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Abstract

This paper investigatesthe design of a novel photovoltaic (PV) grid-tied quasi-Z-source inverter (qZSI)
controller, combining the Modulated Model Predictive Control (M’PC) and Fuzzy Logic Control (FLC)
techniques. The performance is compared to a Conventional M*PC (CM”PC) controller. To extract the maximum
PV power a straightforward current-based Perturb and Observe Maximum Power Point Tracking (P&O-MPPT)
algorithm is employed to generate the reference current for the FL controller. The suggested controllerexhibits a
high power efficiency, as well as rapid and effective tracking dynamics. In addition, it can autonomously inject
current into the grid with a power factor close to unity. Through comprehensive simulation and comparative
analysis, the high performance of the proposed controller is demonstrated, in terms of efficiency, accuracy,
speed, power quality and robustness.
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1. Introduction

Renewable energy, including solar power, is crucial today due to climate change and resource depletion. Solar
energy is clean, abundant, and reduces emissions. Its decentralization empowers communities and enhances
energy security. Advancements in technology make solar more efficient and affordable [1-3].

Embracing solar power has created a surge in research and development efforts in the field of power electronics
and renewable energy systems. As the demand for more efficient, reliable, and environmentally friendly power
conversion solutions grows, inverters have emerged as critical components in various applications, ranging from
renewable energy integration to motor drives and industrial power supplies [4, 5]. In this context, one
noteworthy and innovative inverter topology that has garnered significant attention is the qZSI. The qZSI is a
variation of the traditional Z-Source Inverter (ZSI), characterized by its unique impedance network. This
specialized inverter has demonstrated promising capabilities to enhance power conversion performance, offer
better efficiency, and address certain operational challenges [6-9].

Control methods in the qZSI have been the subject of extensive research and development, aiming to enhance
their efficiency and performance across various applications [10]. Among the conventional control techniques
commonly used with the qZSI are Proportional-Integral-Derivative (PID) [11], Pulse Width Modulation (PWM)
[12], Space Vector Modulation (SVM) [13, 14], and Model Predictive Control (MPC) [15, 16]. These innovative
control techniques have been introduced to improve the performance and efficiency of qZSI power systems. To
enhance dynamic responses beyond the capabilities of PI-based control, several advanced control methodologies
have been developed. These include neural network control [17], non-linear FLC [18], MPC [19-23], and sliding
mode control (SMC) [10, 24-26]. The challenge with these proposed techniques is adjusting thethis paper
introduces a novel approach that combines FLC for managing the duty-cycle of the qZSI with M*PCto the
CM’PC concerning its ability to control the qZSI duty-cycle. This research aims to demonstrate the superiority
of the proposed approach in managing the qZSI system. The evaluation criteria include factors such as current
oscillations, control speed, and quality of grid-current.
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2. Quasi-Z source inverter structure

2.1.Topology

Erreur! Source du renvoi introuvable.illustrates a PV system consisting of solar panels and a qZSI
converter connected to the grid. A qZSI is a type of power electronic converter that plays a crucial role in energy
conversion and control systems. This innovative inverter topology is designed to overcome the limitations of
traditional voltage-source inverters (VSI) and current-source inverters (CSI). The qZSI operates by utilizing an
impedance network, typically implemented using a coupled inductor and a capacitor, to provide a unique feature
of voltage buck-boost capability. The qZSI consists of several key components that work together to enable its
functionality. These components include two capacitors C, and C}, and two inductors L, and L, where L,=L,=L,
C2:C1:C.
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Fig.1.Proposed control structure for PV grid-tiedqZSI

2.2.Operation principle

The shoot-through state (ST) and the non-shoot-through or active state (NST) are the two operating modes of the
qZS], as illustrated inErreur ! Source du renvoi introuvable..In active mode, the inverter works similarly to a
VSI, as shown inFig.3 (a). In ST mode, Fig. 3 (b), the two switches within the same circuit leg are turned on
simultaneously.

