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1. Introduction

The increasing focus on renewable energy sources, driven by environmental concerns, decreasing prices of solar cells, and
reductions in the costs of power electronic converters, has led to a significant rise in the use of solar panels for power supply and
grid connectivity over the past decade [1]. The grid connection of solar panels is typically categorized into two forms: isolated and
non-isolated. The non-isolated configuration is generally employed for low voltage applications, whereas the isolated configuration,
which includes an iron core transformer, is used for high voltage applications. Although this transformer provides galvanic isolation
between the power grid and photovoltaic systems, it is often bulky, heavy, and expensive due to its low operating frequency (50-60
Hz), leading to losses that diminish overall system efficiency. To eliminate the transformer, reduce costs, decrease weight, and
enhance efficiency, there is a growing interest in transformerless systems [2,3].

Transformerless systems can be divided into single-stage and two-stage configurations. Grid-connected Photovoltaic (PV) systems
typically employ two-stage architectures [4]. The first stage serves to boost the PV voltage and track the maximum power point
using a DC-DC boost converter, while the second stage facilitates DC-AC power conversion. Although this two-stage structure has
been tested successfully in recent years, it presents several disadvantages, including a high component count, lower efficiency,
reduced functionality, increased costs, and bulkiness. To address these issues, there is growing interest in single-stage systems that
can meet all requirements within a single power conversion stage. Several single-stage DC-AC inverters have been discussed in [5-
7]. Among these single-stage systems, the impedance source inverter (ZSI) presents a particularly promising option for investigation.
The ZSI possesses unique features that enable it to both increase and decrease the output voltage, capabilities that are not typically
found in other types of inverters [8,9]. Generally, voltage source inverters (VSIs) can only decrease the output voltage, while current
source inverters (CSIs) can only increase the output voltage. In [10] model predictive control was employed with a CSI to extract
maximum power even when the PV voltage is less than its nominal value. One of the advantages of CSIs is their ability to deliver
high-quality and robust current output.
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However, a significant drawback of CSIs is the large DC link inductor, which can lead to high power losses. A ZSI with MPPT-
based MPC was used in [11] to extract maximum power in a single stage, with satisfactory results.

PV arrays are inherently nonlinear, and they have a single operating point at which they generate maximum power. To maximize
the efficiency of PV arrays, the implementation of Maximum Power Point Tracking control techniques is essential for extracting the
maximum possible power [12]. Numerous MPPT techniques have been explored over the last couple of decades, with their respective
advantages discussed in detail in [13]. Among these methods, the Perturb and Observe (P&O) technique is well-established and
demonstrates satisfactory performance. However, its relatively slow response time can hinder its effectiveness in tracking rapid
changes in solar irradiance [14,15]. A key contribution of this paper is the enhancement of the P&0O method through the application
of Model Predictive Control. By utilizing MPC, the P&O technique can predict the optimal operating point one step ahead compared
to conventional P&O, allowing for a quick response to sudden changes in irradiance levels and temperature [16]. In [17], it was
demonstrated that MPC can effectively improve the P&0O method for MPPT, showing a strong response to rapid fluctuations in
irradiance. Especially, this system is configured for grid connection using a two-stage approach, with each stage featuring
independent control.

This paper focuses on a three-level impedance source inverter that employs MPPT-based MPC. This configuration not only
facilitates the ability to increase or decrease output voltage and effectively implement MPPT but also reduces harmonic components
in both the voltage and the current injected into the grid. Additionally, the inverter input is designed to incorporate two panels.
Each panel is connected to its own impedance network, which enhances overall system performance. It is important to note that
solar panels are typically constructed using low-voltage cells that are connected in series to achieve a reasonable output voltage.
However, connecting a large number of cells in series can complicate the system and may negatively impact performance due to
variations among cells and differing operating conditions. The subsequent sections of this paper are organized as follows: Section 2
describes the general components of the system. Section 3 presents the proposed MPPT-based MPC for z-source inverter. Section 4
provides simulation results that validate the effectiveness of the aforementioned control technique. Finally, Section 5 concludes the

