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Abstract

This dissertation focuses on the synthesis and simulation of a two-level three-phase grid-
connected inverter system. The study compares two control strategies: the conventional
direct power control (DPC) and an artificial intelligent fuzzy logic-based DPC approach
(FDPC). The FDPC technique replaces the switching table, hysteresis comparators, and
sector identification used in classical DPC with a fuzzy logic controller.
Simulation results conducted using MATLAB Simulink demonstrate the proposed fuzzy
controller’s efficacy in independently regulating active and reactive output powers. Com-
parative analysis of simulation results reveals that FDPC outperforms conventional DPC
in terms of dynamic response, robustness, and power quality due to reduced total har-
monic distortion (THD).

Keywords: Active and reactive power, Direct power control (DPC), Fuzzy-based direct
power control (FDPC), Two-level grid-connected inverter.



Résumé

Ce mémoire se concentre sur la synthèse et la simulation d’un système d’onduleur triphasé
à deux niveaux connecté au réseau. L’étude compare deux stratégies de contrôle : le
contrôle direct de puissance (DPC) conventionnel et une approche de DPC d’intelligence
artificielle basée sur la logique floue (FDPC). La technique FDPC remplace la table de
commutation, les comparateurs à hystérésis et l’identification des secteurs utilisés dans le
DPC classique par un contrôleur à logique floue.
Les résultats de simulation réalisés à l’aide de MATLAB Simulink démontrent l’efficacité
du contrôleur flou proposé pour réguler indépendamment les puissances active et réactive
de sortie. L’analyse comparative des résultats de simulation révèle que le FDPC surpasse
le DPC conventionnel en termes de réponse dynamique, de robustesse et de qualité de
puissance, grâce à une distorsion harmonique totale (THD) réduite.

Mots Clée : Puissance active et réactive, Contrôle direct de puissance (DPC), Contrôle
direct de puissance basé sur la logique floue (FDPC), Convertisseur à deux niveaux
connecté au réseau.
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General Introduction

Energy is essential for all our activities, it opens the way for innovations New sectors
that constitute engines for job creation and inclusive growth Shared prosperity [4]. Yet
more than 733 million people on the planet live without it Electricity. One of the main
devices of power transformers is the conventional voltage inverter two-level network con-
nected, which is used to convert direct current into Alternating current Recently, various
control strategies have been developed to improve its reliability, efficiency, and safety by
engineers and researchers. Among these control methods, the strategy of direct control
of power emerged as a means of control Suitable for grid connected inverters as it allows
efficient and direct control active and reactive forces, moreover, do not require any mod-
ulation block or loops current regulation [4]. On the other hand, control of dual-level
converters is crucial interesting. DPC has been applied to various grid-connected con-
verter applications such as renewable energy sources interface, active power filters, and
DC-AC converters. Extensive research has been done on improving the DPC strategy in
terms of reducing torque/power ripple, improving steady-state performance, and extend-
ing it to multilevel inverters [5]. The main advantages of DPC are its simple structure,
fast dynamic response, and decoupled control of active and reactive power [6].
Voltage inverters constitute an essential function of the electronics of power. They are
present in the most varied fields of application. The strong evolution of this function
was based, on the one hand, on the development of semi– fully controllable, powerful,
robust and fast drivers and on the other hand, on the almost generalized use of so-called
Pulse Width Modulation techniques (MLI), as well as the progress made in the field of
microcomputing. Despite their advantages, conventional (two-level) inverters are limited
to the applications of low and medium power and low voltage only (1.4kV, 1 MVA) [7].
On the other hand, the control of two-level and multi-level inverters is a topic very inter-
esting. direct power control (DPC) is become an excellent control technique. The main
idea of the proposed DPC initially by Ohnishi (1991) and then developed by Noguchi and
Takahashi in 1998 [7].

1



GENERAL INTRODUCTION

The goal of direct power control was to eliminate the block of display adjustment
Pulse (MLI) and internal regulation loops of controlled variables, by Replacement with a
predefined switching table, whose inputs are trace errors The reference for active, reactive
and output power is the control vector . The different configurations of DPC, identified in
the literature, are divided into two parts Categories: DPC using voltage vector (V-DPC)
and DPC using virtual flow witch the detailed configurations are Based on virtual flow
calculation. in [8], the authors propose linking principle of DPC with vector pulse width
modulation (SVM). To obtain a fixed switching frequency without using a table Switch [9].

The objective of this work is to conduct a comprehensive modeling and simulation
study of a two-level grid-connected inverter system. The primary aim is to evaluate the
system’s in effectiveness in efficiently compensating for both active and reactive power
drawn from the grid, while ensuring a robust dynamic and transient response. By propos-
ing an adequate solution to compensate for active and reactive power compensation in
electrical networks, this research endeavors to contribute to the field of power quality
enhancement and grid stability improvement. To achieve this, a three-phase two-level
inverter controlled by direct power control (DPC) methods is employed. Specifically, the
classic DPC and an artificially intelligent fuzzy logic-based DPC approach are investi-
gated and comparatively analyzed in terms of their respective performances for active
and reactive power compensation.

