponding

operating points (Pyc1, Pyc2):

F(t) = F(Pdcl = PPV(t)7 Pdcz = Pstorage(t)) (31)
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Figure 39: Pareto-front evaluation of both designs considering nominal efficiency.

To evaluate average efficiency, the instantaneous operating power Py,(t) is also defined

as:

Pop(t) = max (| Pey(t)], | Pstorage (t)], | Pac|) (32)

The average efficiency nayg is then computed over the evaluated time span as:

250
_ 10 Fop(t)
Mlavg = 3250

x 100% (33)
i—o Pop(t) + Zfi% ['(t)

5.4 Results and Discussion

Fig. 39 presents the 7-p Pareto front for the investigated designs in case of dc MGs in-
terconnection at nominal power conditions for each ports. The results highlight that low-
frequency designs exhibit reduced power density due to the increased volume of magnetic
components, whereas higher-frequency designs lead to lower efficiency. This behavior is
consistent for both the MPC and the 2Y configurations. Both configurations achieve efficien-
cies exceeding 97.5% across the evaluated range, with peak efficiencies surpassing 98.5%
at the maximum power-density points. Notably, the MPC demonstrates a slight advantage
over the 2Y configuration, achieving higher power density for a given efficiency.

Fig. 40a illustrates the mission profile, where a PV system is connected to dc port 1
and a storage system to dc port 2, while constant ac power is supplied to the grid. The
resulting average efficiencies of both configurations under this profile are shown in Fig. 40b.
Even if both configurations achieve high efficiency, the MPC achieves an average efficiency

of 96.8%, compared to 95.3% for the 2Y configuration at the power density limit—an
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improvement of 1.5%. This gain is primarily attributed to the MPC’s capability to directly
transfer power between dc ports, thereby reducing semiconductor losses in the ac stage.
In contrast, the 2Y configuration incurs additional losses in the ac stage even during dc-dc
power transfers.

5F — Storage @ — PV, = -- Gnd

100 150 200 250
Time (Hours)
(a)

fsw (kHz)
98.5 T MPC I 120
g 110
— 975 | {7 100
By 90
= 80
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Figure 40: Mission-profile based evaluation of both configurations: (a) The Mission profile

adopted in the evaluation; (b) Pareto-front evaluation of both designs considering average
efficiency.

The maximum power-density points of the MPC and 2Y designs in Fig. 39 were chosen
to conduct a detailed volume and loss breakdown analysis. Fig.41a illustrates the volume
distribution, where ac capacitors dominate (31.5% for MPC and 36.6% for 2Y), followed
by inductors (31.1% for MPC and 21.8% for 2Y) and semiconductor components. The ac-
line filter’s inductors are not included in the comparison between the MPC and 2Y design
concepts.

At the same time, Fig.41b breaks down losses for both designs, revealing lower to-

tal losses in the MPC. The primary contributors are core and copper losses in inductors,
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Figure 41: (a) Components’ volume distribution at the maximum power-density points.
(b) Power loss distribution across converter components at the maximum power-density
points. (c) dc-dc power transfer loss comparison between MPC and 2Y topologies
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Figure 42: Distribution of (a) losses and (b) volume for the evaluated converter designs.

followed by conduction losses in boost-side semiconductors and buck-side semiconductor
losses. Fig.41c analyzes the designs under dc-dc power transfer conditions, with corre-
sponding losses detailed. The MPC design concept enables direct dc-dc power transfer,
eliminating ac-side losses and achieving total losses of 106.2 W. In contrast, the 2Y design
lacks a direct dc path, incurring additional buck-side semiconductor losses resulting in a
total losses of 143.1W, a 34.7% increase compared to the MPC. This difference highlights
the efficiency benefit of direct power transfer in the MPC.

Fig. 42 shows the loss and volume distribution for the Pareto-optimal design solutions
generated by the MOO presented in Fig.39, in which the trade-off between nominal ef-
ficiency and power density is shown as a Pareto front and each point along the curves
represents an optimized design found for a specific switching frequency, which is color de-
fined. Fig. 42 further details the internal component-wise distribution of losses and volume
for these designs at their respective operating frequencies. Fig.42a show the percentage

distribution of power losses among components for the pareto front MPC and 2Y converter
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designs, respectively, as a function of switching frequency. The x-axis spans from 60 kHz
to 120 kHz. For each frequency, the plots shows on y-axis the percentage share of each
component’s loss to the total power loss in the corresponding optimized design.

The stacked areas indicate that at lower frequencies, dominant losses results from induc-
tor iron losses (P:), copper losses (P ), and semiconductor conduction losses (P.ong). AS
the switching frequency increases, the percentage contribution from semiconductor switch-
ing losses (Psw), in both buck and boost stages, increase.

