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Abstract: Utility grid-tied photovoltaic (PV) installations are becoming a typical component of
the current electrical energy grid. The adoption of transformerless inverters has recently changed
the topology of these systems. Despite being small, inexpensive, and effective, transformerless
inverters have a recurring leakage current issue. Numerous studies are being conducted to improve
its performance and bring the leakage current down to acceptable levels. The studies propose
three tracks for addressing the leakage current problem of transformerless PV systems: the control
technique, the inverter modulation, and the inverter topology. This study applies the model-free
predictive control (MFPC) technique to a grid-connected NPC 3-ϕ transformerless converter powered
by a PV panel. An LCL filter connects the transformerless inverter to the grid. The system model
considers the grid filter components and the internal impedance of the utility grid. The proposed
system’s discrete model is established before describing the MFPC controller’s algorithm. The
suggested system is simulated in MATLAB using the MFPC and a standard PI current controller with
SVPWM modulation. According to the simulation’s findings, the MFPC controller performs best
regarding current spectrum, THD, and earth leakage current. Additionally, MFPC-based systems are
more efficient than those that use PI controllers.

Keywords: MPPT; transformerless inverter; NPC; model-free predictive control; PV

1. Introduction

Due to the increased awareness of global warming and decreased dependency on
fossil fuels for energy, renewable energy has been shown to have considerably improved in
recent years. Furthermore, through the use of incentive programs, several governments
around the world have inspired and motivated people to utilize sustainable energy. This
motivation has caused grid-connected photovoltaic (PV) energy systems to be widely used
in society.

For low-power applications < 5 kW, single-phase installation is employed for most
PV systems [1]. This form of implementation has a huge DC capacitor that reduces system
dependability and lifespan. On the other hand, three-phase systems do not need a huge
capacitor since they have a consistent AC output, which increases the system’s longevity
and dependability [2]. The inverter, which connects the PV system and the grid, is the
most important component. Transformers are included with these inverters to control
the DC voltage input of the inverter and to isolate the system panel from the grid [2].
Utilizing a transformer increases the voltage when necessary and decreases the DC injection
into the system, improving the power quality [3]. However, when increasing the DC
voltage, the transformer introduces galvanic isolation as a high-frequency or low-frequency
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transformer on the on-grid side. These transformers make the system bulkier, heavier, and
more expensive.

Additionally, this process makes the system less efficient and more complicated [3].
Nevertheless, leakage current problems are introduced by PV system topologies without
transformers. The main flaw of a transformerless inverter is the lack of electrical isolation
between the utility grid and the PV panels. As a result, any potential variation between the
PV arrays and the earth raises an earth leakage current, which is undesirable since it results
in grid current losses and distortion [4]. Therefore, it is necessary to maintain a steady
common-mode voltage in transformerless PV systems to reduce leakage current problems,
which cannot be achieved by utilizing traditional sinusoidal pulse width modulation
(PWM) [4].

Numerous studies have been suggested in the literature for single-phase transformer-
less structures to address the common-mode voltage issues [5–8], which need to be better
investigated in three-phase transformerless topology. For three-phase transformerless PV
applications, discontinuous PWM or space vector PWM is insufficient due to the large
leakage current of such standard PWMs. As a result, many modulation techniques and
conversion structures have recently been developed. Nevertheless, leakage current is a
problem that has to be solved; hence, the authors in [9] introduced a remote-state PWM
approach for a typical 3-ϕ transformerless inverter powered by PV. The primary drawback
of the suggested modulation approach is that it only works with 650 V DC links for two-
level inverters when the grid phase is 110 V. Ref. [10] presents a proposed H8 architecture
with a modulation method based on sinusoidal PWM in addition to logic functions, which
are in charge of producing the pulses for switches. Three modulation techniques—odd
PWM, even PWM, and odd–even PWM—are used in [11] to modify a Z-source inverter
design in order to minimize leakage current. In order to reduce the earth leakage current
using a modified space vector PWM, a new current source H7 is added [12]. Utilizing a
novel three-phase zero-voltage state rectifier, as described in [13], has also reduced leakage
current. The H5 topology, which is often used for single phase, was explored by the authors
of [14] using a suggested modulation based on standard PWM that was shown to minimize
leakage current.