This dissertation is divided into three chapters.
- The first chapter focuses on the modeling and control of a two-level inverter connected to
the grid. It involves modeling the various components, including the two-level inverter, the
connection filter, and the electrical network. The inverter is controlled by the conventional
DPC technique, which regulates the active and reactive power.
- The second chapter introduces an alternative control technique based on fuzzy logic.
This approach replaces the switching table and hysteresis controllers used in classical
DPC with a fuzzy logic controller, offering a different control strategy.
- In the third chapter, a comparative analysis between the conventional DPC and the
proposed fuzzy DPC methods is conducted. Through matlab/simulink simulations of the
two-level grid-connected inverter, this analysis evaluates the performance and efficacy of
the two control strategies.
- Finally, the dissertation concludes with a general summary and concluding remarks.
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Chapter 1

Direct power control for grid-connected
two-level inverter

1.1 Introduction

Direct Power Control DPC is a control strategy for grid-connected voltage source invert-
ers that directly controls the active and reactive power without using a modulator or
coordinate transformation. The DPC is an attractive control strategy for grid-connected
inverters due to its simple implementation and excellent dynamic performance in con-
trolling active and reactive power. This system incorporates an inverter that directly
injects power into the grid, controlled by the DPC strategy. The DPC operation relies on
the Switching table, sector, active and reactive power errors. Ultimately, DPC facilitates
direct control over the power injected into the grid.

This chapter presents a study of a two-level inverter connected to the electrical grid,
controlled by DPC based on a switching table. We present the modeling of the three-
phase two-level inverter, the RL connection filter, and the electric grid. Subsequently, we
study the DPC control, including the active and reactive powers, vector representation,
hysteresis controller, sector identification, and the switching table. At the end, we present
the simulation results of the two-level grid-connected inverter controlled by the DPC
control.

1.2 Modeling of the two-level grid-connected inverter

Modeling of a two-level grid-connected inverter involves mathematically representing its
electrical behavior, enabling analysis, simulation, and optimization under various operat-
ing conditions, such as grid frequency and voltage variation [10]. The modeling process
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encompasses the mathematical representation of the inverter’s electrical components, in-
cluding input and output filters, the switching devices (e.g., insulated gate bipolar transis-
tors, or IGBTs), and the DC-link capacitor. Additionally, the model includes the control
system responsible for regulating the inverter’s output voltage and current to ensure ad-
herence to the desired specifications [10].

—————–

Figure 1.1: The structure of the two-level grid connected inverter.

1.2.1 Three-phase two-level inverter

A three-phase two-level inverter is a type of power converter that converts a fixed DC
voltage into a three-phase AC voltage with variable magnitude and frequency [11]. It is
called a "two-level" inverter because the output voltage waveform has only two voltage
levels: positive and negative. The main components of a three-phase two-level inverter
are: Six switching devices (IGBTs or MOSFETs) and a DC voltage source [12].

The inverter operates by switching the six devices in a specific sequence to synthesize
the desired three-phase AC output voltage from the DC input [11].

The switches established by the switches, which are supposed to be ideal, are described
by a login function. The latter describes their open or closed states. Each switch is
associated with a connection function SX
As : {

SX= 1 (close)

SX = 0 (open)
(1.1)

With X= a ,b ,c : Number of the switch of the arm X
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Figure 1.2: Three-phase two-level inverter.

1.2.2 Connection filter RL

The three-phase equivalent circuit of the RL filter (Fig. 1.3) With reference to this figure,
R denotes the filter resistance, L the filter inductance, and L the parasitic inductance of
the resistor plus the stray inductance in the resistor-to-inductor interface. The resistor
parasitic inductance can range from a few H to several tens of mH, depending on the
resistor technology (wire wound resistor, anti-inductive resistance, etc). There are two
reasons why the filter lowers the load overvoltage [13].

Figure 1.3: The structure of filter RL

1.2.3 Electric network

Figure 1.4 represents the three-phase power grid designed by a three-phase sinusoidal
balanced system. As a result :
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Va = Vmsin(t)

Vb = Vmsin(t− 2π

3
)

Vc = Vmsin(t− 3π

4
)

(1.2)

With Vm is the maximum value of the sinusoidal voltage and = 2πf is the pulsation.

Figure 1.4: The structure of Network electrical

1.3 Direct power control for two-level inverter

Figure 1.5 shows the overall configuration of the direct power control for a two-level
inverter connected to the grid. The DPC method operates without a voltage sensor by
selecting an appropriate voltage vector from a switching table. This switching table is
based on the digitized errors (Sp, Sq) of the instantaneous active and reactive power,
obtained from two-level hysteresis regulators, as well as on the angular position of the
grid voltage vector. Depending on the angular position, the - plan is divided into twelve
sectors, with each sector associated with a specific logical state of the inverter switches.
By determining the sector from the grid voltage position and the active/reactive power
errors, the DPC scheme selects the appropriate inverter state from the switching table to
control the active and reactive power flow [4].
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Figure 1.5: Schematic diagram of the two-level inverter DPC control

1.3.1 Active and reactive powers calculation

After transforming the three-phase system into a two-phase system by the Concordia
transformation, we can represent the vector V in a space at two dimensions (α,β) by:

V = Vα + jVβ (1.3)

Where Vα and Vβ are the projections of the vector V in the fixed system (α,β) given
by:

[
Vα

Vβ

]
=

√
2

3

[
1 −1

2
−1

2

0
√
3
2

−
√
3
2

]VaVb
Vc

 (1.4)

The Iα and Iβ are the projections of the vector I in the fixed system (α,β) given by:

