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Abstract: Nowadays, the single state inverter for the grid-connected pho-
tovoltaic (PV) systems is becoming more and more popular as they can
reduce circuit complexity resulting in less power losses of the inverter. This
paper focuses on the use of model predictive control (MPC) to control a
3-phase and 2-level single-state grid-connected inverter in order to regulate
the PV maximum power point (MPP). The algorithm of MPC scheme was
done to measure the simultaneous current signal including predicting the
next sampling current flow. The reference current (Id∗) was used to con-
trol the distribution of electrical power from the solar cell to the grid. To
be able to control the maximum power point tracking (MPPT) when the
sunlight suddenly changes, so that a developing MPPT based on estimation
current perturbation and observation (ECP&O-MPPT) technique was used
to control the reference current. This concept was experimented by using
MATLAB/Simulink software package. The proposed technique was tested
and compared with the old technique. The simulation results showed that the
developed MPPT technique can track the MPP faster when the light changes
rapidly under 1,000 W/m2, 25°C standard climatic conditions. The MPPT time
was 0.015 s. The total harmonic distortion (THD) was 2.17% and the power
factor was 1.

Keywords: Single-state grid-connected; model predictive control; maximum
power point; estimation perturbation and observation

1 Introduction

Today, renewable energy technologies are developing rapidly. Solar cells are a rapidly evolving
renewable energy source and play an important role in clean energy use [1–3]. Because the energy that
comes from sunlight alone is endless. It is also environmentally friendly. No carbon dioxide is released
into the atmosphere. This is in line with the agreement to reduce carbon dioxide emissions to reduce
global warming [4]. Currently, many countries have tariffs on imported goods based on their carbon
dioxide emission rates [5,6]. For this reason, we focus on cleanliness and the environment to avoid
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fossils and other sources that are harmful to the environment. Solar energy is one of the most widely
used sources of natural energy [7,8]. It stems from the rapid development of photovoltaic technology
in recent years that has improved efficiency and reliability. However, commercial PV panels require a
large area. Therefore, it has an impact on the environment and agricultural areas. So, another solution
is to install it on the rooftop (solar rooftop), on the dam and on the lake (floating solar). The problem
with PV systems is that the rapid change in radiation, temperature and partial shading of the panels.
Another problem is the installation of PV panels on the rooftop in a position that does not correspond
to the sun’s orbit.

Therefore, MPPT is used to solve all the problems mentioned above. It is also used to optimize
photovoltaic systems. There are several ways to track the MPP, such as perturbation and observation
(P&O), increment conductance (INC), fuzzy logic (FL), particle swarm optimization (PSO) and the
hybrid. The P&O and INC are traditional methods. This method is good at tracking MPP in stable
environments [9–12]. The FL method can reduce oscillations around the MPP. The downside is the
difficult design [13,14]. The PSO is the best suitable algorithm under partial shading. The disadvantage
of this approach is the delay in tracking the MPP [15,16]. The hybrid MPPT technique offers accurate
and efficient tracking under rapidly changing environmental conditions. However, this method is
complex [17].

So that the PV system produces the MPP. It must be connected to a direct current to direct current
(DC–DC) or direct current to alternative current (DC–AC) converter using the aforementioned
algorithm to track and control the MPP. Other parts of the photovoltaic system include inverters,
controllers, and sensors, which play a key role in harnessing electrical power to the grid. The basic
functions for all grid-connected inverters e.g., THD, grid voltage disturbances, grid voltage variations,
MPPT and partial shading detection, operation at unity power factor as required by standards, fast
voltage detection and fast frequency detection. The THD is limited and imposed by the standard. The
MPPT must have very high efficiency in steady-state, fast-tracking during rapid irradiation changes
and stable operation at very low irradiation levels. Currently, PV applications can be divided into
two main categories, stand-alone systems and grid connected systems. The stand-alone systems are
typically used in low power systems such as residential applications. Therefore, battery banks are
needed to store the energy produced by PV panels. Grid-connected systems are ideal for injecting
maximum power drawn from the PV system to the grid, even when temperatures and radiation levels
change. The grid-connected inverter is divided into single-stage and two-stage. The single-stage system
connects directly between the array sides and the inverter side as shown in Fig. 1a. The two-stage
system requires a DC–DC converter to connect the PV array into the inverter side as shown in Fig. 1b.
Two systems configuration plays an important role in converting from DC–AC.

