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SEPARATE INTEGRATION OF SOLAR PVS INTO THE LOW-
VOLTAGE DC LINK OF A SOLID-STATE TRANSFORMER BASED
ON A MODULAR MULTILEVEL CONVERTER
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This paper presents a photovoltaic system connected to a solid-state transformer (SST). The PVs are integrated into the low-voltage DC
(LVDC) link. The SST consists of three stages containing combinations of converters: the modular multilevel converter MMC is employed
in the medium voltage (LV) stage, the DC-DC converter is applied in the isolated stage, and a three-phase inverter is utilized in the low
voltage (LV) stage. To ensure the smooth integration of PVs, it is essential to maintain a stable voltage at the LVDC level. To this end, the
application control of the DC-DC converter must be used. The single-phase shift control (SPS) strategy was adopted. This control strategy
maintains DC voltage levels at appropriate values and enables bidirectional power flow. In addition, to optimize the extraction of maximum
power from the PVs, a maximum power point tracking (MPPT) technique is applied based on the M5P model decision tree. In parallel, to
ensure optimal operation of the SST, a voltage-oriented control (VOC) and voltage capacitor balancing algorithm based on rotating gating
signals is implemented for the MMC converter. In contrast, an unbalanced load control is applied to the inverter. The model developed in
this study was implemented in MATLAB/Simulink, and the system's dynamic performance was validated.

1. INTRODUCTION

The growing need for renewable energy is emerging because
of increased demand for electricity and growing environmental
concerns about fossil fuel sources. This has contributed to the
rapid spread of grid integration of photovoltaic power plants.
The solid-state transformer (SST) is considered a suitable option
for solar system integration due to its superior power quality,
density, efficiency, and additional control capabilities. The
various topologies of the SST have been extensively discussed
in several scientific papers [1,2].

SST is a combination of electronic power converters and
a high-frequency transformer that uses link voltage stages
isolated from each other. Like the ordinary characteristics of
conventional transformers, which include voltage matching
and galvanic isolation, the SST improves the power supply
system by enabling control of voltage and power, connected
devices, and real-time monitoring. Additionally, the SST
offers several benefits, including bidirectional power flow,
reduced size and weight, high energy density, a small
number of passive components, and DC voltage outputs
[3,4]. The standard SST design has three stages: a rectifier at
the input, a high-frequency DC/DC converter, and a three-
phase inverter at the output [5-7].

In the context of medium-voltage (MV) distribution grids,
it is essential to consider the multi-level configuration within
the SST. Various multilevel inverter configurations have
been proposed to meet the requirements of SST applications
[8]. Integrating the modular multilevel converter (MMC) has
attracted considerable interest in high and medium-voltage
applications. The inherent advantages of the MMC exceed
those offered by conventional topologies, notably its
modular design, allowing flexibility in the creation of varied
voltage levels through the addition of sub-modules. A key
feature is its ability to attenuate low-frequency harmonics
resulting from switching, which reduces switching losses.

Furthermore, to guarantee optimal MMC operation,
keeping the capacitor voltages within the sub-modules (SMs)
stable and balanced is imperative, in line with their nominal
values. Achieving this objective requires using a voltage-
balancing algorithm, an aspect addressed in previously
published work [9-11], which presented various strategies

for balancing capacitor voltages. The voltage balancing
approach utilized in this study is based on rotating gating
signals between the sub-modules [12].

In photovoltaic (PV) system applications, maximum power
extraction is problematic under undesirable conditions such as
irregular radiation, temperature, partial shading, and dust
accumulation. Several topologies have been proposed in the
publication to achieve the best performance and requirements
for grid-connected PVs [13,14]. Therefore, the SST is an
excellent solution for integrating PVs using different methods.
Additionally, The SST includes a DC link that permits the direct
integration of PVs into the grid; this will facilitate the direct
connection of PVs to the SST, which can significantly improve
the performance. This paper has integrated PVs with the SST’s
low-voltage (LVDC) link. This is achieved separately. This
methodology offers several considerable advantages. Firstly, it
simplifies the connection process by eliminating complex
intermediate steps.

What’s more, this configuration facilitates the
establishment of bidirectional power flow. However, to
ensure stable integration, it is essential to implement control
for the DC-DC converter. This controller maintains DC
voltage levels at appropriate levels. The single-phase shift
control (SPS) is used for the DC-DC converter. Furthermore,
a maximum power point tracking (MPPT) approach is
imperative to optimize power extraction from the PVs.
Several MPPT control techniques have been explored in the
literature [15,16]. However, these conventional MPPT
methods have exhibited inherent drawbacks, such as
susceptibility to fluctuating environmental conditions.