A three-phase transformerless inverter architecture, the NPC inverter type of the
multilayer inverter, has recently been adopted [15,16]. The use of this type is common in
industrial applications. Despite having many power-electronic elements, NPC is distin-
guished by a low THD of the output voltage and a lower switching device rating compared
to two-level inverters. Ref. [17] investigates two PWM methods to reduce the common
mode current in a three-level NPC inverter. These methods enhanced CMV, but increased
THD and voltage ripples. The three-level inverter linked to the grid with an LCL filter is
fully controlled by a multivariable LQR regulator [18].

A control approach known as MFPC uses previous data to forecast a system’s future
behavior before using that knowledge to choose the appropriate control action. Traditional
model-based control approaches call on a thorough system dynamics model [19,20], while
MFPC does not. As a result, it works well for systems with complicated or unpredictable
dynamics, such as VSIs [21–24]. The capability of MFPC for VSI control to handle nonlinear
and time-varying system dynamics is one of its key benefits. By utilizing a prediction
model that is updated in real-time with new data, MFPC can manage these dynamics. This
enhances the control performance by enabling the control algorithm to adjust to changes
in the system dynamics. The handling of restrictions is another benefit of MFPC for VSI
control. Constraints such as the voltage, current, and power restrictions may be taken into
consideration by the MFPC, which can then utilize these data to decide on the best course
of action. As a result, there is a lower chance of system failure, and the control algorithm is
made more resilient.

The use of MFPC for VSI control has been the subject of several investigations. An
MPC-based control technique, for instance, has been suggested in research for a VSI in a
wind energy system [25]. The authors forecasted the wind speed and wind turbine power
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production using a prediction model based on previous data. Using this knowledge, the
control algorithm could choose the best VSI control action. Compared to a conventional
model-based control method, the authors discovered that the MPC-based control strategy
enhanced the performance of the VSI. An MFPC-based control technique for a VSI in an
electric vehicle application was suggested in other research [26]. The authors forecasted the
battery level of charge and the load demand using a prediction model based on previous
data. Using this knowledge, the control algorithm could choose the best VSI control action.

Compared to a conventional model-based control method, the authors discovered
that the MPC-based control strategy enhanced the performance of the VSI. A disturbance
observer has been researched for an MFPC current controller of 3-ϕ VS rectifiers [27]. A
modified MFPC approach has been developed for PWM converters [28]. The approach
used two successive current samples to obtain excellent performance. For DC choppers, a
new MFPC approach has been created; unfortunately, three-phase converters cannot use
it [29]. The observer was developed to improve the MPC’s performance when dealing with
parameter uncertainty.

To regulate and enhance the functionality of a grid-tied NPC three-phase transformer-
less inverter driven by a PV panel, an MFPC control algorithm is introduced in this study.
An LCL filter connects the transformerless inverter to the grid. When modeling a system,
the internal impedance of the grid and the filter components are both considered. Following
the development of the discrete-time analysis for the suggested system, the MFPC method
is described. The proposed system is finally simulated using the MATLAB platform. A
performance comparison between the MPC controller and a standard PI with sinusoidal
PWM has been made. According to the findings of the simulation, the MFPC controller
performs the best in terms of grid current spectrum, THD, and earth leakage current. Addi-
tionally, compared to a system that employs a PI current controller with sinusoidal PWM
modulation, the system that uses MFPC is more efficient. This study’s goals were to:

1. Apply the MFPC controller to the suggested system while taking the LCL filter and
grid resistance into proper account.

2. Explain how the MFPC affects performance variables such as the ground leaking
current, grid current THD, and efficiency.

3. Evaluate the effectiveness of the systems that used the PI and MFPC controllers.

The paper is presented as follows. The studied system is explained in Section 2. The
proposed MFPC controller design and the controllers for the entire system are covered
in Section 3. A thorough explanation of the simulation findings is provided in Section 4.
Finally, the paper’s overall conclusions are presented in Section 5.