The current of the inductor Z; is computed as follows based on the analogous circuit in the NST:

o Ve —va (1)
where iz, vci, and Vpyp stand for the inductor L, current, capacitor C; voltage, input voltage and, respectively. L
represents the inductor's inductance.

diLl _
% = Ve ()

By the grid-tied qZSI's state-space average model,
Vac Vpy )

D stands for the ST duty-cycle.
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3. Proposed controller

Considering the distinctive characteristics of qZSI, an appropriate control technique must be implemented to
ensure maximum utilization of these features. This paper proposes M°PC with an FLC of the ST. This
combination of controls has been proposed to enhance the control quality of the direct current (DC) and reduce
the harmonic distortion of the injected current into the grid. The suggested general controller concept is shown
in Fig. 1.

3.1.Modulated model predictive control

M’PC integrates an appropriate modulation scheme minimizing the Cost Function (CF) within the MPC
algorithm. In this study, a modulation scheme designed explicitly for qZSI control is implemented within the
framework of M?PC with SVM for the qZSI, called the ZSVM6. The ZSVM6 controller concept is shown
inErreur ! Source du renvoi introuvable. (a). To achieve the concept of ZSVM6, the firing times were derived
by proposing an FLC, as explained in the next section. In this section, we present the method of extracting
traditional time intervals for SVM by controlling the output current of the converter with an M*PC.

The mathematical model utilized in this study employs the inverter's current output voltage vector (V) to inject
power into the grid voltage V. 45 through an RL filter, resulting in the predictive equation for the output
current. The continuous-time equation for the inverter grid interface is given by Eq (4). To make the computation
feasible, this equation is then discretized using the forward Euler method, as provided by Eq (5). To further
facilitate the computation process, each three-phase parameter is defined within a complex frame of reference
represented by (af). This approach effectively reduces the number of equations from three to one complex
equation, significantly reducing the critical computation time for algorithms such as MPC.

V=Ri+L3Vgia_ap )
iap(k + 1) = iap(R) [1 = 2T5] + B[V () = Vyria_ap ()] 5)

A CF is formulated to achieve the control objective, which incorporates the output current of the qZSI.
T =|ligg ke + D =iy (k41| ©)

igp(k+1)and iaﬂ(k""l)* stands for the output and reference current of the qZSI.

The CF is assessed for every prediction in M*PC, taking into account the ST and the two optimalvectors, to
determine the duty-cycles. Three dues, Ji, J,, and J, are the outcome of this examination, where T stands for the
sampling time. The following defines the corresponding duty-cycles:
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d1 = TstJo/(JzJo +J,J, +J2J1)
dz:TleJo/(JzJo"'JlJo"'JzJJ 3)
do = TSJ2J1/(J2J0 +J1J0 +J2J1)

where Ji, J,, and J; are the CF of vectors (U, U, and Uj).
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Fig. 3. (a) ZSVMB6, (b) Switching states of the qZSI.

3.2.Fuzzy control of duty ratio

In this work, a new strategy for controlling the shoot-through time of qZSI has been developed using FLC, and
this is without the need for a detailed mathematical model of the system. Fuzzification, a fuzzy rule base, and
defuzzification are the three components that make up the fuzzy controller.

FLC has emerged as one of the best practical applications of fuzzy sets. The use of linguistic factors as opposed
to numerical factors is one of its main features [28, 29]. The FLC approach is based on quality control
regulations and depends on the human ability to understand the behavior of the system. This approach allows for
a more intuitive and human-like control strategy, making it particularly suitable for systems with complex
dynamics or uncertain environments.

The physical variables input's translation into fuzzy sets is possible through fuzzification. The variation of the
error "AE" and the error "E" are our two inputs in this instance, and they are defined as follows:

E=j, 0=,m @

AE =E(n)—E(n-1) (5)
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In the elicitation step, logical connections are established between the inputs and the output, represented by their
respective membership functions as depicted in Fig. 4. These membership functions are utilized to determine the
inference rules. Subsequently, a table of inference rules is constructed.

lists the 25 rules that make up the fuzzy D.

Table 1.Fuzzy Rule Base.