Fig. 42b shows the percentage distribution of volume among components for the pareto
front MPC and 2Y designs across the switching frequency range of 60 kHz to 120 kHz. The
x-axis represents the switching frequency, while the y-axis represents each component’s
share of the total volume for the corresponding optimized design.

The stacked areas shows that, at lower frequencies, inductors occupy the largest share
of volume. As the frequency increases, the volume share of inductors decreases sharply.
In contrast, other components such as semiconductors, buck and boost sides’ elements
(including heatsinks), and both dc and ac capacitors contribute a larger percentage to the
total volume.

5.5 Conclusion

This research highlights the optimization of multiport Y-converter solutions to interface two
dc ports and an ac port using a single converter. By focusing on the Y-converter and its
multiport extension, the study demonstrates the potential of these topologies to achieve
high efficiency and power density.

The multiport Y-converter and the two separate Y-converter configuration were system-
atically analyzed using a multi-objective optimization framework. The results reveal that
both configurations can achieve knee solutions with efficiencies exceeding 98.5% at power
densities higher than 10 kW/dm3. However, the MPC exhibits better performance in terms
of power density for a given efficiency. Furthermore, the MPC demonstrated enhanced av-
erage efficiency performance during power transfer between dc ports due to the elimination
of losses on the ac side.
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6 Nonlinear Control of the Y-Converters for Grid Inte-
gration of 400V DC Microgrids

6.1 Introduction

The evolution of modern power systems is increasingly oriented toward hybrid configura-
tions, where traditional ac grids operate alongside advanced dc microgrids (MGs) [32,33].
Integrating ac and dc networks enhances power exchange efficiency between conventional
infrastructure and energy-efficient dc systems [34, 35]. At the core of this interaction are
power factor correction (PFC) converters, which ensure reliable and efficient power trans-
fer between the two domains while maintaining power quality and meeting the stringent
operational requirements of hybrid networks [36].

In low-voltage (LV) dc MGs, the 400V dc system has emerged as the preferred choice
for residential and commercial applications [37] due to its superior overall efficiency and re-
duced number of power conversion stages. When interfacing with the low-voltage (LV) Eu-
ropean ac grid, buck-type converters are typically employed for single-stage power conver-
sion, whereas boost-type converters require an additional back-end buck stage. Among the
various topologies explored in the literature, the Four-Wire (4-W) Y-converter has demon-
strated superior performance [38]. Unlike conventional buck-type converters, the 4-W
configuration offers enhanced control under unbalanced conditions, improved fault toler-
ance, and the capability to operate in islanded mode, supporting both single-phase and
three-phase loads. Compared to traditional boost-type converters, the 4-W Y-converter
eliminates the need for two-stage conversion, thereby enhancing efficiency and power den-
sity. Additionally, it enables grounding of both the ac grid and the unipolar dc MG without
requiring isolation.

The structure of the Y-converter, shown in Fig. 43, presents challenges for its control as
a power factor correction (PFC) converter. Each module of the Four-Wire (4-W) Y-converter
operates as a four-switch buck-boost converter with two distinct modes: buck mode, when
the ac-side module voltage exceeds the dc-side voltage, and boost mode otherwise. This
hybrid operation complicates the design of linear controllers, as their performance must be
optimized for both modes. Additionally, grid current control in various Y-converter struc-
tures relies on indirect measurements of the ac grid currents [39, 40], where the grid
currents are estimated using the inductor currents and the reference duty cycle of the
buck half-bridges. While this approach simplifies the control structure, deviations between
the reference and actual duty cycle can introduce distortions in the grid currents.

In this section, a unity-power-factor control strategy based on the synthesis of a loss-
free resistor (LFR) [41] using sliding-mode control (SMC) [42] is proposed for the four-
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Figure 43: Schematic of the four-wire Y-converter.
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wire Y-converter to address the limitations of conventional linear controllers. The proposed
control strategy overcomes the limitations of conventional controllers by improving dy-
namic performance through real-time switching actions. Real-time switching actions refer
to the direct generation of gate signals based on instantaneous system measurements,
eliminating the need for modulation or averaging steps and thereby enabling faster and
more responsive control. This approach ensures precise regulation of current and voltage
with minimal delay, enabling fast power balancing within the dc MG [43, 44]. Moreover,
the implementation of LFR synthesis streamlines the control structure, particularly under
unbalanced ac grid conditions, where the emulated LFR of each phase can be controlled
independently to enable enhanced flexability in regulation. The rest of the paper is struc-
tured as follows: Sec. 6.2 discusses the principles of converter operation and the proposed

controller; Sec. 6.3 reports the simulation results; and Sec. 6.6 presents the conclusion.