2. Configuration and Dynamic Modeling of the Proposed Energy System

The suggested device is a three-transformerless inverter supplied by solar energy and
connected to the grid, as depicted in Figure 1. The PV screen, which is typically connected
to a capacitor at its terminals, is the first step in the system. The power is regulated by the
capacitor function, which also enhances solar efficiency [3]. The output of the photovoltaic
system is then connected to a boost converter. For the photovoltaic panels, the boost
converter serves as a changeable load. As a result, the PV’s MPPT (maximum power point
tracking) function can be achieved by controlling the boost converter.

Additionally, the boost converter can scale up the solar voltage at low irradiation levels,
therefore encouraging the drawing of modest amounts of electricity from solar. The DC
link, connected to the input of the 3-ϕ transformerless inverter, is represented by the end of
the boost converter’s output. The NPC architecture of the 3-ϕ transformerless converter.
At the utility grid-connected inverter output ports, an LCL filter is installed. The filter
reduces current behavior and prevents high-frequency waves [3]. One significant problem
that has a significant impact on grid-connected inverters is the power grid’s weakness.
The grid-connected converters should be attached to power systems with a short circuit
ratio (SCR) > 20, which equates to a grid impedance of 5%, as suggested in the dispersed
generation system guidelines [30]. When the SCR is maintained within the predetermined
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range, the grid-tied converters function steadily with the power system. Our research,
therefore, made the assumption that the grid is a strong one. The following paragraph will
describe each system component’s paradigm and method of operation.
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Figure 1. Proposed PV-powered NPC transformerless inverter with the MFPC.

Figure 1 depicts the NPC three-level inverter’s power circuit. It has six clamp diodes
and twelve IGBTs. As the figure shows, two capacitors must divide the DC network voltage.
The NPC three-level inverter has 27 switching states, as shown in Figure 2. These switching
conditions result in 19 voltage vectors (V1, . . . V19) when they are depicted as space vectors.
These vectors produce different common mode voltages, as indicated in [17]. However,
seven states had zero common-mode voltage (V0, V8, V10, V12, V14, V16, V18).
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According to the techniques utilized to minimize the earth leakage current in trans-
formerless inverters, the common mode voltage should be kept minimum [30]. The NPC
three-level inverter’s common mode voltage will be limited by using the prior seven
switching states. The ground leakage current can be minimized as a result. The model
takes into account the source inductance (Lg). The grid is assumed to be an endless 3-ϕ
with a constant voltage magnitude and frequency. All of the three-phase quantities are
represented as space vectors by:

U = 2
(

ua + ej(2π/3)ub + ej(4π/3)uc

)
/3 (1)

where U is the space vector, and (ua, ub, and uc) are the 3-ϕ quantities.
The fundamental principles of the circuit can be used to describe the system’s dynamic

behavior, as follows: 
Lg f

(
dIg
dt

)
L f

(
dIinv

dt

)
C f

(
dVC

dt

)
 =

 Vc −Vg
Vinv −Vc

I f − Ig

, Lg f = Lg + L f , (2)

where (Cf) is the filter capacitance, (rf, Lf) are the filter inductor parameters, (Rg, Lg) is the
grid impedance, (Vinv) is the inverter space vector voltage, (Iinv) is the inverter current
space vector, (V f ) is the filter capacitor space voltage vector, and (Ig, Vg) are the grid
current and voltage space vectors, respectively.

The state-space matrix structure can be used to rewrite Equation (2), as follows:

d
dt

 Ig
Iinv
V f

 =


−(Rg+r f )

Lg f
0 1

Lg f

0
−r f
L f

−1
L f

−1
C f

1
C f

0


 Ig

Iinv
V f

+

 0
1

L f

0

Vinv +

−1
Lg

0
0

Vg. (3)

This can be stated simply as:

dY
dt

= αY + βVinv + γVg, (4)

where the constant matrices (α, β, and γ) and the state vector (Y) are given by:

Y =

 Ig
Iinv
V f

, α =


−(Rg+r f )

Lg f
0 1

Lg f

0
−r f
L f

−1
L f

−1
C f

1
C f

0

, β =

 0
1

L f

0

, γ =

−1
Lg

0
0

. (5)

Predicting the future values of the controlled variables is necessary for implementing
the traditional MPC method. The system discrete model is used to carry out the forecast
procedure. Typically, the forward Euler estimate is used to find this model:

dX
dt

=
X(k + 1)− X(k)

Ts
(6)

Equation (6) allows the state space equation in (4) to be discretized as follows, where
Ts is the sampling time:

Y(k + 1) = eαTY(k) +
∫ T

0
eατ βdτVinv +

∫ T

0
eατγdτVg. (7)



Energies 2023, 16, 3141 6 of 16

These formulas can be used to forecast the system variables for the subsequent sample.
The system is then guided to the designated point using an optimization method that has
been modified. The cost function will be used in this procedure.