CE/E NB NS V4 PS PB
NB Z NM NB PS PB
NS NS NS NM PS PM

y/ NB NS Z PS PB
PS NM NS PM PS PS
PB NB NS PB PM Z

4. Simulation results

The proposed control technique for the studied system has been validated and compared with CM?PC based on
the PI controller through computer simulation using “Simpower Systems” in MATLAB/Simulink®. Tablel
presents the main system parameters. The system is analyzed separately to monitor the MPP while also
independently managing the active power injection into the grid and observing the dynamic behavior of the
controlled parameters.

Table1. Simulation parameters.

Parameters Values
(Pppp) STC Power 2519W
(Iyyp) Current 24.90A
(Vyp) Voltage 101.16V
(V) AC Grid Voltage(RMS) 60V
(f) Grid Frequency 50Hz
(€1&C3) qZ8S Capacitors 4700pF
(1) Line Inductor 10mH
(r) Parasitic Resistor 0.1Q
(L1&Ly) qZS Inductors SmH
(fs) Sampling Frequency 20kHz

The simulation results for the PV-side and AC-side steady-state operations are displayed in Fig.1 and Fig.2. In
Fig.1, we observe the accuracy and speed at which the voltage Vj,» and current /j;p reach their peak values,
consequently achieving the maximum power output of PV panels P)pp with remarkable quality and efficiency.
As for Fig.2 (a), (b), and (c), they depict the steady-state behavior of capacitor C, voltage, DC voltage, and grid
current, respectively. The pulsating DC-link indicates the boosting operation, with the system smoothly adhering
to the given instructions and exhibiting no abrupt voltage spikes in the DC-Link. This guarantees the dynamic
performance of the system and adheres to the current limits of the system.
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In Fig.3, and Fig.4, we can observe the response of the proposed system and CM”PC when exposed to a sudden
shift in solar radiation levels, transitioning from 800 W/m® to 1000 W/m* and then to 800 W/m?>. This rapid
change in radiation induces a swift system reaction with minimal overshooting. As depicted in Fig.3 (a), and
Fig.4 (a), current L;, and PV voltage achieve a stable state within just 50 ms, and the maximum change of current
Ly, and PV voltage is AI=2.5A and AV=2V, respectively. As for the CM?PC, the current L,, and PV voltage
reach a steady state within 60 ms, and the maximum change in current, and PV voltage is Al = 6.1A and AV =
7V, respectively. As illustrated in Fig.3 (b), and Fig.4 (b).
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The proposed system has proven to excel in response speed, surpassing the CM*PC by 16.67%. One of the key
strengths of the proposed system lies in its significant superiority over the CM*PC in terms of the maximum
change in L, current and photovoltaic voltage. The percentage difference between them amounted to 59.01% and

71.43%, respectively, as shown in

Table2. This advantage on the PV-side positively impacts the AC-side. As illustrated in Fig. , the comparison is
conducted of the THD ratio of the proposed system's grid current and the CM’PC, where the difference between

them is 69.21%.

Table2. Comparative analysis of the suggested and CM*PC methods.

Time to steady-state | The maximum change
(T (A) THD
Current | Voltage | Current Voltage %
(ms) (ms) A (04)
CM’PC 60 60 6.1 7 2.89
Proposed
method 50 50 2.5 2 0.89
The percentage
difference (%) 16.67 16.67 59.01 71.43 69.21
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4. Conclusions

In this paper, a grid-connected qZSI control system based on a combination of M*PC and FLC is proposed and
compared with a CM*PC. To achieve continuous operation of the PV system at its MPP, a straightforward
current-based P&O-MPPT algorithm was employed to generate the reference current for the FL controller. The
proposed system exhibited excellent capabilities in tracking and delivering maximum power from the PV source,
characterized by rapid and efficient tracking dynamics. Moreover, it demonstrated the capability to
independently inject current into the grid. The simulation and comparison results verified the strong performance
of the implemented control techniques and the usefulness of the proposed system, showcasing its strong
performance in regulating the grid-connected PV system.
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