[
Iα

Iβ

]
=

√
2

3

[
1 −1

2
−1

2

0
√
3
2

−
√
3
2

]IaIb
Ic

 (1.5)
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The active power p and the reactive power q can be calculated as :[
p

q

]
=

[
Vα Vβ

−Vβ Vα

][
Iα

Iβ

]
(1.6)

1.3.2 Vector representation

Figure (1.6) illustrates the vector representation in the complex plane of the six active
voltage vectors that can be generated by the inverter. As observed, the switching com-
binations (111) and (000) result in zero vectors. These active vectors form the switching
hexagon or the vector diagram of the two-level inverter [10]. The switching hexagon pro-
vides a convenient graphical representation of the available voltage vectors, facilitating the
selection of appropriate vectors for DPC based on the instantaneous active and reactive
power flow. In the vector diagram, each active vector corresponds to a specific switching
state of the inverter’s three-phase legs. The amplitude and angle of these vectors deter-
mine the instantaneous voltage applied to the grid, directly influencing the active and
reactive power exchange.

Figure 1.6: Vector diagram of two-level inverter
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Knowing that the closure where the simultaneous opening of the two switches of
the same arms leads to the risk of destruction of semiconductor components either by
overcurrent current either by over voltage, it is essential to carry out an additional order
between the Two SX and SX switches, This leads to the following logical relationship [14].

SX = SX

Where Vα and Vβ can be expressed as a function of the connection functions by the
following relation:

[
Vα

Vβ

]
=

√
2

3
Vdc

[
1 −1

2
−1

2

0
√
3
2

−
√
3
2

]SaSb
Sc

 (1.7)

Table (1.1) represents the different states of the two-level inverter and the coordinates
of the output voltage vector vi in the plane corresponding to each state.

Table 1.1: States of the two-level inverter and the coordinates of the vector vi in the α β plane

Sa Sb Sc Vα Vβ Vi
0 0 0 0 0 v0

1 0 0
√

2
3
Vdc 0 v1

1 1 0
√

1
6
Vdc

√
1
2
Vdc v2

0 1 0 −
√

1
6
vdc

√
1
2
Vdc v3

0 1 1 −
√

2
3
Vdc 0 v4

0 0 1 −
√

1
6
Vdc −

√
1
2
Vdc v5

1 0 1
√

1
6
Vdc −

√
1
2
Vdc v6

1 1 1 0 0 v7

1.3.3 Hysteresis controller

Power control using hysteresis consists of maintaining the power in a band enveloping
its reference. Whenever the power violates this band, a switching command is issued to
the inverter switches, illustrating the principle of fixed-band, two-level hysteresis power
control. The difference between the reference and measured powers is applied as an input
to a hysteresis comparator, whose output provides the control signal for the correspond-
ing inverter leg, as shown in Figure (1.7) [10]. The bandwidth of hysteresis regulators
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significantly impacts the inverter’s performance, particularly in terms of harmonic cur-
rent distortion and avrege switching frequency. The outputs of the hysteresis regulators
given by the boolean variables Sp and Sq, indicate whether the active and reactive power
errors exceed the upper or lower hysteresis bands. By employing hysteresis comparators
for active and reactive power control, the DPC scheme can effectively regulate the power
flow while maintaining it within the desired hysteresis band, ensuring stable and accurate
power exchange with the grid.

Figure 1.7: Hysteresis comparator operating principle

Operating principle of hysteresis comparator. [2] The outputs of the hysteresis regu-
lators given by the Boolean variables Sp and Sq, indicate the overshoots or undershoots
of the power errors according to the logic below:

Sp =

{
1, Pref − p > hp

0, Pref − p < −hp
(1.8)

Sq =

{
1, qref − q > hq

0, qref − q < −hq
(1.9)

1.3.4 Identification of the sector

The DPC algorithm divides the voltage space vector plane into a number of sectors (typ-
ically 6 or 12 sectors), as shown in Figure 1.8. The current sector is determined based on
the instantaneous values of the grid voltage. This sector information is used to select the
appropriate switching states for the inverter [4].

(n− 1)
π

6
≤ θn ≤ n

π

6
, n = 1, 2...., 12 (1.10)
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(n− 1)
π

3
≤ θn ≤ n

π

3
, n = 1, 2...., 6 (1.11)

The sector number is determined instantly by the given voltage vector position by :

θ = arctan(
Vβ
Vα

) (1.12)

(a) Plane (α, β) divided into 6 sectors (b) Plane (α, β) divided into 12 sectors

Figure 1.8: 6 and 12 sectors of the voltage plane used in DPC

1.3.5 Switching table

The DPC uses a predefined switching tables (Tables 1.2, 1.3, 1.4, and 1.5) to select the
optimal switching states for the inverter based on the instantaneous errors between the
reference and estimated active and reactive power. The switching states are chosen to
minimize these power errors [7].These power errors are compared against hysteresis bands
using comparators, and the resulting signals, Sp and Sq, are digitized. Additionally, the
phase angle of the power source voltage vector is converted to the digitized signal, . The
digitized error signals Sp and Sq, along with the digitized voltage phase angle, are inputs
to the switching table, which stores every possible switching state (Sa, Sb, Sc) of the
inverter. By using the switching table, the optimum switching state of the inverter can be
uniquely selected at every specific moment according to the combination of the digitized
input signals. The selection of the optimum switching state is performed such that the
power errors can be restricted within the hysteresis bands [7]. The switching table plays
a crucial role in the DPC control, enabling the intelligent selection of inverter switching
states to regulate the active and reactive flow effectively while minimizing the power errors
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within the specific hysteresis bounds. several studies proposed a switching table for DPC
in two-level inverter for six sectors [1, 2] or twelve sectors [?, 3].