3. Proposed System Control

There are three controllers to control the proposed PV grid-tied system. Each controller
is designed to represent a different part of the system. The first controller is the MPPT
controller, which adjusts the PV operating point to match the MPPT conditions as closely
as possible by controlling the duty cycle of the interfaced boost converter. The second
controller regulates the voltage on the DC link by generating the reference grid current.
Finally, the third controller regulates the grid current of the 3L-NPC transformerless inverter
controller. The three control schemes are studied in detail in the following subsections.

3.1. Maximum Power Point Tracking (MPPT)

Extracting the maximum power from a PV system is essential for optimizing its use, so
operating it at the maximum power point (MPP) condition is necessary [31–37]. The MPPT
algorithm based on incremental conductance (INC) is employed to utilize the maximum
permissible PV power. The INC has better tracking of the peak power of a solar panel and
improved dynamic performance in rapidly changing conditions [38]. It starts by observing
the power change (∆P) and voltage change (∆V) over time. When the change in power or
voltage reaches zero, this indicates that the MPP is achieved, according to [39]:

∆P
∆V < 0 on the right side o f the MPPT condition at the curve
∆P
∆V = 0 at the MPPT condition
∆P
∆V > 0 on the le f t side o f the MPPT condition at the curve

(8)

The MPPT algorithm will set the reference current of the current-regulated boost
converter, which will keep the MPPT conditions in place, as shown in Figure 3. Next, the
hysteresis controller can regulate the PV current to its reference value from the MPPT by
generating an ON/OFF state for the boost converter switch.
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3.2. Voltage Controller of the DC Link

This controller helps keep the voltage on the DC link stable at a predefined setpoint
(V∗DC) so the system can work properly. It controls the power flow from the PV side to the
grid side by generating the reference RMS value of the grid current I∗g , as shown in Figure 4.
This controller needs to be able to work with a lower bandwidth than the inverter controller
to preserve system stability. The controller will use the proportional–integral regulator to
maintain the setpoint. There is no need for a complex control strategy since the setpoint
is fixed. It generates the reference grid’s current value. In this paper, the Ziegler–Nichols
method is used to tune the gains of a DC link PI controller. This method is effective in
adjusting the controller to achieve the desired performance.
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3.3. Proposed Model-Free Predictive Control for 3L-NPC

The 3L-NPC voltage source inverter has four switches and two diodes per leg, and
there are three allowable switching states [−1, 0, and 1] per phase. Suppose the voltage
across each capacitor is assumed to be half of the DC link voltage. In that case, the generated
output voltage has the following values: [−VDC/2, 0, VDC/2]. Therefore, it has 3ˆ3 = 27
switching states for the three-phase. To reduce the amount of leakage current in the system
due to the PV capacitance, seven potential voltage vectors are used to predict the grid
current [39]. These seven states have low common mode voltage (CMV). The value of the
controlled variables will be predicted at each possible switching state.

The conventional MPC scheme relies on predicting future manipulated variables using
discrete modeling. The MFPC approach differs from this in that it does not depend on
predicting these variables using their discrete modeling. Instead, it uses a continuous
modeling approach that considers past data to predict future outcomes using the ultra-local
model (ULM). The MFPC approach relies on modeling the change in system parameters
as a disturbance. This allows us to understand and predict how the system will respond.
This way, model-free predictive control makes the controlled variables’ prediction behavior
more accurate and efficient. An optimal switching state must be selected to make the grid
current as close to its target value as possible for each sampling period. This controller
is designed to keep the grid current vector (Ig) aligned with a sinusoidal reference and
achieve a unity power factor. It does this by adjusting the current according to a sinusoidal
reference signal.