Figure 1: (Continued)
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Figure 1: PV grid-connected system (a) single stage and (b) two stages

An important component of a PV system is the grid-connected system. The grid-connected
systems are ideal for injecting maximum power drawn from the PV system to the grid. There are
several ways to control the current of grid-connected inverters, such as proportional-integral controller
(PI), proportional-resonance controller (PR). PI-based current control implemented in a synchronous
frame is commonly used in three-phase converters [18]. In single-phase converters, the PI controller
capability to track a sinusoidal reference is limited and PR can offer better performances [19].

The basic functions for all grid-connected inverters are THD [20], grid voltage disturbances, grid
voltage variations, maximum power point tracking, partial shading detection, operation at unity power
factor as required by standards, fast voltage detection and fast frequency detection. The THD is limited
and imposed by the standard. The MPPT must have very high efficiency in steady-state, fast-tracking
during rapid irradiation changes and stable operation at very low irradiation levels.

In the literature review, various models are used for designing a controller to control voltage,
current, MPP, THD and power factor (p.f.) to meet standards as shown in Tab. 1.

Table 1: PV grid-connected method

MPPT/Inverter
method

Grid-connected Equipment Outcome Ref

Perturb and
observe
(P&O)/Proportional
integral (PI)

Single-stage MATLAB/Simulink Good MPPT
Unity PF
Low THD

[21]

Model predictive
control (MPC)

Single-stage MATLAB/Simulink
dSpace

Reduced switching
losses
Reduced THD

[22]

Continuous-time
model predictive
control (CTMPC)

Two-stage MATLAB/Simulink
dSpace

Good tracking
performance

[23]

(Continued)
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Table 1: Continued
MPPT/Inverter
method

Grid-connected Equipment Outcome Ref

Perturb and
observe
(P&O)/Highly
efficient and
reliable inverter
concept (HERIC)

Transformer
less/Two-state

MATLAB/Simulink High MPPT
efficiency

[24]

Perturb and
observe
(P&O)/Adaptive
reference
proportional
integral (ARPI)

Two-state Simulation Good tracking
performance
Low voltage
fluctuation

[25]

Several papers were proposed on P&O/PI, MPC, CTMPT, P&O/HERIC and P&O/AERPI. The
purpose is to enable the system to rapidly track MPP when irradiation levels and temperatures change
rapidly. The P&O method is still popular for MPPT. However, all of the above methods have been able
to keep track of MPP very well. The THD and voltage fluctuation are low.

Today, the MPC are widely used such as motor drives and grid-connected inverter. Because it is a
simple method, robustness and fast-dynamic response. Unlike classic linear controls such as PI, PR,
this approach can be used to isolate the dependent control loop and ultimately improve the dynamic
response. The MPC method is a control system that can control the injection of current into the grid.
The grid current is measured to calculate pre-time current. Subsequently, the current at time t + 1 is
calculated. The values are then estimated from the output voltage vector of the 3-phase and 2-levels
inverter. After each vector with all different output voltages is computed. The correct gate-drive signal
is then generated. Therefore, the MPC is suitable for use under non-linear system conditions.

This paper proposes a suitable control method for single-state grid-connected inverters. Addi-
tionally, the ECP&O-MPPT algorithm has been optimized to track the MPP faster. The MPP can be
tracked immediately when the irradiation changes suddenly. Where, the ECP&O is used to generate
the PV output current reference corresponding to the MPPT. Then, the MPC is used to maintain the
PV output current corresponding to the referent current and provide the inverter control signal. As a
result, the reliability and efficiency of this system are increased. In addition, this study also included a
contribution to the literatures related to reducing the number of power semiconductors. The developed
system effectively controls the voltage, current, MPPT, THD and power factors.