paper.
2. General Component of System
2.1. Three Level Z-Source Inverter

Three-level Neutral Point Clamped (NPC) inverters, known for their intrinsic advantages, are commonly employed as an effective
architecture for medium voltage AC drives and, more recently, for grid-connected renewable energy applications at low voltage
levels [18,19]. Despite their desirable output performance, these inverters have a limitation: they lack a DC-DC boost stage at the
input, which restricts their functionality to only reducing the output voltage. To address this limitation, the NPC buck-boost
impedance source inverter has been introduced [20,21]. This configuration incorporates two X-shaped impedance networks
connected to two independent DC sources. The term "three-level Z-NPC" refers to this type of inverter. In a three-level Z-NPC inverter,
instead of using two voltage sources or two capacitors with a common connection point, two Z-source inverters are employed without
a common point. As a result, z-source inverters can operate within the structure of multilevel inverters. The added impedance
networks are responsible for balancing and boosting the voltage by allowing short circuits at any inverter phase (known as the shoot-
through state) without causing damage to the semiconductor switches. This is achieved through the inductances of the z-source,
which help prevent sudden increases in current. As shown in Figure 1, the three-level Z-NPC inverter consists of two impedance
networks, each connected to its own independent DC source. These impedance networks have the capability to enhance the input

DC voltage.
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Figure 1. Three-level Z-source inverter with two impedance network.
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Various modulation methods for z-source inverters have been proposed. Among these, in [22] the simple boost modulation
strategy introduced which operates similarly to traditional carrier-based PWM, with its voltage gain defined by Equation (1):
Ve M
G=MB=— = (¢}
V.2 2M -1

Where M is the modulation index, B is the boosting factor of the impedance-network, V, is the amplitude of the output voltage
of the inverter (equivalent to grid peak phase voltage when grid-tied), and V, is the dc-link voltage. The boosting factor B is given
by Equation (2):

1

= @)
1-2D

Where D is shoot-through duty cycle. Referring to the above equations, the boost factor of three level Z-NPC inverter for each
impedance network can be derived as Equation (3):

cpy -
oU U iu 17 2DU
I/()L = BLV:L = V’L (3)
1-2D,

In which J and V, are the DC input voltages and V,, and Vo , are DC links output voltages and BU and B, for each impedance
network are described as Equation (4):
_ 1
“1-2D,
_ 1 “@
Bi=1p,

By

Where D, is the shoot-through duty ratio for upper impedance network and for lower one is D, as described in Equation (5):
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In these equations Tou Ton and T, .

the lower impedance network, and for both networks operating simultaneously, respectively. To minimize the output total harmonic
distortion (THD), the boost factor must be determined such that the output voltages of both DC links in the networks are equal.
When the DC link voltages of the NPC inverter are balanced, the same output power can be extracted from both DC links.

represent the time durations of the short-circuit condition for the upper impedance network,

2.2. MPPT Techniques

Solar power generation systems utilize photovoltaic panels to convert sunlight directly into electricity. Under specific
environmental conditions, there exists only one maximum power point (MPP) due to the nonlinear relationship between current and
voltage (I-V). This peak power point fluctuates with changes in solar irradiance and operating temperature. The primary objective
of implementing MPPT system is to ensure that the array of photovoltaic panels operates at the MPP, regardless of variations in
irradiance, partial shading, or temperature. These factors can significantly impact the system's ability to achieve optimal
performance. In recent years, many techniques have been proposed for MPPT, including the incremental conductance (INC) method,
the P&O method, and the hill climbing method [13,15,23,24].

2.3. Model Predictive Control (MPC)

Model Predictive Control is a relatively new control technique applied for the control of power electronic converters [25]. Model
predictive control has been used in low-switching-frequency power electronics for high-power applications since the 1980s [26].
Since high switching frequencies for the MPC algorithm required long calculation time, widespread adoption was not feasible at that
time. In the past decade, with the improvement of high-speed microprocessors, interest in the application of MPC in power electronics
with high switching frequency has increased considerably [27].

This method utilizes a mathematical model of the controlled system to predict its behaviour at each sampling instant k for the
subsequent instant (k+1). To determine the optimal state of the power converter, a cost function is defined. This function typically
includes several constraints and control conditions. It generally encompasses the differences between reference values and predicted
values of the controlled variables. Additionally, various components of this function represent specific constraints, such as limitations
on switching frequency and other nonlinearities.
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Figure 2 illustrates a grid-connected three-level Z-NPC inverter that utilizes two photovoltaic arrays in its DC links. Additionally,
the control block diagrams for the proposed Maximum Power Point Tracking based model predictive control and other considerations
are presented in this figure. The following sections will describe these blocks in detail, step by step.