The grid current has a sinusoidal shape and is considered a balanced waveform. Then,
the value of the grid current’s real and imaginary parts (αβ) can be evaluated at every
switching state. The cost function is then calculated in each switching state. It contains
the squared error between the predicted grid current and the reference current in the αβ
frame, as in (14). This cost function is the core of the optimization process in predictive
control. The employed cost function here does not use any weighting factors, as it has
two terms with the same physical quantity and the same property as well. To simplify its
design, no constraints are involved in the cost function. The switching state corresponding
to the minimum cost function will be applied to derive the inverter switches in the next
sampling time. The considered utility grid is a type of electrical grid that is reliable and
has a constant frequency. This means that the voltage across the point of connection will
remain the same.

J =
(

Ig,αβ(k + 1)− I∗g,αβ

)2
(9)

where Ig,αβ(k + 1) are the predicted real and imaginary grid currents at an instant (k + 1)
in (αβ) coordination frame, and I∗g,αβ are the real and imaginary components of the grid
current reference.

This paper explains a new way to control the transformerless PV grid-tied system
without knowing the system’s specific parameters. This data-driven approach is called
model-free predictive control (MFPC). Figure 5 shows the general fundamental building
blocks of an ultralocal model, which is the basis for MFPC. The variable F represents the
overall uncertainty and disruption of the system, also known as the unknown function [40].



Energies 2023, 16, 3141 8 of 16

The system’s output and input data are required to find the value of the unknown function
F’s value. In addition, the principle of the ULM can be formulated as follows:

y(n) = F + αu (10)

where y(n) represents the nth derivative of y, u denotes the input of the controlled plant, y
refers to the plant output, and α ∈ R stands for the non-physical parameter. The order n, in
most cases, is selected by the practitioner as either 1 or 2, with 1 being the option chosen
the most often in all actual circumstances [41].
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The algebraic identification approaches can help to determine the estimated value
of the unknown function F. The value of F can be substituted with a more exact number
in place of the estimate by using the letter F̂. Finally, the Heun technique [40,41] can be
applied to estimate the value of F̂ as follows:

F̂ = − 3
N f

3Ts

N f

∑
i=1

(F1 + F2) (11)

where  F1 =
(

N f − 2(i− 1)
)

y(k− 1) +
(

N f − 2i
)

y(k)

F2 =
(

α(i− 1)Ts

(
N f − (i− 1)

))
u(k− 1) + αiTs

(
N f − i

)
u(k)

(12)

where Nf is the window length and Ts is the sampling period.
The derivative of the grid current, which is the controlled variable in the current study,

according to the ULM concept, can be formulated as:

dIg,αβ

dt
= F̂αβ + αuαβ (13)

The MFPC model can predict the value of the grid current at different possible Vx,αβ

voltage vectors. Next, the Euler theory can help solve the differential term in the equation,
which enables the prediction of the output voltage for any given voltage vector, as below:

Ig,αβ(k + 1) = Ig,αβ(k) + Ts
(

F̂αβ + αVx,αβ

)
(14)

where Ig,αβ(k) is the measured grid current at instant k and Vx,αβ is the voltage vector.
The configuration of the proposed MFPC for transformerless PV grid-tied applications is
sketched in Figure 6.
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A complete flowchart of the proposed MFPC for the three-phase NPC is depicted in
Figure 7. The MFPC first considers the necessary measurements to predict the desired
control objectives. To improve accuracy, these measurements are filtered from the noise.
Next, the best switching state is selected according to the minimum cost function.
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4. Results and Discussion

The MATLAB/Simulink platform was used to model the suggested system depicted
in Figure 1. Table 1 contains a summary of the system settings and specifications.
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Table 1. System settings and specifications.