6.2 Analysis of the Y-Converter as loss-free resistor in sliding-mode

control

The 4-W Y-converter, shown in Fig.43, consists of three buck-boost modules connected
in a star configuration at a central point denoted as (m), while the ac grid neutral (n) is
directly connected to the positive rail of the dc side. This direct connection imposes a fixed
offset voltage equal to the dc-side voltage V;. on the ac-side voltages vam, vpm, and vepn,.

Consequently, the ac-side voltage can be expressed as:
Vam = Uz 4 Vpm = Vin SiN(wt + 0,) + Vae (34)

where v,, with = = (a,b,¢), represents the ac grid phase voltages, V,, is the peak phase
voltage, w is the ac grid frequency in rad/s, and 6, are the respective phase angles of v,,
given by 6, = [0,+2/3x].
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Figure 44: The Four-wire Y-converter emulated as loss-free resistors: a) Tetra-port circuit;
b) Loss-free resistor circuits with highlighting the instantaneous power transferred from
each phase to the dc MG

Since each module of the Y-converter operates as a dc-dc converter, it is essential to
ensure that v,,, remains non-negative. Consequently, when interfacing a European low-
voltage ac grid with a dc system, V. must exceed V,, (i.e., 325V). This requirement enables
the converter to directly interface with 400V dc MGs. In the event of a black-start condition
in the dc MG, start-up resistors must be employed on the ac grid side to limit the current
until V. exceeds V,,.

The concept of LFR is based on modeling each module of the 4-W Y-converter as a Power
Output Equals Power Input (POPI) circuit. Consequently, the 4-W Y-converter, excluding
the input filter, can be represented as a tetra-port circuit, as shown in Fig.44. SMC is
employed to enforce LFR behavior in the Y-converter by emulating each module as a re-
sistance relative to its respective input phase voltage, as illustrated in Fig. 44. Under this
assumption, all the power absorbed by these resistances is transmitted to the output port

without losses, leading to the following power balance equation:
Pac:Pa+Pb+Pc:Pdc (35)

For a balanced ac grid, the power delivered by each module is given by:

_Pdc

P,=P,=P. 3 (36)
Consequently, the emulated input resistance of each module, r,, is expressed as:
r, = SVans (37)
Py,
where Vyms denotes the RMS value of the phase voltage.
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Under unbalanced ac grid conditions, r, can be controlled independently, offering en-
hanced flexibility in regulation. Three distinct control modes are considered in such sce-
narios: constant input current mode, constant input resistance mode, and constant input
power mode [45]. The constant input current mode ensures an even distribution of current
among the modules, regardless of the grid voltage variations across phases. This leads to
nearly equalized current stress on the semiconductor devices and eliminates current flow

through the neutral wire. In this mode, the emulated input resistances can be calculated
by:
Ta 1 Te _ VRmsa + VRmsy + VRmse
VRmsa  VeRmse  Vrmse Pic

(38)

In the constant input resistance mode, a fixed emulated resistance is applied to each
module, resulting in a current drawn that is proportional to the voltage of each phase. This
mode helps restore balanced conditions by drawing less current from the weaker phases
with lower voltages, while drawing higher current from the stronger phases. The emulated
input resistances in this mode are given by:

2 2 2
Vamsa + Vrmsy T VRmse
Pdc

Tg =Th =Tc= (39)
The constant input power mode ensures equalized power sharing among modules, caus-
ing the current drawn from each phase to be inversely proportional to its corresponding

grid voltage. The emulated input resistances can be determined in this mode as follows:

2 2 2
_ 3Vrmsa _ 3VRusp _ 3VRuse,
= 5 b= y Te =

Pdc Pdc ¢ Pdc (40)

Ta

While (40) can be applied to unbalanced voltages with symmetrical phase angles to
suppress power fluctuations at the dc MG, more general imbalances—where both magni-
tudes and phase angles deviate—require alternative methods. An effective strategy, can
be also adopted in this work, involves assigning opposite resistive values to the positive-
and negative-sequence currents, as proposed in [46,47]. More advanced techniques that
additionally account for zero-sequence currents are presented in [45].

The subsequent analysis focuses solely on module a for simplicity, but the methodology
can be extended to the other modules similarly. Module a consists of an inductor L and two
half-bridges: an ac-side half-bridge (S.1, S.2) and a dc-side half-bridge (S.3, S.1). These
two half-bridges are controlled such that only one half-bridge is modulated at any given
time, while the other remains clamped, depending on the values of v;,, and V,.. This results
in two distinct operating modes: buck mode and boost mode.