3.1. Maximum Power Point Tracking- Based Model Predictive Control

The maximum power point tracking based on model predictive control is accomplished in two stages. In the first stage, the
predictive model of the system is developed, and by applying the discrete-time model of the control variables used for predictions
in the state-space model, two adaptive voltage values for the photovoltaic panels are predicted for the next sampling time. In the
second stage, the cost function of the MPPT-based model predictive control tracks the voltage that maximizes the power drawn from
the PV cells.

In this paper, due to the utilization of two panels, several approaches are suggested for implementing control methods:

1. Predictive equations can be extracted for each panel and its associated network, with the average modulation index considered.
In this case, each network's impedance can be tailored to its specific conditions, allowing for different shoot-through duty cycles.

2. Regard to same conditions, predictive equations for one panel and its network be extracted, and other parameters appropriately
be considered.

3. Both panels, be considered as a single panel and then predictive equations be extracted.
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Figure 2. Three-level Z-source inverter with two impedance networks.
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3.1.1. Stagel Model Predictive Equation

By using KVL and KCL for non-shoot through state, Equation (6) is achieved.
Ver =R, 1, +V, +V,

iLl = iCl + iinv (6)

Where Ry, I; and Vi, are the inductor resistance, current and voltage respectively. Also, Vand i are capacitor C, voltage and
current respectively, and i;,, is inverter input current. By applying discrete time model with sample time Ts and replacing inductor
voltage and capacitor current, this equation will be as Equation (7):

1 (k+1)=1, (k)+ %[(V v (k)-R,1, (K)):'

r @
v (k+1)=7 (k)+?(11 (k+1)=1_(k+1))
Where I, is defined as Equation (8),
I (k+1)=(8,.8 ) <1, (k) +(S5.S5 ) x 1, (k) +(Se;-Sey ) < I, (k) ®
This equations for shoot through state are as Equation (9):
{ch =R,L,+V, 9
Iy =—l¢
As this topology is symmetrical and the values of inductance and capacitance is the same, V=V, Ve =Ve,-
The discrete time model of above equation with sample time is as Equation (10):
T.
1 (k1) =1, (K) + 0 () R, 1, ()
: 10)

Vo (k1) =V, ()21, (k+1)

1

for sufficiently small sampling time (T;), the change is negligible. Therefore, J/. (k + 1) is assumed to be approximately equal to
1

Ve
inverter (ZSI) inductor current I;;. Consequently, the predicted average PV current can be formulated using Equations (11) and (13)
as follows:

(k). The average current flowing through va and C| should be zero; thus, it can be concluded that Ipy is the same as Z-source

ave 7: Tx
12¢(k+1) = {IL (k) + 20y =V (k)= Ry 1, (k))}[l —D(k)}+{llﬂ (k)+ 0 (k)= R, 1, (k))}[D(k)] an
Considering the relationship between the PV voltage and V.. as follow in Equation (12):
2
w16 12)

The average PV voltage can be predicted using Equation (7), (10) and (12) as follows:

i (k1) = BZ x {Va (k)+ %(’u (k1)1 (i 1))}[1 - D(")]J{VCI (k)—%lu(k“)}[l)(k)]} a2

+1

In following two possible values for PV voltage at sample time (k + 1) will be predicted as follow in Equation (14):
1
{VW (k+1) =V, (k)+AV
2
V, (k+1) =V, (k)-AV 14)

v

where AJ is a voltage step that is adaptively predicted and can change based on its proximity to the Maximum Power Point
(MPP). Equation (15) for A} is proposed:

AV =

Ve (k+1) =V, (k) 15)
Where V§7¢ (k + 1) is the predicted average voltage for PV at time n+ 1.
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3.1.2. Stage2 MPPT Section & Cost Function