Parameter Value

PV rating 633 V, 24.53 A
VDC 650 V

Sampling time 30 µs
Lf 3 mH
Cf 2 µF

Cearth 100 nF
Utility rating 230 V, 50 Hz

Carrier frequency 10 kHz

The findings of the suggested NPC transformerless inverter controlled by the MFPC
controller and the PI current controller with SVPWM modulation are compared in Figure 8.
The disturbance of the proposed system is the irradiation level that has been assumed
of step variation, as shown in Figure 8a,b. With the two regulators, the three-phase grid
currents have a power factor of one and are sinusoidally in phase with the grid voltage,
as presented in Figure 8c,d. Figure 8e,f shows the grid current variations during the step
irradiation variations. In both cases, the grid current tracks the reference currents generated
by the current controllers. It is noted that the peak grid current drops as the irradiation level
drops; hence, the grid power is proportional to that generated by the PV. Current overshoots
are present at the instants of step disturbance. However, the grid current overshoots with
the MFPC controller are smaller than those with the PI current controller by about 10%.
The earth leakage current responses with the two controllers are illustrated in Figure 8g,h.
It is abundantly obvious from the earth leakage current that the MPC controller box is
significantly smaller than the PI controller by about 37.5%. Figure 8i,j displays the DC link
voltage values for the two control methods. The MFPC controller case reduces the voltage
ripples by almost 2%. One cause of distortion in the transformerless inverter could be
these fluctuations.

Figure 9 displays the grid current’s FFT spectrum at 100% solar illumination. The data
show that the lower order frequencies in the MFPC case are lower than those in the PI case.
It is evident that the harmonics’ number for the PI instance is the lowest. The MFPC control
policy’s training and refining procedures reduce the THD of the grid current. As a result,
in the case of MFPC, the THD of the grid current is smaller than in the case of PI. With the
MFPC management scheme, the grid current’s THD is 1.16%, whereas with the PI scheme,
it is 1.69%. The two methods have low-order overtones in the grid current spectrum. This
demonstrates how much better the suggested MFPC strategy is. The grid current in the
(αβ) coordinates in the case of the weak grid is shown in Figure 10. The resistance of the
weak grid is 0.0748 Ω, while the grid inductance equals 0.238 mH. A unity power factor is
achieved with the proposed MFPC.

Figure 11 shows the relationship between the solar radiation intensity and the RMS
of the leaking current for both controllers. It is clear that the MFPC controller reduces the
leakage current number at all irradiation levels. The average reduction in the RMS of the
leaking current is 62.5%. The distribution of the power losses is provided in Figure 12. It is
clear that most of the power loss is dissipated in the resistance of the LCL filter.

Figure 13 depicts how the efficiency of the MFPC and PI controllers varies with the
irradiation intensity. The MPC controller has higher efficiency than the PI controller at
most irradiation values. Because the two instances use the same hardware, but distinct
processors, the inverter switching pattern and harmonics vary. These variations resulted
from the MPC controller’s superior switching patterns and reduced overtones compared to
other controllers. Therefore, the MPC controller’s low harmonic and tiny switching losses
account for its greater efficiency.
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Figure 8. Suggested NPC transformerless inverter’s grid voltage, grid current, irradiation, earth
leakage current, and DC link voltage simulation findings for conventional SVPWM with PI current
controller and MFPC controller.
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The change of the grid current THD with the irradiation level is shown in Figure 14.
Although the grid current THD has excellent performance for high insolation levels, the
THD for low insolation levels <20% is higher than the standards. This is one of the
limitations of this system and will be a future research point. Therefore, the current error
minimization procedure that takes place when the MFPC controller is applied may be
utilized to describe the outcome in this paper.
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5. Conclusions

This paper suggested using an NPC transformerless inverter that is grid-tied and
powered by solar energy. An LCL filter connects the transformerless converter to the
power. The system model takes into account the filter components as well as the grid’s
internal resistance. The suggested system’s discrete model is established before the MFPC
controller’s method is described. The suggested system is simulated in MATLAB using
the MFPC and a standard PI current controller with SVPWM modulation. According to
the simulation findings, the MPC controller has the greatest efficiency across all of the
comparison variables. With the two regulators, the 3-ϕ voltages and grid currents are pure
sinusoidal and in phase with the grid voltage or unity power factor. However, the grid
current THD is reduced with the MFPC controller lower than the PI controller by about
31%. However, the leakage current in the MFPC scenario is only about 62.5% of that in the
PI controller situation. Additionally, compared to a system that uses a PI current controller
with SVPWM modulation, the system that employs MFPC is more efficient. The future
work in this area could be directed toward identifying the unknown function value of F
in the proposed MFPC using the state observers. This could improve the accuracy of the
tracking system. In addition, future work will focus on investigating how to implement the
proposed system.
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