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Abstract: This paper presents a novel non isolated multiport DC-AC inverter designed for distributed renewable
energy systems integrated with hybrid energy storage solutions. The proposed inverter features a simplified
architecture, utilising fewer passive components and high-frequency power semiconductors compared to
conventional designs. The multiport converter (MPC) enables the integrated management of power from a
photovoltaic(PV)array, battery unit, as upper capacitor bank, and an electric vehicle (EV) battery while supporting
bidirectional power flow. The inverter’s power circuit is based on an advanced split-source inverter topology, directly
connecting the PV source to the DC link. A custom control method is developed for the MPC, allowing for maximum
power point tracking (MPPT) of the PV array without additional converters, as well as independent regulation of
power flow at each port and between the ports. The proposed control scheme ensures optimal energy utilization and
enhances the system's flexibility while maintaining grid stability through ancillary services. Simulation validation of
the various power flow scenarios demonstrates the effectiveness and robustness of the design. The results show
improved efficiency and simplified system architecture, marking a significant step towards more cost-effective and
scalable renewable energy systems.

1. INTRODUCTION

The global transition toward clean and sustainable energy has intensified in recent years, driven by the need to mitigate
climate change, reduce carbon emissions, and secure energy independence. Distributed renewable energy systems,
including solar photovoltaic (PV) power, wind energy, and small-scale hydroelectric systems, have emerged as vital
components in modern energy grids. These systems enable energy generation closer to the point of consumption, reducing
transmission losses, increasing system resilience, and promoting energy security. Among these renewable sources, solar
energy has seen rapid adoption due to its abundant availability, scalability, and decreasing cost of technology. Solar
photovoltaic (PV) systems are being increasingly integrated into residential, commercial, and industrial power networks.

Despite the numerous advantages of renewable energy systems, challenges remain in efficiently managing and integrating
these sources into existing electrical grids. The intermittent and variable nature of renewable energy sources like solar power
means that energy generation is often in consistent, depending on environmental conditions such as sunlight and weather.
This variability, combined with growing demand for energy storage solutions, creates an intricate set of requirements for
the design of power electronics systems that can effectively integrate, manage, and distribute energy. The integration of
hybrid energy storage systems, such as batteries, super capacitors, and electric vehicle(EV)batteries, with renewable energy
sources adds another layer of complexity. These storage technologies have unique characteristics such as charge/discharge
rates, efficiency, and power density that necessitate sophisticated power conversion and management techniques to ensure
optimal energy utilization. Power inverters play a critical role in modern distributed energy systems, acting as the interface
between the energy sources (e.g., PV arrays, batteries) and the electrical grid or local loads. Inverters
converttheDCoutputoftheenergysourcesintoACpowersuitableforgridsynchronizationandlocal consumption. Conventional
inverters typically use separate conversion units for each energy source, which increases the complexity and cost of the
overall system. As the number of connected energy sources and storage elements increases, traditional designs often suffer
from inefficiency, larger form factors, and higher component costs due to the need for additional converters and passive
components. Moreover, the bi directional flow of power in hybrid energy storage systems, where energy can be both
supplied to and drawn from storage devices, further complicates the inverter design. In this context, the development of a no
isolated multiport DC-AC inverter represents a novel solution that addresses the challenges of system complexity, efficiency, and
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cost-effectiveness. A multiport converter (MPC) offers a significant improvement over traditional designs by integrating
multiple power sources and storage systems in a single, unified converter structure. The proposed inverter is designed to
handle power from arrange of sources, including PV array, a battery unit, as upper capacitor bank, and an EV battery, while
simultaneously supporting bidirectional power flow. By reducing the number of required converters and passive

components, the system’s overall size and cost are significantly reduced, leading to more compact, scalable, and cost-
effective renewable energy solutions.
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FIGURE 1. Circuit diagram of the proposed three-phase MPC inverter