Table 1.2: Switching table for 6 sectors proposed by Bouafia et al. [1]

Sp Sq S1 S2 S3 S4 S5 S6

0 0 v6 v1 v2 v3 v4 v5
0 1 v4 v5 v6 v1 v2 v3
1 0 v1 v2 v3 v4 v5 v6
1 1 v2 v3 v4 v5 v6 v1

Table 1.3: Switching table for 6 sectors proposed by Eloy-Garcia and Alves. [2]

Sp Sq S1 S2 S3 S4 S5 S6

0 0 v5 v6 v1 v2 v3 v4
0 1 v3 v4 v5 v6 v1 v2
1 0 v1 v2 v3 v4 v5 v6
1 1 v2 v3 v4 v5 v6 v1

Table 1.4: Switching table for 12 sectors proposed by Nugoshi et al. [1].

Sp Sq S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

0 0 v7 v1 v0 v2 v7 v3 v0 v4 v7 v5 v0 v6
0 1 v7 v0 v0 v7 v7 v0 v0 v7 v7 v0 v0 v7
1 0 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6
1 1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1

Table 1.5: Switching table for 12 sectors proposed by Baktash et al. [3].

Sp Sq S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

0 0 v6 v6 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5
0 1 v7 v0 v0 v7 v7 v0 v0 v7 v7 v0 v0 v7
1 0 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6
1 1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1

1.4 Simulation of the grid-connected two-level inverter

In this part, we make the simulation study in MATLAB 2021b TOOLBOX simulink of
the two-level inverter connected to the network controlled by direct power control DPC.
This simulation is made for a electric grid (220V, 50Hz), connection filter (L=0.02H,
R=0.1ohm), sources of DC voltage of 600V and sampling time of 10-5 s. For control
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method, we take Per equal to 1000W in the first step and at t0=0.2s equal to 3000W and
Qre=0 VAR in the first step and at t0=0.3s equal to 1000VAR.

1.4.1 Simulation model

To verify the efficiency of a two-level inverter connected to the grid using the direct
power control DPC, the simulation model presented in Figure (1.9) is chosen. This model
contains the following elements; DC voltage sources, a three-phase two-level inverter, an
RL connection filter, a three-phase current and voltage measuring block, a direct power
control, and a three-phase electrical grid.

Figure 1.9: Simulink model for grid-connected two-level inverter
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Figure 1.10: Simulink model for Direct Power Control implementation

1.4.2 Results and Interpretation

The figure 1.11 shown the 6-sector, 12-sector, the three-phase voltages in the four switch-
ing tables. Figure 1.12, 1.14, 1.16 and 1.18 illustrate the simulation results of the grid-
connected two-level inverter for 6 and 12 sector; line currents (Iabc), network voltage Va
and line current Ia, reactive power (q), active power (p), reactive power reference (qr),
and active power reference (pr). Figure 1.13, 1.15, 1.17 and 1.19 represent the Total
Harmonics Distortion THD of the line current Ia.

From these simulation results, it can be observed that the active and reactive powers
perfectly follow their reference values in the four switching tables. The values of the cur-
rent harmonic spectra THD increase with the values of Ts in the four switching tables,
and the best switching table according to line current harmonic spectra THD (Figure
1.13) is switching table for 6 sectors proposed by Bouafia et al. [1].
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Figure 1.11: Simulation results of the 6-sector, 12-sector, and three-phase grid voltage (Vabc)
for DPC for four switching tables.

Figure 1.12: Simulation results of the line currents (Iabc, Ia), grid voltage (va), active and
reactive powers (pr, p, qr, q) for DPC using switching table proposed by Bouafia et al
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Figure 1.13: THD result of line current for DPC using switching table proposed by Bouafia et
al.

Figure 1.14: Simulation results of the line currents (Iabc, Ia), grid voltage (va), active and
reactive powers (pr, p, qr, q) for DPC using switching table proposed by Eloy-Garcia and Alves.
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Figure 1.15: THD result of line current for DPC using switching table proposed by Eloy-Garcia
and Alves.

Figure 1.16: Simulation results of the line currents (Iabc, Ia), grid voltage (va), active and
reactive powers (pr, p, qr, q) for DPC using switching table proposed by Malinowski et al.
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Figure 1.17: THD result of line current for DPC using the switching table proposed by Mali-
nowski et al.

Figure 1.18: Simulation results of the line currents (Iabc, Ia), grid voltage (va), active and
reactive powers (pr, p, qr, q) for DPC using switching table proposed by Nugoshi et al.
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Figure 1.19: THD result of line current for DPC using the switching table proposed by Nugoshi
et al.

Figure 1.20: Simulation results of the line currents (Iabc, Ia), grid voltage (va), active and
reactive powers (pr, p, qr, q) for DPC using switching table proposed by Baktash et al
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Figure 1.21: THD result of line current for DPC using the switching table proposed by Baktash
et al

1.5 Conclusion

In this chapter, we examined the two-level grid-connected inverter system consisting of a
constant DC voltage source, a three-phase two-level inverter, an RL filter for grid connec-
tion, and an electric grid. After modeling the individual components, we delved into the
direct power control strategy in detail. Simulation results were presented, demonstrating
the performance of DPC using different switching table configurations.