To impose the LFR behavior on each module of the 4-W Y-converter, two sliding control
laws are designed, one for each of the buck and boost modes. The objective of each

controller is to ensure that the currents i; are sinusoidal and in phase with the ac supply
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voltages v;. In each operating mode, i; is regulated by controlling the inductor currents

LLg

6.2.1 Buck mode

When v, exceeds V,., module a operates in buck mode. In this mode, S,; remains ON,
S,4 remains OFF, while S,; and S,, switch alternately, as illustrated in Fig.45a. To impose

the LFR behavior, the sliding surface in buck mode, oy, , is defined as:
Ty = 2 — i (41)
Since the circuit is modeled as a POPI system, the following relationship holds:
Vamtba = ViciLa (42)

By substituting (42) into (52), the sliding surface oy,, can be rewritten as:

Wam = Vie) vam

Ta Vdc i (43)

Obu, —

To ensure the system follows the desired dynamics dictated by oy, (x), @ hysteresis-
based sliding mode control strategy is employed. The control signal w,;,,, which is applied
to S,1 (with its complement applied to S,2), is designed to maintain the state trajectory

within a specified hysteresis band +H,. The control law is expressed as:

0, if Obu, > H,,
Uby, = 1, if Obu, < —Ha, (44)

retain, if — H, < opy, < H,.

L3 a la L-f y Lo Sal Sag W aia L_f (id
T
Vg + J 1 JEE g -
Vam Vdc Vam Cdc Vdc

1
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4

S(I,Q
] i I-
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Figure 45: Operation modes of module a of the 4-W Y-converter including current paths:
(@) Buck mode (vam > Vie); (b) Boost mode (vgy, < Vie).
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Figure 46: Overall block diagram of the proposed controller, featuring a detailed illustration
of the mode selector and the LFR based on SMC for phase a, with key equations highlighted.

6.2.2 Boost mode

Similarly, when vg,, is lower than V;., module a operates in boost mode. In this mode,
S,1 remains ON, S,, remains OFF, while S,3 and S,, switch alternately. To impose the LFR

behavior, the sliding surface in boost mode, ay,,, is defined as:
Obo, = L - Z‘La (45)

Consequently, the control signal w;,,, which is applied to S,3 (with its complement applied

to S,4), is derived similarly to (44) and is expressed as:

0, if Obo, = Ha,
Ubo, = § 1, if Obo, < —H,, (46)

retain, if — H, < op, < H,.

The overall block diagram of the proposed controller is illustrated in Fig.46. The ref-
erence power transferred to the dc MG, denoted as P;., is determined by an outer droop
controller. Based on this reference, the emulated resistances r, are defined according to
(37) for a balanced grid, and (38), (39), and (40) for unbalanced grid conditions. The cal-
culated r, values are then processed by the mode selector and LFR based on SMC blocks
to generate the control signals u,, and w,,. For clarity, only the LFR based on SMC of
module « is detailed in Fig. 46.

To enhance the performance of the proposed LFR based on SMC and address the limi-
tations of conventional fixed-band hysteresis control, an adaptive time-variant hysteresis

band is employed for the following motivations:

¢ In the hybrid operation of the 4-W Y-converter, smooth transitions between the buck
and boost modes are critical to prevent current distortion. A zero hysteresis band at
the mode transitions is enforced to eliminate discontinuities and distortions in current

waveforms, ensuring seamless operation across both modes.
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Table 4: Key parameters of the Four-Wire Y-converter.

Parameter Symbol  Value
Nominal dc power Py 7TkW
dc MG voltage Vie 400V
ac grid phase voltage VRMs 230V
ac grid frequency fo 50Hz
Switching frequency fs 60 kHz
Main inductance L 330 uH
ac filter inductance Ly 1200 pH
ac filter capacitance Cy 10uF

¢ Maintaining a nearly constant switching frequency f, is favorable for practical imple-
mentation. A fixed hysteresis band results in variable and potentially high switching
frequencies, leading to excessive switching losses and high electromagnetic interfer-
ence (EMI). The adaptive hysteresis band can maintain a nearly constant f,, which
minimizes switching losses, reduces EMI, mitigates chattering effects, and improves

current sampling accuracy.