Power circuit structure: As shown in Fig. 1, the proposed MPC inverter features four DC ports and one AC port. The DC
ports are used for the interconnection of the PV array, SC, battery banks, and EV battery. The AC side can be connected to
an AC load or grid. The PV array is connected directly to the DC-link capacitor (C_DC-link). The DC-link voltage is
continuously modified by the control unit of the proposed MPC inverter in order to perform the MPPT process, as analyzed
in the following. The battery and SC are connected to the DC link via bidirectional power circuits. Since the DC-link voltage
is continuously regulated by the MPPT process, appropriate control of the battery and SC interconnection circuits has been
developed, as also described next, in order to coordinate the power flow among the different input/output ports of the
proposed MPC inverter. Each of these subcircuits receives as input the corresponding source in order to accomplish a two-
way current flow by using two insulated-gate bipolar transistor (IGBT) power switches with antiparallel diodes. In [18], a
single-phase version of SSI has been presented, where an inductor and a DC-link capacitor are integrated into a full-bridge
inverter through two power switches. In this article, the work of Lee and Heng [18] is extended to a three-phase SSI, where
the EV port inductor (L_EV) is connected to the switching nodes of a three-phase full-bridge inverter via three IGBT power
switches (i.e., S5, S6, and S7 in Fig. 2) that operate at fundamental frequency. In contrast, if a separate DC-DC converter
was used to interconnect the EV to the DC link, then power switches of high switching frequency would be required, thus
increasing the cost and switching losses of the overall MPC inverter. In order to achieve the aforementioned functionality
of the proposed MPC inverter power circuit, a special control method has also been developed in this article. One of the
three legs of the full-bridge inverter should operate with a constant duty cycle for DC-DC conversion. The other two legs
operate at a modified sinusoidal duty cycle for DC-AC output voltage production, as analyzed in the following. The three
switches (S5, S6, and S7) that operate at fundamental frequency affect the DC-link voltage by clamping the leg that operates
with a constant duty cycle to the inductor and EV battery port. As a result, the power flow can be regulated between the
different ports of the proposed MPC inverter and, at the same time, in each port independently. The basic operational
principle and the control strategies of the power switches are discussed next.
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Principle of operation and driving signals: Based on the power balance among the ports of the proposed MPC inverter,
multiple alternative power flow scenarios can be supported, as indicated with arrows in Fig. 1(b). The alternative current
flows during the battery and SC charging and discharging modes during as witching period are shown in Fig. 3(a). The
operational waveforms and gate signals of S1 S4 are illustrated in Fig. 3(b). A constant (duty cycle) for each input source
is compared with a triangular signal (reference triangle) with frequency equal to the desired switching frequency of the
MPC inverter. As long as the duty cycle is greater than the value of the triangle pulse, then the switch is set in the OFF-
state, otherwise is ON. The switches S1 and S3 operate complementary to S2 and S4, respectively. The three-phase bridge
consists of three legs, one for each phase of the ac grid (a, b, ¢). Each leg of the bridge includes two IGBT switch with
antiparallel diodes, which receive complementary pulses. Therefore, S8iscomplementary to S11 for phase a, S9 to S12 for
phase b, and S10 to S13 for phase c, respectively. The EV battery is connected in series with LEV, which charges and
discharges in appropriate cycles regulated by the control of the power switches. The inductor LEV is link edtothreel GBT
s with anti-parallel diodes (S7, S6, and S5), each connected to one leg (a, b, c) of the full-bridge circuit. As a result of this
connection, there is an interaction between the control of the three-phase bridge circuit and the EV battery, which is further
analyzed in the following. In Fig. 3(a), the alternative current flows of the modified three- phase SSI sub circuit of the
proposed MPC inverter (see Fig. 1) with the EV source are displayed. In order to produce appropriate driving pulses for the
IGBTSs of the full-bridge circuit and the EV battery, three symmetrical sinusoidal reference waves with a phase difference
of 120° are initially produced in the control unit of the proposed MPC inverter. Then, the three sinusoidal waves are modified
as described in Section Ill, producing the reference signals, as illustrated in Fig. 3(b). The ac modulation index Mac
represents the amplitude of the reference signal and the dc modulation index Mdc corresponds to the offset of the reference
signal. The values of Mac and Mdc are adjusted in such a way as to achieve the desired power flow. To generate the driving
pulses of S7, S6, and S5, the reference The signal from the AV is measured against zero. The reference signal from the power
switch is equal to zero, then the corresponding switch is set ON; otherwise, it is set OFF. This procedure is presented in
Fig. 4(a). In order to generate the driving pulses for the three-phase bridge switches, while the reference signal for each leg
of the full bridge is greater or equal to the width of the triangle pulse, then the corresponding switch is set ON; otherwise,
it is set OFF [see Fig. 4(b)]. Switches S8, S9, and S10 are complementary to S11, S12, and S13, respectively.