In this section, the MPPT technique tracks one of the two possible values of PV voltage that maximizes power extraction from
the PV module. This MPPT algorithm requires understanding of the local P-V characteristics of the module around its operating point
v, (k) For this purpose, a digital observer (sensor) has been designed to generate the necessary information. The observer models

v
the PV module with a Thevenin equivalent circuit. Since the characteristics of panel, at the time K and before it is available, Thevenin
equivalent circuit of model can be achieved as shown in Figure 3. The elements of this circuit are equivalent voltage (Veq) and
equivalent resistance ( Req) of the module and are calculated by Equation (16).
VvV o(k)-V (k-1
qu(k):_ pV( ) pv( )
1, (k)=1,,(k=1)
V,(k)=V, (k)+R, (k)xI, (k)

eq

(16)

Where (k-1) and; (k-1)are the values of the PV module voltage and current from the previous sampling time. By calculating
v »
the panel voltage at the moment & + 7 and having panel equivalent circuit, corresponding ; (k+1) for each predicted value of voltage
v
can be calculated in Equation (17):

Vi ()=, (k1)
1, (k+1) == )Rg,,(pk)

(k)=V,.(k+1)’

a7
I V(k+1)2=V“1 -
’ Ro(k)

eq

By estimating the equivalent resistance and voltage of the PV module and computing 1, (k + 1) for each case, the two possible

values for the generated power in the next sampling time can be easily predicted from Equation (18) and (19):

1 1 1
P, (k+1) =V, (k+1) x1I,, (k+1) 18)
2 2 2
P, (k+1) =V, (k+1) x1I, (k+1) 19)
In next step, the predicted power value of the two cases will be used to evaluate the following cost function in Equation (20):
12
T =, (k+1)" = B, (k) (20)

In order to track the MPP, the algorithm will choose the path that will result in the larger value of J from Equation (20). For
instance, if J; >.J,, then the algorithm chooses to generate P, ( k+ 1)1 in the next sampling time, which correspondingly means the PV

voltage will need to be shifted to V, (k + 1)1 by proper adjustment of controller. The desirable value of the PV voltage for the next

step is denoted as P (k + 1)*. Then v, (k + 1)* will be compared with (k) to generate the inverter gain.
pv v pv
3.2. Power Angle Control

The purpose of this section, is to control active and reactive power injected to the grid. To achieve such goal, inverter output
voltages must be determined. The equivalent circuit of grid connected inverter in d-q rotating reference frame is shown in the Figure
4. Using the d axis and g-axis equivalent circuit, the relationship of d-q currents injected into the grid in terms of inverter output
voltages is obtained as follow in Equations (21) and (22):

_ a)eLIqs + Vds

1
ds R (2 1 )
L, Ve
qs R (22)
CTT T N P oo e s e )
| d axis ZSI Line | | q axis ZSI Line |
R lds | Req  pedance Model b Igs ! Req  jmpedance Model !
! | | ’
Ry | ! ! Lo i ! |
AN —o ! ! | welly | 1 | weLls,
| ! } | I } ! !
inSC‘F)l B i Sttt : 1V45<+>} “""""*":,:::::i‘,‘
+ Ly N I /i !
m() 'Ry | [Ny ; | ngsi
= 2§ | | ¢ & I
[ | R ! | g axis Grid |
} N ; } < } j Voltage }
L S ! R b T
Figure 3. Equivalent circuit model of the PV module. Figure 4. D-Q model of grid-connected Z-NPC system in rotating reference frame.
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Wherew, ,L ,R .,V s Vqs and ngs are grid angular frequency, line inductance, line resistance, inverter d-axis voltage,

inverter g-axis voltage and the grid g-axis voltage, respectively.
According to Equation (1), the voltage gain of the inverter can be written as the follows in Equation (23):
4

G =% (23)
va

2
In which we have V,. as in Equation (24):

I/ac = \/ Vqsz + V:ixz (24)

Also, there is Equation (25) for power factor:

1
= -an(p.f) @5

@
Since unity power factor is concerned, by replacing 1 instead of p.f in Equation (25), the d, g axis currents ratio will be obtained.