In the second chapter, we will explore the integration of fuzzy logic with direct power
control to achieve enhanced control performance.
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Chapter 2

Fuzzy Logic For Direct Power Control

2.1 Introduction

Fuzzy logic is a mathematical description of a process based on the fuzzy set theory. This
theory introduced in 1965 by Professor Lotfi Zedah makes it possible to treat proposals or
states by several levels of truth [15]. This chapter describes basic concepts, principle and
basic elements of fuzzy logic, general structure of a fuzzy system. And finally we present
the different elements of a fuzzy controller.

2.1.1 Fuzzy Logic

Fuzzy logic is a technique used in intelligence artificial intelligence allows the formalization
of inaccuracies due to a global knowledge of a very complex system and the expression of
the behavior of a system by rules. It therefore allows the standardization of the descrip-
tion of a system and the processing of data, both numerical and symbolically expressed
by qualifications linguistic. It is based on the mathematical theory of fuzzy sets. This
theory, introduced by Zedah, is an extension of classical set theory for the consideration
of imprecisely defined sets. It is a formal and mathematical theory in the sense in which
Zedah, starting from the concept of membership function to model the definition of a sub-
set of a given universe, developed a complete model of properties and formal definitions.
He also showed that this subset theory fuzzy effectively reduces to the theory of classical
subsets in the case where the considered membership functions take binary values (0 ,1).

2.1.2 fuzzy logic and classical logic

Classical Boolean logic allows only two states: TRUE or FALSE. The fuzzy logic was
proposed by Zadeh in 1965; it allows to express different levels (between 0 and 1), rather
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than just 1 or 0. For example: the engine is hot, the engine is very hot. What is the
difference between hot and very hot? Or again, a man is high if he measures 170cm. A
man is very tall if he is 190cm tall. Where is the dividing line ? Is a man of 180cm tall
or very tall? 180.5cm? 179.5cm? Fuzzy logic is a branch of mathematics that allows a
computer to model the real world the same way people do. She is concerned about the
quantification and reasoning using a language that allows definitions ambiguous, like a
lot, little, small, high, dangerous. She takes care of situations where the question that is
asked and the answer obtained contain vague concepts [16].
According to fuzzy logic, exact reasoning is a limited case of the reasoning approximate;
everything is only a degree. Any logical system can be blurred. The knowledge are
interpreted as a collection of elastic or fuzzy constraints of a set of variables. Inference
is a process of propagation of constraints elastic bands. Boolean logic is a subset of
fuzzy logic.Fuzzy logic makes it possible to accommodate the concept of partial truth:
values between completely true and completely false are admitted. We support modes of
approximate rather than exact reasoning. Its importance stems from the fact that the
human reasoning is approximate [15]

2.2 Fuzzy Logic Operations

Fuzzy logic operations are fundamental in processing fuzzy sets and making decisions
based on uncertain or imprecise information. Here are the basic fuzzy logic operations:

1-Fuzzy AND (Intersection):
- Operation: T [x, y] = min[x, y]

- Interpretation: The degree of membership of an element in the intersection of two fuzzy
sets is the minimum of their individual degrees of membership.

2-Fuzzy OR (Union):
-Operation: S[x, y] = max[x, y]

-Interpretation: The degree of membership of an element in the union of two fuzzy sets
is the maximum of their individual degrees of membership.
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3-Fuzzy NOT (Complement):
-Operation:C[x] = 1 − x

-Interpretation: The degree of membership of an element in the complement of a fuzzy
set is the complement of its degree of membership in the original set.

4-Fuzzy implication:
- Operation: T [x, y] = min[x, y] (Mamdani implication), T [x, y] = x ∗ y (Product impli-
cation), etc.
- Interpretation: Defines the strength of implication between fuzzy propositions. Common
implications include Mamdani, Larsen, and Product.

5-Fuzzy aggregation:
- Operation:S[x1, x2, ....xn]

- Interpretation: Combining multiple fuzzy values into a single aggregated value, com-
monly used in fuzzy inference systems.

6-Fuzzy defuzzification:
- Operation: Defuzzification(x)
- Interpretation: Converting fuzzy sets or fuzzy rules into crisp values suitable for decision-
making.

These operations form the basis of fuzzy logic systems and are used extensively in var-
ious fields, including control systems, artificial intelligence, decision-making, and pattern
recognition. [17]
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2.3 Fuzzy Control

The proposed fuzzy logic controller includes four basic elements: fuzzyfication unit, base
of rules, inference engine and defuzzyfication [15]. The fuzzy regulator is a control system
at the base and the internal structure with the main components is shown in page 3.1 as
follow:

Figure 2.1: Internal structure of a fuzzy controller

2.3.1 Normalization

This first step allows the processing of the input variables of the fuzzy controller. By e.g.,
calculation of errors (difference between measured quantities and setpoints) and variation
errors. Normalized domain use ( discourse universe between [-1, 1]) requires a scale
transformation, which is carried out through scale factors that transform the physical
quantities of the inputs into normalized values belonging to the interval [-1 ,1].