FIGURE 3. Operation of the modified three-phase SSI sub circuit of the proposed MPC inverter. (a)Alternative current
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FIGURE 4. Gate pulses for (b) Full-bridge switches

As mentioned before, the reference signals for the control of the three EV switches have a phase difference of 120°. Hence,
at every 120° (charging cycle), a different switch is set OFF. In every charging cycle, one leg of the bridge is acting as dc—
dc converter for the dc-link voltage and the other two are responsible for the dc—ac conversion. For instance, as it is shown
in Fig. 5(a), when S7 is ON andS6andS5 are OFF, then the leg of the three-phase bridge that S7 is connected to operates as
adc— dc converter and the other two legs control the dc—ac inversion. The same procedure is followed for the remaining two

Copyright@ REST Publisher 27



Revathi et.al /REST Journal on Emerging trends in Modelling and Manufacturing, 11(1), March 2025, 24-33

power

the three different power switches of the EV port (see Fig. 5).

switches. In this way, the EV port of the SSI sub circuit is charging with a constant current, which is received from
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FIGURE 5: Alternative switching states of the modified three-phase SSI sub circuit of the proposed MPC inverter during
charging. (a) State 5
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Table Il lists all possible switching state combinations of the SSI sub circuit, where “1” and “0” represent the ON and OFF
states of the associated switch. The connection of the SSI port indicates that the EV battery switches (S7, S6, and S5) should
also be considered. The activation of only one of the three switches in each cycle allows for three potential states (100, 010,
and 001). These three states can be combined with each of the eight states of the full bridge, for a total of 24 states. However,
as indicated in Table 1, only 15 of these states are valid, while the remaining 9 states are not feasible. In order for the EV
switch connected to a full-bridge leg to be turned ON, the reference signal for that leg must be equal to 1-Mdcl -
M_{dc}1-Mdc. As shown in Fig. 4, when the reference triangle is greater than 1-Mdcl - M_{dc} 1-Mdc and lower than
the modulating signals (Vabc,refxV~*_{abc, ref} Vabc, refx) maximum value, the high-side switch of the leg that is
operating at a constant duty cycle is OFF. The switch of that leg is ON only when the reference triangle is less than 1-Mdcl
-M_{dc}1-Mde. In such a case, the other two high-side switches are also turned ON because the values of their modulating
signals are greater than the reference triangle. This means that the only way a high-side switch operating at a constant duty
cycle is ON (i.e., the corresponding EV switch is ON) is when the other two high-side switches are also ON. The states 4—
21 represent the region between 1-Mdcl - M_{dc}1-Mdc and the modulating signals' maximum value. As a result, the
states where a high-side switch of one phase is turned ON simultaneously with the corresponding EV switch are not valid.

TABLE 1: Switching states of the SSI sub circuit
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The 15 remaining switching states, as shown in Table I, can occur in either the charging or discharging process of the EV
battery. The discharging process is detailed in [16], while the equivalent circuit diagram of the modified three-phase SSI
subcircuit (see Fig. 1) during the charging process of the EV port is presented in Fig. 5. In particular, states 5, 9, and 24 in
Table 11, which represent the current flow in all three switching states of the EV port switches S7, S6, and S5, are illustrated
in Fig. 5.

Model Predictive Control (MPC): In the context of multiport DC-AC inverters integrated with hybrid renewable energy
storage systems, Model Predictive Control (MPC) can help achieve efficient energy management, improve grid stability,
and optimize power distribution across multiple energy sources, such as photovoltaic (PV) arrays, batteries, super
capacitors, and electric vehicle (EV) batteries. Given the growing interest in renewable energy systems, particularly in off-
grid and micro grid applications, MPC's ability to manage multiple power flows and ensure optimal performance has
garnered significant attention.

2. SYSTEM MODELLING FOR MULTIPORT DC-AC INVERTERS

For MPC to function effectively, an accurate system model is required. In the case of multiport DC—-AC inverters, the model
must describe the relationship between various energy sources, storage systems, and the grid or load. These systems
typically involve multiple dynamic components, each with its own behavior, but the inverter and energy storage systems
are the primary focus.

State-Space Model: A state-space model is commonly used to describe the dynamic behavior of systems, as it allows the
system's evolution to be predicted overtime. Let the system state vector be denoted as x(k), which encapsulates the system’s
state variables, including the voltages, currents, and states of charge (SOC) of storage devices. The control inputs u(k) are
the control signals that the MPC adjusts.