By knowing inverter gain and solving these equations, the d, g axis voltages will be obtained. The power angle can be calculated
using the following equation and be used in simple boost modulation as in Equation (26).
a| =V, 26

$ =—tan”' | —& (26)

qs
3.3. PI Controller & Calculation of M, D

In this section, the predicted voltage of the panel at a future time step is compared to the current panel voltage. The resulting
error value is then fed into a PI controller to generate the inverter gain. This generated gain is subsequently utilized in the next block
(Calculation of M and D) to determine the modulation index and duty cycle for the shoot-through state. The values of M, D determines
how much the output voltage must be increased. In this block, the modulation index and duty ratio for the shoot-through state are
defined according to the following equations:

For the case where the gain is less than or equal to unity we have Equation (27):

M=G,D=0 27)
When the gain is greater than one we will have Equation (28):
M=G/2G-1 , D=1-M (28)

3.4. Switching of Three-Level Z-NPC Inverter

According to the three-level Neutral Point Clamped (NPC) inverter modulation based on the LS-PWM method, one of the three
states presented in Table 1 is applied to the switches in the same leg at any given moment. A carrier wave with a frequency of 10
kHz and a range between (-1, 1) is compared with the values of positive and negative index modulation (-m, m), resulting in the
generation of one pulse for each half-cycle. These pulses have been generated and added to conventional inverter pulses and create
a shoot through state for Z-source inverter. If in mode 1 and 2 in the Table 1, the generated positive half-cycle pulses are applied to
Sy;and S,; at the same time, a shoot through state for upper impedance network will occur. Conversely, to achieve a shoot-through
state in the lower impedance network, negative half-cycle pulses must be applied to the switches S,,and S,,, in the form of modes
2 and 3 in Table 1. It is important to note that in this method, there is no mode that allows both impedance networks to be in a
shoot-through state simultaneously. In other words, there is no mode where all four switches in the same leg can be turned on at the
same time.

Table 1. Switching table of three level NPC inverter.

All switches in a leg

Controller output

Sm Shz Sas Saq
Mode 1 1 1 0 0
Mode 2 0 1 1 0
Mode 3 0 0 1 1
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To achieve a shoot-through state in both impedance networks, the generated positive half-cycle pulses should be applied to S,;
and Sy, and the negative half-cycle pulses to S,; add S, According to the switching table, in modes 1 and 3, all four switches in a
leg are turned on, resulting in both impedance networks being in a shoot-through state. It is important to note that this condition
subjects the middle switches to increased voltage stress. Additionally, in mode 2 of the table, applying these pulses results in one of
the two impedance networks entering a shoot-through state. Figure 5 illustrates the pulse generation for a leg of the inverter. In this
figure, the black pulses correspond to the modulation of a three-level inverter, while the green pulses represent simple boost pulses.
For clarity, the number of these pulses over a period (50 Hz) has been reduced.

As shown in Figure 5, in part A, it is indicated that simultaneously with the application of simple boost pulses to switches g »

and S,, switch S,; is also in inverter operation mode. The simultaneous turning on of these three switches causes the upper
impedance network to be in shoot through state. In part B, with applying simple boost pulses to S, and S,, the switches S,;and S,
are switched in inverter operation mode. In this case, all four switches in a leg are turned on and both impedance network are in
shoot through state. Similarly, in the specified part C, three lower switches are turned on. In this case, lower impedance network
goes to shoot through state. Figure 6 illustrates the equivalent circuit for each of these states occurring in one leg of the inverter.

4. Simulation Results

In this section, the PV system is connected to the grid through a three-level Z-NPC converter. The effectiveness of the proposed
MPC based MPPT strategy, along with other considerations discussed in the previous section, is evaluated using MATLAB/Simulink.
The characteristics of SUNTECH270S-24-Vb module is used as an energy source of system. The P-V and I-V characteristic curves are
illustrated in Figure 7, and the simulation parameters are summarized in Table 2. As mentioned in Section 3, a unity power factor is
assumed for the system's operation. The performance of the MPC-based MPPT is assessed under three critical scenarios: response to
a step change in solar irradiance, gradual changes in solar irradiance due to moving clouds, and steady-state performance around
the maximum power point (MPP).

To begin evaluation, the operation of the system when the solar irradiance level decreases from 1000W/m? to 750W/m? at time
t = 0.3 s is investigated. Figures 8 and 9 show the voltage and current of the upper PV panel connected to the three-level Z-NPC
inverter, respectively. It is evident from these figures that the PV voltage and current at t = 0.3 s are affected by the change in
irradiance level.

m T T T |

“INCACIONINLL |

—

w]ﬂiq ninin
“CAE LY L L LNINOOCInE

Figure 5. Modulation pulses for a leg of Z-NPC.