To achieve these desired control objectives, the adaptive time-variant hysteresis band

is defined as:
Uachc .
f vs
2Uijfs, IT Uy > Vdc;
H, = (47)

— VU

T i v < Ve
2‘/chfs7 Y <V

6.3 Simulation Results

This section presents the simulation results of the proposed control strategy, validating its
performance under diverse operating conditions including balanced and unbalanced ac grid
conditions. The converter’s specifications and key parameters are summarized in Table 4.
The converter is designed to interlink a 400V dc MG with the European LV ac grid and is
rated at 7kW, targeting small residential and commercial dc MGs. The hysteresis band is
adaptively adjusted according to (47) to maintain a fixed switching frequency of f, equals
60 kHz. This results in a maximum hysteresis band of +3 A, corresponding to a peak-to-peak

inductor current ripple of 6 A.

6.3.1 Balanced ac grid conditions

The steady-state waveforms of the 4-W Y-converter at nominal power under balanced ac
grid conditions are illustrated in Fig.47. The results confirm that the proposed controller

effectively enforces the LFR behavior. The ac grid currents are purely sinusoidal, balanced,
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and in phase with the grid voltage, with zero current flowing through the neutral wire.
This demonstrates the effective sharing and regulation of the ac grid and inductor currents
among the three modules. The time-variant hysteresis band is evident in the inductor
current waveforms, ensuring fixed-frequency operation and smooth transitions between

buck and boost modes.
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Figure 47: Simulation results of the proposed controller operating at nominal power under
balanced ac grid conditions.

The transient behavior of the 4-W Y-converter with the proposed LFR based on SMC
under balanced ac grid conditions is illustrated in Fig. 48. Initially, the converter operates
at nominal power (7kW) for two grid periods before the power delivered to the dc MG is
reduced to 20% of its nominal value (1.4kW) for another two grid periods. Finally, the
power is stepped back to nominal. The results highlight the fast response and robust
performance of the proposed controller for both positive and negative step changes in the
reference power. The smooth and rapid adaptation of the emulated module resistances to
track the power reference is evident, with all modules maintaining equal resistance values
due to the balanced operation. Finally, the ac grid and inductor current waveforms confirm

the excellent dynamic response of the proposed controller.
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Figure 48: Transient simulation results of the proposed controller under balanced ac grid
conditions. The power steps from nominal to 20% after two grid periods and returns to
nominal after two more.

6.3.2 Unbalanced ac grid conditions

Fig. 49 presents the steady-state waveforms of the 4-W Y-converter at nominal power under
unbalanced ac grid conditions. The results demonstrate that the emulated module resis-
tances can be controlled independently, providing additional flexibility for operating the
converter under unbalanced conditions. The RMS phase voltages are set to Vgrms, = 230V,
Vrmsy = 210V, and Vems. = 190 V.

Three control modes are considered under unbalanced ac grid conditions. First, in the
constant input current mode, shown in Fig.49a, the ac grid currents remain balanced de-
spite voltage unbalance. This is achieved by independently adjusting the emulated resis-
tances of each module so that each resistance is proportional to its corresponding grid
voltage. Second, in the constant input resistance mode, depicted in Fig.49b, a fixed em-
ulated resistance value is adopted for all three modules, resulting in grid currents that

are proportional to their respective phase voltages. Lastly, in the constant power current
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mode, presented in Fig.49c, equalized power sharing among the modules is achieved by
controlling the emulated resistances such that the ac grid current drawn from each phase
is inversely proportional to its corresponding grid voltage.

To better highlight the effect of each control mode on the operation of the dc MG, the
instantaneous power delivered by each phase, denoted as p,, py,, and p., along with the
resultant instantaneous power delivered to the dc MG, p,., are presented in Fig.49. Under
both the constant input current and constant input resistance modes, p,. exhibits double-
line-frequency power fluctuations around its average value of 7kW, with the magnitude of
these fluctuations being higher in the constant input resistance mode. These power fluc-
tuations induce a corresponding double-line-frequency voltage ripple in the dc MG voltage,
which may adversely affect the operation of the droop controllers. Conversely, the constant
input power mode ensures ripple-free power flow to the dc MG, making it the preferable
choice for interfacing the dc MG with an unbalanced ac grid.

400

[

o

S
T

Voltage (V)

[
o
o

-400

Current (A)

Current (A)

******************************************************************************************

Resistance ()
Do
S

- T T | ‘ | l l l Pa
= ] e it Bty [ Sl < it |l i Nty Bl T —M
= ! ‘ | ! . | I Pe
g ¢ | | | | | ‘ | Pic
Z ol NN NGNS N\ SN NSNS/ N\ - NN LN S AN

£ | . . |

I I T I T
05 10 15 200 5 10 15 20 5 10 15
(a) Time (ms) (b) Time (ms) (¢) Time (ms)

Figure 49: Simulation results of the proposed controller operating at nominal power un-
der unbalanced ac grid conditions: (a) constant input current mode; (b) constant input
resistance mode; and (c) constant input power mode. The waveforms illustrate the inde-
pendent control of the emulated resistances in different modes and highlight the advantage
of the constant input power mode in eliminating power fluctuations at the dc MG during
unbalanced symmetric ac grid voltages.