For a discrete-time system, the relationship between the system's state at time step kkk and at the next time step k+1 can be

xz(k + 1) = Az(k) + Bu(k)
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expressed as:

where:

e x(k)€ Rn is the state vector at time k,

¢ u(k)€ Rm is the control input vector at time k,

e A€ Rn xn is the state transition matrix,

e Be€ Rn xm is the input matrix.

The output y(k), which could represent quantities like power or voltage, is related to the state by:

y(k) = Cz(k)

where Ce Rp xn is the output matrix. This model forms the basis for prediction in MPC, where the future system states are
predicted based on the current state and control inputs.

Dynamics of Multiport DC-AC Inverters : In multiport DC-AC inverters, each port corresponds to an energy source
(suchasaPV array, battery, super capacitor, or EV battery). The system dynamics are governed by the inter actions between
these sources and the inverter, as well as the load or grid. Each port of the inverter can be described by a set of differential
equations that represent the power flow and voltage/current relationships. The inverter’s switching dynamics are typically
captured by modeling the equivalent circuits of each port and considering the power flow between the ports and the grid.
For example, a simplified model for a PV array connected to an inverter can be expressed as:

Ppy = Vpy - Ipy

where PPV is the power generated by the PV array, VPV is the voltage at the PV terminals, and IPV is the current supplied
by the PV array.
Similarly, for a for a battery storage system, the dynamics could be represented as:

f battery :metery'lbatlery il SOC(A 1) :SOO(IV) ' AS0C

where P battery is the power drawn from or supplied to the battery, V battery is the battery voltage, and | battery is the
battery current. The SOC (state of charge) of the battery changes based on the charging or discharging current, and it is
constrained within certain bounds to ensure the battery’s health.

The total power balance of the system is governed by the interaction of all these components and can be expressed as:

Iy total = Iy PY Iy battery HB supercapacitor B EV Pload

where P total is the total power supplied to the grid or local load, and P load is the demand from the load.

Cost Function in MPC
ThecostfunctionplaysacentralroleinMPCasitdefinestheobjectiveoftheoptimizationproblem. In power systems, the goal is
often to minimize energy losses, maintain system stability, and ensure that power generation matches consumption.

For a multiport inverter system, the cost function can be structured as follows:

N-1
T=Y (Wl +4) - ok + ) Qulk +4) — vk +4) + (ulk +1))" Ru(k + 1))

i=0
where:
e Y (k+1) is the predicted output (e.g., power or voltage) at time step k + 1,
e R (k +1) is the reference trajectory (desired power or voltage) at time step k + 1,
e Q€ Rp x p and RE RmX mare positive definite weighting matrices that penalize deviations in outputs and large control
inputs, respectively.

The first term (y (k +i) —r (k + 1)) TQ (y (k + i) —r(k +i)) penalizes the deviation between the system’s output and the
reference, ensuring that the system follows the desired power profile. The second term (u (k +i)) T Ru (k + i) Penalizing
large control inputs helps promote energy-efficient operation and reduces wear on components. This can be achieved by
adding a term to the cost function that penalizes excessive control effort. The modified cost function can be expressed as:
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Constraints in MPC: One of the key strengths of MPC is its ability to handle constraints on system behavior. In the context
of multiport DC-AC inverters, several physical, operational, and safety constraints must be considered:

Energy Storage Constraints: The state of charge (SOC) of batteries or super capacitors should remain within a certain
range to avoid overcharging or deep discharging, which can lead to performance degradation or failure.

SOC}_‘[HH E SOC(k | ?-) E SOCIDE}K

Voltage and Current Limits: The inverter and energy storage devices have maximum and minimum voltage and current
limits that must be respected.

Vu.u'u i V(k ‘ 3} S Vmaxa Imiu <_: I(k | 1] g Imax

Power Flow Constraints: The total power flow to the grid or load must not exceed a specified capacity. This constraint can

be expressed as:
PLoLal(k | 1) < Pmax

Operational Constraints: The system may have additional operational constraints, such as thermal limits, limits for the
inverter or safety margins for power electronics.