This paper is organized as follows. Section 2 described the grid-connected inverter modeling and
configuration. Section 3 devoted to maximize power point tracking and inverter design. The simulation
results and conclusion were discussed in Sections 4 and 5, respectively.
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2 Grid-connected Inverter Modeling and Configuration

The SPR-315E-WHT-D PV were used in this simulation. Eleven series modules and two parallel
strings were used. The parameters of PV panel are illustrated in Tab. 2. The IV and PV characteristics
under various irradiations at 25°C are shown in Fig. 2.

Table 2: PV module data

Parameter Value

Maximum power at standard temperature
condition (STC) (W)

315.072

Cell series modules (Cells) 11
Cell parallel (Cells) 2
Open circuit voltage (V) 64.6
Voltage at MPPT (V) 54.7
Short circuit current (A) 6.14
Current at MPPT (A) 5.76
Temperature coefficient of open circuit voltage
(%/°C)

−0.27269

Temperature coefficient of short circuit current
(%/°C)

0.061694

Figure 2: IV and PV characteristics of PV panel at 25°C and vary irradiations

The simple structure of three phase grid-connected inverter is shown in Fig. 3. The system consists
of PV panel, 3-phase inverter, grid impedance (Rg and Lg) and 3-phase grid. The parameters of the
system are illustrated in Tab. 3.
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Figure 3: Basic three phase grid-connected inverter schematic diagram

Table 3: Grid-connected system parameters

Subsystem Symbol Value

Grid voltage Vg 380 V
Grid frequency fg 50 Hz
Grid resistance Rg 0.5 Ω

Grid inductance Lg 15 mH
Input capacitor Ci 50 μF

3 MPPT and Inverter Design

To track the MPP with a simple and faster than the P&O method, Eq. (1) thus gives rise to a new
method known as the ECP&O method. It is shown in Fig. 4. The ECP&O method works as a period.
By compare of photovoltaic power at the current time with the previous period. If the rate of change
in power is positive, the system will adjust the command current in the same direction. If the rate of
change in power is negative, the system will adjust the command current in the opposite direction.
The advantages are simple and uncomplicated. Therefore, ECP&O was used to control the Id

∗ of the
inverter.

Idinit=Impp∗(Irr/1000) (1)

where

Idinit = initial command current

Impp = current at maximum power

Irr = measurement of irradiation

The MPC was used in the control of inverter. It was a theoretical approach to apply for grid
connected inverters. The theory was presented by referring to the control of the electric drive system
to study and easy to understand the application as shown in Fig. 5.

Basically, the number is limited by the number of possible states of the constant power supply,
that from the status of the power converter operation, in which the above process allows to predict the
next time status [26]. The predicted values calculated the state of the correct switching action and was
selected by the cost function [27]. The control technique can be summarized as follows:
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1. Set the equation cost function.
2. Create inverter model and switch design of switch equipment.
3. Create models for prediction.

Figure 4: ECP&O MPPT algorithm flowchart

Figure 5: Block diagram of model predictive control

The purpose of MPC is to limit the error between the measured current and the reference current.
A cost function can be written in the form of a perpendicular axis [28]. A measurement of the error
between reference and measured values is shown in Eq. (2).

g =|i∗
α
(k + 1) − ip

α
(k + 1)|+|i∗

β
(k + 1) − ip

β
(k + 1)| (2)
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where

ip
α
(k + 1) = Real part

ip
β(k + 1) = Imaginary part

ip(k + 1) = Value of the load vector

i∗
α
(k + 1) = Real part of the reference current

i∗
β
(k + 1) = Imaginary part of the reference current

The value of the load vector was used to determine the voltage vector. This predicted current was
used for the load model. The principles of predicting the current of an inverter, it can be determined
by the voltage drop and the grid voltage, as shown in Fig. 6. The filter (L-filter) can be determined by
solving Eqs. (5) and (6). However, the L-filter can be adjusted. Because the variations in the L-filter
values can affect the performance of MPC in terms of the root mean square of grid-currents. The fast
dynamic response is not affected.

Figure 6: Equivalent circuit of inverter connection

The prediction of the load current in the discrete model of the model can be explained by Eq. (3).

v = Ri + L
di

dt

+e (3)

where V is the inverter output voltage vector, i is the load current vector and e is the back-emf voltage
vector.