Array type: Suatech STPI70S.24,b; 3 series modules; § parallel strings

(] F 0 0 ]
Voltage (V)

SA4

Voltage (V)

Figure 6. Shoot through states in a leg of Z-NPC. Figure 7. P-V and I-V characteristic curves of upper employed PV module.
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Table 2. System parameters.

Parameters Value

L= L,= L;= L,=L 5 mH
C;= C,= C;3= C;=C 1000 pF
Cpy 1000 pF

Sampling Time 5 puF
Switching frequency 10 kHz

Lgia 1 mH

130 - - - 50 ; 2 i
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[ 2 350 =
g 3
g il Eopp]
i . T A e NSRS SO SO SO U ]
P [ |
) ISR U : | - IR, RO | ST  SOTUTTSUINCSI SEUR
2 0.25 o 035 04 045 9z a5 23 o o 045
Time (s) Time (s)
Figure 8. PV Panel Voltage for changing Figure 9. PV Panel current for changing
the irradiance level from 1000 W/m? to 750 W/m?. the irradiance level from 1000 W/m? to 750 W/m?.

The operating point of the PV system is optimized to extract maximum power. Figure 10 displays the output power of the upper
panel, while the output power of the lower panel remains the same, as both impedance networks exhibit similar performance and
operate at the same point. The overall power is obtained by sum of the power generated by each panel. As demonstrated, the
proposed technique provides an acceptable response due to low convergence time and minimal oscillation around the maximum
power point (MPP) in response to the applied step change in irradiance levels from 1000 to 750 W/m?.

Figure 11 shows the unfiltered line output voltage of the inverter. The three-level waveform of the output voltage is clearly visible
in this figure. At time t = 0.3 s, the output voltage is affected by a step change in irradiance. Subsequently, this voltage approaches
the operating point value through the proposed control technique.

The generated power by the solar panels finally will be injected to grid through three-level Z-NPC inverter. It is important to note
that during this transfer, some power is lost due to conduction and switching losses. Figure 12 shows the active and reactive power
injected into the grid. As it’s clear, the amount of power injected to grid, quickly decreases by applying step change in irradiance
level. Also, with the aim of unity power factor that mentioned in previous part, it’s visible that the reactive power is close to zero,
means that the grid side voltage and current are in phase. Figure 13 shows the grid side voltage and current phase.

Figure 14 shows the harmonic components of the current injected into the grid using a three-level Z-NPC inverter. As can be seen
from this figure, one of the advantages of the three-level Z-NPC inverter compared to the two-level Z-source inverter is its ability to
reduce and eliminate high-order and even-order harmonics. Furthermore, the use of this inverter has led to decrease in the DC
components of the grid-injected current. Table 3 compares the odd-order harmonic components of grid-injected current for both the
two-level and three-level Z-source inverters. The table indicates that only the fifth and seventh harmonic components for the three-
level inverter are greater than those for the two-level inverter, while all other odd harmonics in the two-level configuration have
larger values.
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Figure 10. Extracted power from upper Solar Panel Figure 11. Line output voltage of three-level Z-NPC.
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Table 3. Comparison between the odd-order components of grid injected current for two-level and three-level Z-source inverter.

Harmonic order Distortion in two-level inverter % Distortion in three-level inverter %
Main component 48.91 49.95
3" harmonic 0.7 0.1
5% harmonic 0.87 1.21
7% harmonic 0.67 0.24
9% harmonic 0.14 0.1
11" harmonic 0.51 0.02
13" harmonic 0.22 0.06
15" harmonic 0.06 0.08
17" harmonic 0.12 0.16
19" harmonic 0.12 0.04

5. Conclusion

In this paper, a model predictive control technique for maximum power point tracking in grid-connected PV panels was presented.
The results showed that using the predictive control method, under step changes in solar irradiance, the maximum power point was
tracked quickly with good convergence and minimal power ripple. Additionally, by incorporating both shoot-through and non-shoot-
through states in the impedance source inverter, the PV panel was successfully connected to the grid while implementing MPPT.
Using three-level Z-NPC inverter compared to the two-level Z-source inverter showed that the injected current in three-level mode,
has fewer harmonic components. Furthermore, two panels were utilized, each with half the number of cells connected in series,
which enhanced the performance capabilities of the PV system.
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