Additionally, integrating the PVs with the LVDC link of
the SST exacerbates power and output voltage response
fluctuations within a boost converter. Consequently, these
limitations restrict the overall power extraction efficiency of
the PVs. A maximum power point tracking technique based
on the M5P tree addresses these challenges. The M5P tree
represents a machine-learning model known as a decision
tree, specifically a regression tree. In this MPPT approach,
the MPPT collects the input data using fuzzy logic. This
combined control capitalizes on both the reasoning
advantages of fuzzy logic and the fast and accurate
processing functionality of the M5P tree [17]. This strategy
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exhibits exceptional efficacy, even when the PVs operate
under dynamic conditions. In addition, a series of control
strategies have been introduced to ensure optimum stability
and operation of the overall system. On the MV side, a
voltage-oriented control (VOC) technique and a voltage
balancing approach are deployed to maintain the balance of
the MMC capacitors. An unbalanced control load was used
for the inverter on the SST’s low-voltage (LV) side. The
proposed architecture with its controllers is simulated in the
MATLAB/Simpower environment. The simulated results
attest to the effectiveness of this architecture for integrating
photovoltaic systems.

The structure of this study is as follows: section 2
discusses in detail the proposed configuration of the PVs
integrated with the SST, while section 3 goes into more detail
on the design of the SST and aspects relating to its control.
Subsequently, section 4 presents the simulation results and
offers a concrete validation of the approach adopted. Finally,
the conclusions of the study are summarized in section 5.

2. SYSTEM CONFIGURATION

The optimal PV integration option is the three-stage SST
based on a dual-active-bridge (DAB) converter. Considering
the advantages of bidirectional power flow, this structure is
built on the LVDC link for PVs. In this studied system, the
phase shift angle between two stages controls the PV side
voltage, but the power flow is always unidirectional. This
paper uses a three-phase SST topology using MMC
technology to integrate the PVs on the LVDC link in a
separate way. This method allows us to take advantage of the
LVDC link of the SST to insert the PV power into the MV
grid. This innovative approach enables bidirectional power
flow and enhances the overall performance and flexibility of
the system. The system architecture shown in (Fig. 1)
includes solar arrays connected separately with the LVDC
link of the SST. The SST consists of three stages. The first
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stage is the medium-voltage stage, where a three-phase
MMC rectifies the AC medium voltage to a DC voltage. The
second stage is the isolated DC-DC stage, which consists of
two converters and a high-frequency transformer (HFT).
Where the dynamics of power transfers are based on the
square wave. Finally, the third stage is a three-phase inverter
providing a low alternating load current. In addition, the PV
stage consists of PV arrays and boost converters.

3. SYSTEM OPERATION AND CONTROL

Figure 2 shows the schematic of the MMC control
diagram. The MMC consists of three phases, each
comprising both upper and lower arms with inductors and
four SMs in series. Each half-bridge SM comprises a
capacitor coupled to two IGBTs with complementarily
switching. The VOC method is used to supply single
references for the PWM generator. The VOC control enables
the elimination of harmonics, the resolution of the circulating
current issue, and the power factor optimization. PWM uses
the PSC-PWM technique with phase-shifted triangular
signals to regulate the submodules. The mathematical
analyses and control of the MMC are provided in [18-21].

Furthermore, the capacitor voltage balancing algorithm
plays an essential role in the correct operation and reliability of
the MMC. It aims to maintain equal voltage levels between the
capacitors connected to the SMs, thus ensuring a balanced
distribution of electrical loads. This voltage equality is crucial
to avoid imbalances that could cause performance and stability
problems in the system. The algorithm uses rotating gating
signals between the submodules to achieve voltage balancing.
In practical terms, this means that specific combinations of
switching between sub-modules are chosen depending on the
current direction and capacitor charge/discharge conditions.
These combinations control how charges are distributed
between capacitors, enabling voltage levels to be precisely
adjusted [22].
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Fig. 1 — General system schematic configuration.
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Fig. 2 — Three-phase MMC control diagram.
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3.2. DC-LINK VOLTAGE CONTROL

Integrating PVs with SST in the LVDC link requires a
synergistic combination of control strategies to ensure
bidirectional power flow. In this configuration, the DC-DC
converter is controlled using an SPS approach, while the
PV's efficiency is optimized using MPPT methods.