2.3.2 Fuzzification

This is the passage of the domain number and the symbol domain. This place is It is
necessary to use the manipulator in the theater of large groups of large groups. Physics
are available at certain times or not. She can enter the function at the end membership
of a variable to a flow set. It’s about the conversion Analog/Digital, as well as the
characteristics of the largest and most expensive ones. Transformation into linguistic
variables [18].
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2.3.3 Base of rules

A fuzzy control rule base consists of a collection of if-then rules that define the behavior of
a fuzzy logic controller. These rules use linguistic variables and fuzzy sets to describe the
conditions and corresponding actions in the system. The rule base is derived from expert
knowledge, heuristic data, or empirical observations and forms the core decision-making
framework of the controller [19], To properly understand what a fuzzy rule may mean, it
might be useful to start with the meaning of a nonfuzzy rule of the form "if x is A, then
y is B", and then to investigate what are the different possible meanings of the rule when
A and B becomes fuzzy [20].

2.3.4 Fuzzy inference

Fuzzy inference systems are the core of fuzzy control systems. They map input values to
output values using fuzzy rules and membership functions. Fuzzy inference systems are
used in various applications, including control systems, image processing, and artificial
intelligence, due to their ability to handle imprecise or uncertain information and provide
partial truths [21].

2.3.5 Defuzzification

The defuzzification is the operation that used to convert fuzzy variables into crisp values
or decisions as one variable number applicable to physical condition:
this is the phase Reverse of Fuzzification , For the method of defuzzification, several
strategies of Fuzzification exists, most of them include [22]:
-The mean of maximum method
-The method of averaging maximums
-The center of gravity method
-The weighted average method

Each method has its advantages and is suitable for different application depending on
the desired interpretation of the fuzzy logic system’s output

2.3.6 Demoralization

This last step transforms the normalized values of the outputs control variables to a values
belonging to their respective physical domain
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2.4 Application Domain of Fuzzy Logic

2.4.1 Control Systems

which comprises four trol rules provide a convenient way for expressing control policy
and domain knowledge. Furthermore, several linguistic variables might be involved in the
antecedents and the conclusions of these rules. When this is the case, the system will be
referred to as a multi-input-multi-output (MIMO) fuzzy system. For example, in the case
of twoinput-single-output (MISO) fuzzy systems, fuzzy control. [23]

2.4.2 Pattern recognition

Fuzzy logic in pattern recognition is a powerful tool for handling the complexities and
uncertainties inherent in real-world data. By incorporating fuzzy set theory and fuzzy logic
principles, it offers a more comprehensive and flexible approach to pattern recognition,
enabling better performance and adaptability in various applications [24].

2.4.3 Consumer electronics

Fuzzy logic has revolutionized consumer electronics by enabling devices to understand and
adapt to user preferences, handle ambiguous inputs, and automate tasks more intelligently.
This technology has paved the way for smarter, more intuitive, and user-centric consumer
electronics [25].

2.4.4 Robotics

Fuzzy logic plays a significant role in robotics, particularly in obstacle avoidance and
navigation, fuzzy logic enhances the capabilities of robots by providing a more flexible
and adaptive approach to decision-making and control, making them more efficient and
effective in various applications [26].

2.4.5 Medicine and health care

Fuzzy logic in medicine and healthcare offers a powerful tool for managing uncertainty and
improving decision-making processes. By accommodating the complexities and nuances
of human thinking, fuzzy logic can enhance the accuracy and effectiveness of medical
diagnoses and treatments, ultimately leading to better patient outcomes [27].
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2.5 Development of Fuzzy Controllers for DPC

In order to improve the performance of the conventional DPC, a fuzzy controller has been
developed. In this case, the selection of the control vector for each fuzzy rule is based on
the sign and the quantity of the variation, unlike the switching table in DPC conventional
using the logic outputs of the hysteresis comparators where the selection is based solely on
the sign of the variation. For this purpose, the numerical values of the reference tracking
errors of the active and reactive powers, ∆P and ∆q are converted into fuzzy variables.
Two fuzzy sets are used to perform this conversion: N and P

2.5.1 Development of fuzzy controllers to control DPC for 6 sec-

tors

The following diagram represents the part that has been changed, namely the switch table
and hysteresis regulators, with fuzzy logic controller

Figure 2.2: Substitutions of switching table and hysteresis regulators by a fuzzy controller

The following figure illustrates the block diagram structure of FDPC (Fuzzy direct
power control), where the inputs for the fuzzy controller are the normalized active and
reactive power errors (ep and eq) ranging between [-10, 10], and the electrical angle defined
between [0◦, 360◦] degrees

The output corresponds to the voltage vector Vi(Sa, Sb, Sc) of the inverter with the
Vi[V1, V2, V3, V4, V5, V6].
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Figure 2.3: Structure of fuzzy direct power controller (FDPC)

The figure 2.4 shows that we have 2 member ship function for ∆p and ∆q six member
ship function to design the 6 sectors, the output has 6 crisp values of Vi

Figure 2.4: Fuzzification of inputs/outputs 6 sectors
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The tables below represent Rule Inference systems used for both FDPC 6 sectors
proposed by Eloy Garcia and Bouafia.