Deliverable D3.2 -Prototype Development, Experimental Validation, Page 87 of 103
and Evaluation of Low-Voltage Multiport Converters



EiPlug—

iPLUG project - Grant agreement No.101069770

6.4 Extension of the proposed Nonlinear Controller to multiport

converter scenario

The multiport Y-converter is a three-phase rectifier and is made up of three single-phase
modules connected in a star configuration. Each module is an AC-DC six-switch buck-
boost converter as shown in the Fig. 50. Each module can be considered as a POPI circuit.
Therefore, multiport Y-converter can be modeled by the tetra-port circuit (Fig 51a). SMC
can be used to impose a LFR behavior to the multiport Y-converter by emulating each
module as a resistance to its respective input phase voltage (Fig 51b). All the power
absorbed by these resistances are transmitted to the output port without losses, leading

to following power balance equation:

Module ¢
_ Module b
e
'
ﬁL 2 Module a /: -
g2 .-l}
| "
Vam Sa1 Ve
(V] cr L L Cdcr
| ScaZ ; -
T ';
i /
/
1/ ]
Ve
- EC"dc.Z T:.

Figure 50: A schematic of multiport Y-converters in a modular form.

Pac:Pa+Pb+Pc:Pdcl+Pdc2 (48)
For a balanced AC grid, the power delivered by each module is given by:

Pa:Pb:PC:Pd61—§PdCQ (49)

Consequently, the emulated input resistance of each module is expressed as:

Wi, 1

Tabc = =
’b7 Pdcl + Pdc2 1 + 1 (50)
T(a,b,e)1 T(a,b,c)2
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Figure 51: Multiport Y-converter emulated as LFR: a) Tetra-port circuit, b) LFR circuit

Wi BV,
T(a.b.c)2 = .
Pdcl (a.b.c)2 Pdc2

The subsequent analysis focuses solely on module a for simplicity, but the methodology

where V., is the rms value of the phase voltage, r ;)1 =

can be extended to the other modules similarly. Module a consists of two inductors L; and
L, along with three half-bridges (Fig. 52): an AC-side half-bridge (Bu,) and a two DC-side
half-bridges (Bo,1, Bos2). It is assumed that at least one of the DC ports’ voltage is lower
than the peak of the AC side voltage (V,..), and V.. is lower than V,.. Based on these
assumptions, the Bu, and Bo,; half-bridges are under control, ensuring that only one of
them is modulated at any given moment, while the other remains clamped based on the
values of v,,,, and V,.;, whereas Bo,, will be modulated continuously. This results in two
distinct operating modes: buck mode and boost mode.

To impose a LFR behavior to both operation modes, sliding control laws are designed per
each mode. The objective of each controller is to ensure that the current i, to be sinusoidal
and in phase with the AC supply voltage v,. In each operation mode, the current i, is

controlled through the control of current inductors i;,; and iy ..

6.4.1 Buck Mode

When wv,,, is greater than V,.;, module a operates in buck mode. In this mode, the Bu,
half-bridge switches, while the Bo,; half-bridge is clamped with S,3 ON and S,, OFF, as
is depicted in Fig. 53-a. Simultaneously, the Bo,,; half-bridge operates with a fixed duty
cycle, depending on the ratio between V,.; and V.

Assuming that the switches, inductances and capacitors are considered ideals and ap-
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Figure 52: Module « of the multiport Y-converter.
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Figure 53: Operation modes of one module of the proposed converter: (a) Buck mode
when v, > Vy.1; (b) Boost mode when v,,, < V1.

plying Kirchhoff’s Law, module a can be represented by the following switched model:

dia _ Vam _ UVC fa _ TLf .

it~ L; Ly IL;°

dvcfa _ fa  iLal tiLa2

dt  Cy Cy ot buck (51)
dia1 _ VCfa Vi1

ar L Ubuy ,buck — L
diLaQ _ VC fa Vch

di - L2 Ubug,buck — L2 Ubo 4o ,buck

where uyy, puck = {0,1} and upo,, puck = {0, 1} are the control signals.

In buck mode i, = a(ir; +ir2) (= % conversion ratio). Therefore, to force the system
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behaves like LFR, the sliding surfaces are chosen as follows:

_ Vam (Uam - Vvoff)
Vdcl Ta

- (iLal +iLa2) (52)

Obu, ,buck (.’E)

_ Vam (Uam - VOff)
Ve T2

—iLa2 (53)

Obo42,buck (LE)

where = = [iq, vca,ira1,ina2)” IS the vector of state variables.