Eq. (3) can be represented by a discrete-time estimation function. Ts is the sampling time. It is
shown in Eq. (4).

di

dt

≈ i(k + 1)−i(k)

Ts
(4)

By substitute Eq. (4) into Eq. (3), then Eqs. (5) and (6) are obtained as follow:

vk= Ri(k)+L
i(k + 1)−i(k)

Ts
+e(k) (5)

i(k + 1)=Ts

L
(v(k)−e(k)+i(k)

(
1−RTs

L

)
(6)

Eq. (6) was used to predict the load current that will occur in the next order by comparing
with the reference current i∗(k) of the system. To analyzing the output voltage of a 3-phase inverter,
it is a complex method that can be expressed by the voltage vector of a 3-phase and 2-level. The
inverters module is represented by the state of the two-state switch: on and off (Si1, Si2 Si3 =a, b, c).
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When a, b, c is the phase voltage. The 3-phase system can be used to determine the gate drive signal
by Eq. (7).

S =2/3(Sa+aSb+a2Sc) (7)

In order to generate the 3-phase inverter output signal from the control signals Sa, Sb and Sc. It
can be seen that the conversion of the direct current (DC) to the alternative current (AC) with a simple
mathematical equation. It can be summarized as the Eq. (8). The flowchart of model predictive control
algorithm is shown in Fig. 7. The state of the signal generator is shown in Tab. 4.

Vs=
√

(2/3)Vdc(Sa+Sbe(j2π/3)+Sce(j4π/3)) (8)

Figure 7: Model predictive control algorithm flowchart
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Table 4: Inverter output voltage and gate drive signal

Vector Output voltage equation Gate drive

S1 S2 S3

0 0 on off off
1 (2/3)Vdc on off off
2 ((1/3)Vdc) + (j(3)1/2/3)Vdc) on on off
3 ((−1/3)Vdc) + (j(3)1/2/3)Vdc) off on off
4 −(2/3)Vdc off on on
5 −((1/3)Vdc) − (j(3)1/2Vdc) off off on
6 ((1/3)Vdc − (j(3)1/2/3)Vdc) on off on
7 0 on on on

4 Simulation Results

In order to test the performance of the maximum power point tracking of the proposed algorithms,
the tests were compared with the increment conductance and the traditional perturbation and
observation. The simulation system and controllers schematic diagram of the grid-connected inverter
is shown in Fig. 8. The system consists of PV panel, 3-phase inverter, 3-phase grid, controller and
sensor.

Figure 8: Simulation system and controllers schematic diagram of the grid-connected inverter

Fig. 9 shows the simulation diagram of the ECP&O MPPT and MPC grid-connected. The solar
irradiation sensor converts the light intensity to the referent initial current (Idint). The PV voltage (Vpv),
PV current (Ipv) and Idint are processed by the MPPT controller. The reference current (Idref) is forwarded
to the MPC. The MPC grid-connected consists of four signal input sources. The reference current input
and the grid current input are used to calculate and predict the current to generate the Sa, Sb and Sc

gate drive signals. Both of these variables are required to convert from a 3-phase system into a 2-phase
reference (αβ). Fig. 10 shows a simulation diagram of a 3-phase system to a 2-phase reference (αβ).
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Vg and Vdc are the reference grid voltage and reference PV voltage. The MPC is in the form of an S-
Function. The principle of MPC is shown in Fig. 11. The diagram shows the position of the current
vector (iα). This consists of reference current (i∗) or iref, actual current (i) or ik and predictive current
(ip) or i(k + 1), then predicts the current value at the operating state of the gate drive signal to control
the 3-phase inverter. Thus, the MPC operates in the correct position and corresponds to the voltage
vector V(k).

Figure 9: Simulation diagram of the MPPT and MPC grid-connected

Figure 10: Simulation diagram of a 3-phase system to a 2-phase reference (αβ)
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Figure 11: Principle of electric current prediction from current vector

Two following operating conditions were used to check the algorithm performances in the grid-
connected system:

1. 1,000 W/m2, 25°C standard climatic conditions,
2. Rapidly changes in solar irradiation.