Table 2.1: Inference table 6-sector for FDPC proposed by Eloy-Garcia

∆p ∆q S1 S2 S3 S4 S5 S6

N N v5 v6 v1 v2 v3 v4
N P v3 v4 v5 v6 v1 v2
P N v1 v2 v3 v4 v5 v6
P P v2 v3 v4 v5 v6 v1

Example of rules:
If ∆p is N and ∆q is N and S is S1 then Vi=v5.

Table 2.2: Inference table 6-sector for FDPC proposed by Bouafia

∆p ∆q S1 S2 S3 S4 S5 S6

N N v6 v1 v2 v3 v4 v5
N P v4 v5 v6 v1 v2 v3
P N v1 v2 v3 v4 v5 v6
P P v2 v3 v4 v5 v6 v1

Example of rules:
If ∆p is N and ∆q is N and S is S1 then Vi=v6.

There are 24 rules for both switching algorithms. Figure 2.5 illustrate the fuzzy
distribution surface for both 6 sector FDPC and figure 2.6 and 2.7 gives an examples of
deffuzzification for a set of inputs [∆q,∆p,θ]=[2,3,220◦] and [∆q,∆p,θ]=[0,0,180◦].

(a) Speech surface distribution 6-sector
DPC proposed by Eloy-Garcia et al.

(b) Speech surface distribution 6-sector
DPC prposed by Bouafia et al.

Figure 2.5: Fuzzy distribution surfaces for 6 sector algorithms
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Figure 2.6: Rule Inference DPC 6-sector proposed by Bouafia et al. for [∆q,∆p,θ]=[2,3,220◦].

Figure 2.7: Rule Inference DPC 6-sector proposed by Eloy-Garcia and Alves
[∆q,∆p,θ]=[0,0,180◦]
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2.5.2 Development of fuzzy controllers to control for DPC 12-

sector

The figure 2.2 steel the same in this approach withe the difference of sectors are 12 instead
of the fuzificatiom of output will be Vi [V0, V1, V2, v3, V4, V5, V6, V7]. The 2 zero
voltage vectors will be applied in this approach for both 12 sectors algorithm Vo and V7
for DPC 12-sector proposed by Nugoshi et al. and Baktash et al.

The figure 2.6 shows that we have three membership functions for eq and ep, and a 12
membership for theta for output voltage vector. We have eight crisp output vi i=0,...7.

Figure 2.8: Fuzzification of inputs/outputs 12 sector

The tables below represent Rule Inference system used for both 12 sector FDPC
proposed by Nugoshi et al. and Baktash et al.

Table 2.3: Inference table 12 sector DPC prposed by Baktash et al.

∆p ∆q S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

N N v6 v6 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5
N P v7 v0 v0 v7 v7 v0 v0 v7 v7 v0 v0 v7
P N v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6
P P v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1

example of rules ;
If ∆p is N and ∆q is N and S is S1 than Vi is v1.
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There is 48 rules for both switching algorithms. Figure 2.9 illustrate the fuzzy dis-
tribution surface for both 12 sector FDPC and figure 2.10 and 2.11 gives an examples of
deffuzzification for a set of inputs [∆q,∆p,θ]=[-2,5,100◦] and [∆q,∆p,θ]=[0,0,180◦].

Table 2.4: Inference table DPC of 12-sector proposed by Nugoshi et al.

∆p ∆q S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

N N v7 v1 v0 v2 v7 v3 v0 v4 v7 v5 v0 v6
N P v7 v0 v0 v7 v7 v0 v0 v7 v7 v0 v0 v7
P N v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6
P P v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1

example of rules ;
If ∆p is N and ∆q is N and S is S1 than Vi is V7 there are 48 rules for both Switching
algorithm

(a) Speech surface distribution 12-sector
proposed by Nugoshi et al

(b) Speech surface 12-sector proposed by
Baktash et al

Figure 2.9: Fuzzy distribution surfaces for 12 sector algorithms
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Figure 2.10: Rule InferenceDPC 12-sector proposed by Nugoshi et al for [∆q,∆p,θ]=[-2,6,100◦]

Figure 2.11: Rule Inference 12-sector proposed by Baktash et al for [∆q,∆p,θ]=[0,0,180◦]

2.6 Conclusion

In this chapter, we presented the theory of fuzzy logic, in addition to the various basic
concepts of this technique. We have replaced the classical controllers based on Switching
table and Hysteresis controller with a fuzzy controllers in which we have used fuzzy logic
principles in order to improve the static and dynamic performance of classical DPC.
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Chapter 3

Comparative Study between Classic
DPC and DPC developed with Fuzzy
Logic

3.1 Introduction

This chapter presents a comparative analysis of two distinct power control techniques:
conventional direct power control (DPC) fuzzy-based direct power control (FDPC). Fuzzy
logic control (FLC) introduces an intelligent approach that addresses the inherent nonlin-
earity and uncertainty in power control systems. By employing a set of linguistic rules and
membership functions, FLC mimics human reasoning, enabling effective decision-making
in control processes. The study aims to provide a comprehensive understanding of the
strengths and limitations of classic DPC and FDPC offering insights into their practical
applications and potential improvements in power control.

3.2 Simulation model

To verify the efficiency of a two-level inverter connected to the grid using the Fuzzy-based
direct power control FDPC, the simulation model presented in Figure (3.1) is chosen. This
model contains the following elements: constant voltage sources, a two-level inverter, an
RL connection filter, a three-phase current and voltage measuring block, a direct power
control, and a three-phase electrical grid. The simulation model structure of DPC is
presented in Figure 3.2, while the simulation model structure of FDPC is illustrated in
Figure 3.3. These models are specifically chosen to facilitate the comprehensive evaluation
of the FDPC’s performance in controlling the power flow between the two-level inverter
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and the grid.