Optimization Problem Formulation
The optimization problem for MPC is formulated as:

i), J(u(k),...,u(k + N —1),z(k))

Subject to:
z(k + 1) = Az(k) + Bu(k)
y(k+i) = Cx(k +1)
Umin < Wk + 1) < Upayxy  Toin < Z(k + 1) < Tyax

SOCmin S SOC(k ‘ 1) E Socmax

TheobjectiveistominimizethecostfunctionJJJwhilesatisfyingthesystemdynamicsandconstraints. The optimization problem
is solved at each time step, and the first control input from the optimal sequence is applied to the system.

Numerical Solution and Computational Techniques:The optimization problem in MPC is typically solved using
numerical optimization techniques, such as:

¢ Quadratic Programming (QP): Used for problems with quadratic cost functions and linear constraints, such as in
many power system applications.

¢ Nonlinear Programming (NLP): For more complex problems where the system dynamics or constraints are nonlinear.
To implement MPC in real time, efficient solvers with low computational overhead are essential. The complexity of solving
the optimization problem grows with the prediction horizon, the number of system states, and the number of control inputs.
Therefore, approximations and efficient algorithms, such as gradient-based methods or fast MPC solvers, are used to ensure
real-time applicability.

Model Predictive Control (MPC) offers a power full tool for managing multiport DC-AC inverters in hybrid renewable
energy systems. Its ability to predict future system behavior, optimize control actions, and respect system constraints makes
it ideal for ensuring efficient energy management in complex systems with multiple power sources, storage devices, and
energy flows. By solving an optimization problem, a teach time step, MP Censures that renewable energy systems operate
efficiently while maintaining stability.
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3. RESULTS

A MATLAB Simulink of the proposed MPC inverter has been developed and tested in order to validate the operation of
both the power circuit and associated control scheme. An SC bank and a battery were connected to the corresponding input
ports, while another battery has been connected at The EV port of the proposed MPC inverter. The PV array was connected
directly to the dc link according to the proposed topology, as shown in Fig. 2. The output of the power circuit of the proposed
MPC inverter was finally Connected via an LCL-type output filter to a three-phase isolation step-up transformer. (Turns
ratio 1:18) for protection purposes and then to the AC electric grid. These results verify the successful operation of both the
power circuit and the control scheme implemented in the DSP controller of the proposed MPC inverter. To further evaluate
the performance of the proposed MPC inverter, various experimental power flow scenarios were carried out. The
corresponding results are presented in Fig. 7. It is observed that the PV power has a constant value in every state of operation
as obtained by the execution of the PV MPPT algorithm. Furthermore, the power levels of the battery, EV port, and SC
bank are varying and follow successfully the corresponding power set point of each state.
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FIGURE 8. Simulation measured power flows and MPPT operation during partial shading conditions

The ability of the proposed MPC inverter to independently perform the MPPT process was experimentally verified under
PV array partial shading conditions, as depicted in Fig. 19. The power flows of the battery bank, EV port, and SC were
intentionally set to vary by the DSP-based control unit of the MPC inverter. It is observed that despite the variations of the
MPP power and dc-link voltage due to the change of the incident solar irradiance, the proposed MPC inverter successfully
tracked the MPPs of the PV source and simultaneously achieved to regulate independently the power flow of the battery,
EV, and SC ports, respectively, at the desired levels.
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4. CONCLUSION

The integration of distributed renewable energy systems, particularly solar PV, into modern power grids presents significant
opportunities to reduce carbon emissions and enhance energy security. However, the intermittent nature of these energy
sources, combined with the growing need for efficient energy storage solutions, introduces substantial challenges in terms
of grid stability and power management. The development of non-isolated multiport DC-AC inverters offers a promising
solution to address these challenges by consolidating multiple power sources and storage systems into a single, unified
converter architecture. The proposed multiport converter improves system efficiency, reduces complexity, and lowers costs
by minimizing the number of required converters and passive components. Additionally, its support for bidirectional power
flow makes it ideal for managing energy storage systems, such as batteries, super capacitors, and electric vehicle (EV)
batteries, in hybrid configurations. The reduction in system size and cost makes it a scalable and cost-effective solution,
enhancing the overall viability of renewable energy systems for residential, commercial, and industrial applications. Future
research and development efforts should focus on optimizing the control strategies and enhancing the performance of
multiport converters in the face of varying grid conditions and load demands. Furthermore, integration with emerging smart
grid technologies could further improve the efficiency and reliability of hybrid renewable energy systems. Continued
advancement of power electronics, coupled with the growing adoption of renewable energy sources, will play a pivotal role
in achieving global sustainability goals and ensuring a secure and resilient energy future.
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