By integrating the PVs at the LVDC link, DC link control
is essential to enhance bidirectional power flow. To achieve
this goal, the single-phase shifting approach was implemented.
This precise control over the phase angle between the primary
and secondary sides enables power transmission from the PVs
to the grid and vice versa. Figure 3 depicts the basic schematic
of the controller diagram. The output DC link voltage is
compared with its reference value, and the resulting errors are
sent to a PI controller. This signal is given into a delay angle
generator. The delay angle generator provides the phase shift.
In addition, this output signal generates the value of reference
for the PWM block [23,24].

In the context of integrating the PVs into the LVDC link of
the SST, it is crucial to establish efficient MPPT) to optimize
energy extraction from the PVs. Traditional methods such as
the P&O method and the fuzzy Fuzzy-MPPT approach are
limited in their ability to extract maximum energy from the
PVs due to the process of connecting the system PV to the
LVDC link, which generates fluctuations in the voltage and
current from the PV panels, hindering the extraction of the
maximum available energy. To solve this problem, an
approach based on the M5P tree was implemented for MPPT
tracking. This M5P tree method presents a convincing
alternative, as it takes advantage of fuzzy logic's reasoning
capabilities and the fast, accurate processing capabilities
specific to the M5P tree algorithm. This MPPT approach,
therefore, proves to be a robust and effective solution for
optimizing the energy extraction of the PVs.

The MS5P algorithm is a decision tree-based machine
learning algorithm for regression tasks. It is an extension of
the traditional decision tree algorithm that aims to improve
performance, especially when dealing with continuous or
numeric target variables. Like conventional decision trees,
the M5P can introduce a linear regression to the classical
model according to specific parameters. The aim is to
construct a learning model that can be used to predict the
target value (terminal node) by teaching simple rules inferred
from prior collected datasets.

The WEKA software tool is utilized to implement this
tracking method. WEKA is a comprehensive suite of open-
source machine-learning software designed to conduct tasks
related to machine learning and classification. The procedure
commences by collecting input and output data from the
fuzzy-MPPT algorithm within the MATLAB/Simulink
environment. Subsequently, these data are subjected to
processing within the MATLAB/Simulink environment. The
subsequent step entails converting the accumulated data into
an Excel file format with a. ARFF extension, which is
subsequently imported into the WEKA software. The steps
to initiate a learning operation within the WEKA software
are as follows: Go to Explorer. Choose the file data .arff
(ARFF is an extension of WEKA files). Open Classify.
Select the desired algorithm (in our case, M5P). Commence
the learning operation. In the final step, the model derived
from WEKA can be conveniently translated into MATLAB
code with IF-ELSE instruction. A graphical representation of

this methodology (Fig. 4) illustrates the approach taken to
obtain the final MATLAB program [25].

3.3. OUTPUT INVERTER STRUCTURE AND
CONTROL

On the LV side of the SST, a three-phase inverter with an
LCL coupled to the loads is used. A unified control strategy
for the inverter has been proposed. The suggested controller
allows the inverter to work under generalized unbalanced
operating conditions. Moreover, the load voltage is
automatically regulated, and the load current waveform
quality is improved. This leads to keeping the harmonic
content in applicable accepted terms and maintaining a near
unity power factor. For further information about the control
strategy elected for this inverter, see [26,27].
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Fig. 3 — Single-phase bridge control diagram.
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4. SIMULATION AND RESULTS VALIDATIONS

The results of PVs connected to the SST within the LVDC
link are presented using MATLAB/Simulink with a
sampling time of 2 s. The specific parameters of the SST are
listed in Table 1. The system operates with a rated power of
100 kVA, an input voltage of 1 kV between phases, a
frequency of 50 Hz, and a power generated by the PV system
of 25 kW. To evaluate system performance and observe
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power flows between the grid, the load, and the photovoltaic
generators, a variation in load power was applied att = 0.8 s
and irradiation conditionsatt=1.5s.