To demonstrate the performance of the proposed method. The MPPT under standard climate is
tested. Fig. 12 shows the comparison of PV output power. The MPPT time of the proposed is 0.015 s.
The proposed method tracks the MPP fastest. Fig. 13 shows the comparison of the Idref. The oscillation
of the proposed method is minimal. Fig. 14 shows the comparison of the grid current waveforms.
Obviously, the proposed method allows the system to track the peak current as quickly as possible.
Fig. 15 shows the comparison of the THD. The comparison shows the performance of the proposed
MPPT. The THD of the proposed is the lowest. In comparison, the proposed method is best suited
for the MPC grid-connected.

Figure 12: Comparatives of PV array power under standard climatic condition

To verify the performance of the proposed PV grid-connected system. The system was tested under
rapid changes in solar radiation. The comparison result is shown in Fig. 16. By comparison, it is clearly
seen that initially at the 1000 W/m2 radiation level. The proposed algorithm tracks the maximum
power point the fastest. The second is the INC algorithm. The last order is the P&O algorithms. While
the irradiation is rapidly dropped to 200 W/m2. The MPPT of all algorithms was also able to track
the MPP. This demonstrates the performance of the MPC grid-connected algorithm. However, the
proposed algorithm has the least oscillation around the maximum power point. Where the irradiation
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is rapidly increased from 200 to 500 W/m2. The most performance MPPT algorithm is the proposed
algorithm.

Figure 13: Comparatives of Idref under standard climatic condition

Fig. 17 shows the comparatives of grid current under rapid changes in solar irradiation. The
simulation results show that the proposed algorithm is capable of tracking current at MPPT quickly.
The grid current waveform under the rapid change in solar radiation of the P&O, INC and ECP&O
algorithms is shown in Fig. 18. It has been shown that under rapid changes in radiation. The ECP&O
algorithm has the best performance due to its most sinusoidal signal characteristics. As a result, the
THD is the lowest as shown in Fig. 19. The THD of ECP&O algorithm is 2.17%. Fig. 20 shows a
comparison between Vg and Ig of all MPPT algorithms that the system has a unity power factor.

Figure 14: (Continued)
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Figure 14: Comparatives of grid current under standard climatic condition (a) P&O (b) INC (c)
ECP&O (d) overall comparatives
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Figure 15: Comparatives of THD under standard climatic condition

Figure 16: (Continued)
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Figure 16: Comparatives of PV array power under rapidly changes in solar irradiation (a) overall
comparatives (b) 1000 W/m2 (c) 200 W/m2 (d) 500 W/m2

Figure 17: (Continued)
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Figure 17: Comparatives of grid current under rapidly changes in solar irradiation (a) overall (b) 1,000
W/m2 (c) 200 W/m2 (d) 500 W/m2
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Figure 18: Grid current waveforms under rapidly changes in solar irradiation

Figure 19: Comparatives of THD under rapidly changes in solar irradiation
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Figure 20: Vg and Ig under rapidly changes in solar irradiation

5 Conclusion

This study examines the efficiency and characteristics of a single-state grid-connected inverter.
The ECP&OMPPT algorithm is proposed to control the current injected into the grid. The efficiency
of the inverter was determined with the ECP&O and MPC algorithms. The simulation results show
that the system efficiency corresponds to injected currents into the grid. The THD was standardized
and unity power factor. This paper attempts to improve the grid-connected inverter to simplify control,
reduce power loss in converters, fast-tracking maximum power point when irradiation changes rapidly,
and maintain THD levels within standards. By comparing all the reference current control algorithms,
it was found that ECP&O is the most suitable for the MPC algorithm as it provides the best tracking
for MPPT. From the simulation results, it can be concluded that the MPC algorithm is suitable for
the PV system grid-connected inverters. As can be seen from the grid currents are usually sinusoidal,
unity power factor and minimal THD. By compassion with the MPC method as shown in Tab. 1, in
comparison, the proposed method has lower total harmonic distortion. It also has a lower oscillation
of the power around the MPP. However, the MPC method is suitable only for a simple MPPT method.
If it was used with complex MPPT methods, the power oscillations around the MPP and the THD
might be too high.
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