To ensure the system follows the desired dynamics dictated by oy, puck () @and ovo,, buck (),
a hysteresis-based sliding mode control strategy is employed. The control signals uy., puck
and wup,, buck are designed to maintain the state trajectory within a specified hysteresis
band +H,. The control laws are expressed as:

0, if Obug ,buck > Ha7
Ubug buck = § 1, if b, buck < —Ha, (54)

retain, if — H, < opu, buck < Ha.

0, if Oboga,buck > H,,

Ubuga,buck = § 1, if Obogs,buck < —H,, (55)

retain, if — H, < 0vo,s,buck < Ha-

6.4.2 Boost Mode

The Boost mode of operation occurs when v, falls below V,.;. In this mode, the Bo,; half-
bridge switches, while the Bu, half-bridge is clamped with S,; ON and S,; OFF, as depicted
in Fig. 53-b. Simultaneously, the Bo,, half-bridge operates with a time-varying duty cycle,
depending on the ratio between v,,, and V,.,. The dynamics of module a can be described
by the following switched model

dia Vam UC fa TLf .

it~ L; Ly IL;°

dvcfa  fa  iLal t1La2

dt Cf Cf (56)
dia1 _ vofa Ve

a L L Ubo, 1 ,boost
diaz _ vofa  Viez "

dt - L2 L2 bog2,boost

where upo,; boost = {0,1} @and up,,, poost = {0, 1} are the control signals. The same procedure
as in the case of buck mode will be applied to design the control law.

In the boost mode i, =iy, +ir2. Therefore, the sliding surfaces that forces the system
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behaves like LFR are defined as :

% - .
Tboar boost (T) = m770ff —1Lal (57)
al

v - 3 .
O—boa2,boost(x) = mrioff — 1La2 (58)
a2

Consequently, the control signal uy,,, boost @NA Upo,, boost , Which are applied to Bo,; and Bo,s

respectively, are derived similarly to (54)-(55) and are expressed as:

0; If Obog1,boost > Hav
Ubog1,boost = § 1, if Obog1,boost < —H,, (59)

retain, if — H, < Obog1,boost < H,.

07 If Obogy2,boost > Haa

Uboga,boost = § 1, if Oboga,boost < —-H,, (60)

I’etain, if — H, < Ob0o42,boost < H,.

The overall block diagram of the proposed controller is illustrated in Fig. 54. The ref-
erence power transferred to the DC side, denoted as P}, and P}, are determined by an
outer droop controllers. Based on these reference, the emulated resistances are defined
according to (50) for a balanced grid. The calculated resistance values are then processed
by the mode selector and LFR based on SMC blocks to generate the control signals Ubua,b.c)r
Uboy .0, AN Upo, , ., FOr clarity, only the LFR based on SMC of module « is detailed in Fig.
54,

6.5 Simulation Results

This section presents the simulation results of the proposed control strategy, validating its
performance under diverse operating conditions including balanced and unbalanced AC grid
conditions. The converter’s specifications and key parameters are summarized in Table 5.
The converter is designed to interface AC grid with DC microgrids (MGs).

The converter s behavior as LFR under SMC is verified by means of numerical simula-
tions using using MATLAB/Simulink. The proposed controller is depicted in Fig. 54. The
parameters of system are outlined in Table 5. Regarding the implementation of SMC, the
hysteresis band has been taken +0.25A4. The performance of the designed controller is
validated under diverse operating conditions including balanced and unbalanced AC grid
conditions.

The steady-state waveforms of the multiport Y-converter at nominal power under bal-

anced AC grid conditions are illustrated in Fig. 55. The results confirm that the proposed
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Figure 54: Block diagram of the proposed controller.

Table 5: Key parameters of the Multiport Y-converter used in the simulation results.

Parameter Symbol Value
Rated AC power P, 10 kW
Rated DC power  P;,, P;, 5 kW
AC grid voltage Va 230 V
Line frequency fn 50 Hz

DC voltage Viers Viea 360, 400 V
Main inductance L1, Lo 500 uH

AC filter inductance Ly 60 uH
AC filter capacitor Cy 10 pF
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Figure 55: Steady-state simulation results of the proposed controller operating at nominal
power under balanced AC grid conditions.

controller effectively enforces the LFR behavior. The AC grid currents are purely sinusoidal,
balanced, and in phase with the grid voltage which means that a power factor close to
unity is achieved. This demonstrates the effective sharing and regulation of the AC grid
and inductor currents among the three modules.