Figure 5 elucidates the power output dynamics from the
grid, loads, and PVs. It is discernible that when the load
requires high power (70 kW), PVs continue to generate their
full output of 25 kW, while the grid supplies the remaining
power (45 kW). When the load decreases to 15 kW, the PVs
persist in producing 25 kW, indicating that the excess 10 kW
is being returned to the grid. This corresponds to the behavior
in which grid power reduces significantly from about 45 kW
to nearly zero. Moreover, while the production of PVs
declines due to decreased irradiation, grid power increases,
offering additional support to satisfy the reduced load
demand. However, the sum of the powers does not appear
perfectly balanced due to inherent system losses and
transient dynamics. Losses in the elements of the MMC, such
as arm resistors, Sm capacitors, and arm inductors, consume
a part of power that is not shown in the figure. In addition,
low-voltage DC link capacitors temporarily store or release
energy during transitions, causing short-term power
imbalances. Despite these factors, the system achieves a
stable overall balance, where the load is continuously
satisfied and excess PVs are efficiently managed, proving the
effectiveness of the proposed control strategies.

Figure 6 offers insights into the stability of the medium
and low side DC voltages, underscoring their constancy at
reference values. The observed stability at the LVDC link
validates the efficacy of the implemented control strategies,
particularly emphasizing the success of the phase shift
control technique in maintaining voltage stability.

Table 1
System parameter

Value
0.05Q

0.0032 H
0.0025 F

10Q

0.8 mH
0.0019F
020
0.025 mH
0.002 F
0.0025 mH
0.003F

Parameters
Filter grid Resistance (Rg)

Filter grid inductance (Lg)
MMC SM capacitor (Csm)

MMC Arm resistance (Rarm)
MMC Arm inductance (Larm)
DC link capacitor (CDC)
Rarm of single-phase MMC
Larm of single-phase MMC
Csm of single-phase MMC
The leakage inductance
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Fig. 6 — DC Voltage at the output MV and LV.

The voltage and current of the PVs are shown in Fig. 7.
The voltage is stable but with visible oscillations and is most
apparent at the current. These oscillations may be traced back
to the MPPT algorithm's dynamic reaction. However, using
the M5P decision tree-based MPPT greatly minimizes the
size of these oscillations. This is due to the M5P algorithm's
more accurate prediction of the MPP and ability to stabilize
the system without adding additional disturbances. Despite
the reduction in oscillation frequency and amplitude, some
residual variations remain.
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Fig. 7 — Voltages and currents of the PV arrays.

Figure 8 offers insights into the stability of the medium
and low side DC voltages, underscoring their constancy at
reference values. The observed stability at the LVDC link
validates the efficacy of the implemented control strategies,
particularly emphasizing the success of the phase shift
control technique in maintaining voltage stability.
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Fig. 8 — The capacitor voltage of an arm of the MMC.
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Fig. 9 — Currents of the grid and the loads.

Figure 9 illustrates the grid and load currents' behavior.
Initially, the grid currents exhibit high oscillations due to
transient interactions within the system. The system
stabilizes the currents and reduces these oscillations over
time. However, the grid currents retain noticeable harmonic
distortion rather than appearing perfectly sinusoidal, as seen
between 1.6 and 1.8 seconds. The interaction between the PV
system and the MMC is responsible for this behavior.
Specifically, the PV system introduces a high-frequency
switching ripple into the DC link. Also, the MMC control
does a good job of balancing the voltages of the submodule
capacitors and keeping the fundamental frequency stable.
Still, it doesn't entirely fix the harmonics that the PV system
creates. The load currents demonstrate a steady-state
condition after the transient period, aligning with the
expected sinusoidal nature of the system. Figure 10 presents
the voltages for both the grid and the load. These voltage
waveforms exhibit a similar sinusoidal profile, confirming
the balance between load demand and grid supply.
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Fig. 10 — Voltages of the grid and the loads.

11. CONCLUSIONS

This paper integrated the PVs separately in the SST’s low-
voltage-DC (LVDC) link. The SST is a combined power
converter. This method streamlines the connection process

and facilitates bidirectional power flow, thus simplifying PV
integration. The SPS control ensures stable integration by
regulating DC voltage levels appropriately. Additionally, the
incorporation of M5P-MPPT maximizes power extraction
from PV generators, ensuring optimal performance even
under varying conditions.

Furthermore, the VOC technique, as well as a voltage
balancing algorithm based on rotating gating signals, are
employed to ensure the capacitor voltage balanced and
optimal operation of the MMC, and an unbalanced load
control for the LV-side inverter has been implemented to
ensure optimal operation of the SST. The system was
developed and implemented under MATLAB/Simulink. The
simulation results demonstrate the effectiveness of the direct
integration of the PVs in the LVDC link of the SST where
the bidirectional power flow is achieved.
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