The transient behavior of the multiport Y-converter with the proposed LFR based on
SMC under balanced ac grid conditions is illustrated in Fig.56. Initially, the converter
operates at nominal power (10kW), where both DC MGs are absorbing power from the
This
case represents when both DC MGs have a surplus power generation that is fed to the AC

ac grid, for four grid periods before the delivered power is changed to (—10kW).

grid. In the presented waveforms, the AC grid currents are inverted with respect to their
corresponding AC voltages, indicating the power flow direction to the AC grid. Finally, the
power is stepped back to nominal value. The results highlight the fast response and robust
performance of the proposed controller for both positive and negative step changes in the
reference power. The smooth and rapid adaptation of the emulated module resistances to

track the power reference is evident, with all modules maintaining equal resistance values
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Figure 56: Simulation results of the proposed controller illustrating transient behavior un-
der balanced AC grid conditions.

due to the balanced operation. Finally, the ac grid and inductor current waveforms confirm

the excellent dynamic response of the proposed controller.

6.6 Conclusion

This section presents an SMC-based LFR synthesis for unity power factor control of the
Four-Wire Y-converter, offering enhanced performance compared to conventional linear
controllers in interfacing 400 V dc MGs with ac networks. The proposed control strategy
improves dynamic performance with minimal delay, enabling rapid power balancing within
the dc MG. Additionally, the controller simplifies the control structure, particularly under
unbalanced ac grid conditions. An adaptive time-variant hysteresis band is introduced to
ensure smooth transitions between the buck and boost modes of the 4-W Y-converter while
maintaining a nearly constant switching frequency. The effectiveness of the proposed con-
troller is evaluated under various operating conditions, including balanced and unbalanced

ac grids, as well as transient events.
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7 Conclusions

The primary scope of Work Package 3 activities was to investigate and enable MPCs in low-
voltage distribution networks, considering both distribution-level and household/residential
scenarios. The main outcomes of this work package has been reported in two deliverables:
D3.1 [1] and this deliverable D3.2.

This deliverable has presented a comprehensive investigation into low-voltage multiport
converters, focusing on rapid prototyping, experimental validation, performance evalua-
tion under realistic mission profiles, and advanced control design. First, a flexible rapid-
prototyping setup was developed, incorporating two types of half-bridge modules: com-
mercial Imperix PEB8024 modules (with C2M0080120D SiC MOSFETSs) for the boost stages,
and fully custom half-bridge modules (with UF4SC120023K4S SiC MOSFETs) for the buck
stages. The custom modules’ lower on-state resistance and adjustable dcOlink capaci-
tance enabled precise tuning of conduction losses and reactive power requirements, while
the Imperix modules provided rapid development capability for the boost circuits.

Next, both the symmetric and asymmetric variants of the multiport Y-converter were ex-
perimentally validated under steady-state and dynamic conditions. The testbench features
bidirectional ac and dc programmable power supplies, real-time control platforms, and
high-precision measurement instruments—closely emulated real-world operating scenar-
ios. Experimental waveforms confirmed that both converters maintained balanced three-
phase grid currents with low THD during fast transients and various load distributions. In
the symmetric configuration, uniform power sharing and consistent port behavior were
observed, whereas the asymmetric configuration demonstrated efficient management of
differential power flows by leveraging its hardware asymmetry and flexible control laws.
Efficiency curves derived from calibrated power meter measurements revealed high con-
version efficiency across a wide power range for both topologies.

To quantify the advantages of MPCs in a renewable energy context, a mission-profile-
based performance evaluation was conducted for interconnecting 400 V dc microgrids with
the European low-voltage ac grid. Two design approaches were compared: separate two-
port Y-converters versus a single integrated multiport Y-converter. A multi objective Pareto
optimization framework explored trade-offs between average efficiency and power den-
sity, taking detailed loss and volume models into account. Results showed that the MPC
topology achieves superior average efficiency during dc-to-dc power transfer by eliminating
the intermediate ac-stage losses inherent in the 2Y configuration. Both designs reached
high efficiency and power density levels, but the MPC consistently outperformed the 2Y ap-
proach under realistic mission profiles, confirming its potential as a compact, cost effective

interface for future dc microgrid deployments.
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Finally, a novel loss-free resistor hysteresis controller was proposed for the Y-converter
to overcome the dynamic response limitations of conventional linear controllers. By gener-
ating switching actions directly from instantaneous system measurements, the hysteresis-
based scheme delivers faster transient response, robust stability across varying operating
points, and simple implementation without complex compensation networks. The controller
was verified in simulation first on a two-port converter and then extended to the multiport
scenario, demonstrating precise current and voltage regulation, rapid response to load

changes, and reliable operation under both balanced and unbalanced grid conditions.
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