Figure 3.1: Simulink model for two-level grid-connected inverter

Figure 3.2: Structure of direct power controller (DPC)
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Figure 3.3: Structure of fuzzy direct power controller (FDPC)

3.3 Results and interpretation

3.3.1 Steady-state operation

Figure 1.11 illustrated the results of 6-sector, 12-sector, and three-phase voltages Vabc,
while figures 3.4, 3.6, 3.8 and 3.10 illustrate the simulation results of the two-level grid-
connected inverter for 6 and 12 sector, including reactive power (q), active power (p),
reactive power reference (qr), and active power reference (pr), grid voltage Va and line
current Ia, line currents (Iabc). Furthermore, figure 3.5, 3.7, 3.9, and 3.11 represent the
Total Harmonics Distortion THD of the line current Ia.

In both DPC and FDPC with constant Pr and Qr, the currents (Ia) and voltages
(Va) are in-phase indicting a stable and aligned phase relationship between current and
voltage. This synchronization occurs due to the absence of sudden changes in reactive
power (qr), which would otherwise introduce phase shifts.
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Figure 3.4: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for DPC using switching table proposed by Eloy-Garcia and Alves
under steady-state operation with p=2000W and q=0Var.

Figure 3.5: THD result of line current for DPC using switching table proposed by Eloy-Garcia
and Alves under steady-state operation with p=2000W and q=0Var.
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Figure 3.6: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for FDPC using switching table proposed by Eloy-Garcia and Alves
under steady-state operation with p=2000W and q=0Var.

Figure 3.7: THD result of line current for FDPC using switching table proposed by Eloy-Garcia
and Alves under steady-state operation with p=2000W and q=0Var.
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Figure 3.8: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for DPC using switching table proposed by Baktash et al. under
steady-state operation with p=2000W and q=0Var.

Figure 3.9: THD result of line current for DPC using switching table proposed by Baktash et
al. under steady-state operation with p=2000W and q=0Var.
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Figure 3.10: Simulation results of the active and reactive powers (pr, p, qr, q), line cur-
rents(Iabc, Ia), grid voltage (va) for FDPC using switching table proposed by Baktash et al.
understeady-state operation with p=2000W and q=0Var.

Figure 3.11: THD result of line current for FDPC using switching table proposed by Baktash
et al. under steady-state operation with p=2000W and q=0Var.
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3.3.2 Active and Reactive power variation

Figures 3.12, 3.14, 3.16 and 3.18 illustrate the simulation results of the two-level grid-
connected inverter for 6 and 12 sector, including reactive power (q), active power (p),
reactive power reference (qr), and active power reference (pr), grid voltage Va and line
current Ia, line currents (Iabc). Furthermore, figures 3.13, 3.15, 3.17 and 3.19 represent
the total harmonics distortion THD of the line current Ia.
In both DPC and FDPC schemes, pr and qr variations were introduced. The pr was
stepped from 1000W initially, to 2000W at t=0.2s, and then to 3000W at t=0.4s. Sim-
ilarly, the qr was varied from 0VAR initially, to 500VAR at t=0.3s, and 1000VAR at
t=0.4s. It was observed that the current (Ia) and voltage (Va) were not in phase af-
ter t=0.3s when the reactive power changed to 500VAR. Additionally, the line currents
(Iabc) exhibited incremental changes corresponding to the active power variations, with
the magnitude of Iabc changing in the same direction as the active power.

Figure 3.12: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for DPC using switching table proposed by Eloy-Garcia and Alves
under active and reactive powers variation.
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Figure 3.13: THD result of line current for DPC using switching table proposed by Eloy-Garcia
and Alves under active and reactive powers variation.

Figure 3.14: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for FDPC using switching table proposed by Eloy-Garcia and Alves
under active and reactive powers variation.
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Figure 3.15: THD result of line current for FDPC using switching table proposed by Eloy-
Garcia and Alves under active and reactive powers variation.

Figure 3.16: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for DPC using switching table proposed by Baktash et al. under
active and reactive powers variation.
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Figure 3.17: THD result of line current for DPC using switching table proposed by Baktash
et al.under active and reactive powers variation.

Figure 3.18: Simulation results of the active and reactive powers (pr, p, qr, q), line currents
(Iabc, Ia), grid voltage (va) for FDPC using switching table proposed by Baktash et al. under
active and reactive powers variation.
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Figure 3.19: THD result of line current for FDPC using switching table proposed by Baktash
et al. under active and reactive powers variation.

3.3.3 Sampling time variation

Table 3.1 presents the total harmonic distortion (THD) results of the line current (Ia) for
both DPC and FDPC power control in a two-level grid-connected inverter with 6 and 12
sectors. In this control schemats, variations in the sampling time (Ts) were introduced,
ranging from 1 µsto12µs.

It was observed that as the sampling time increased, indicating higher distortion levels.
This highlights the influence of sampling time on the current quality, witch consequently
affects the active and reactive powers control performance.

Table 3.1: THD of line current for DPC and FDPC techniques using switching tables proposed
by Eloy-Garcia Alves and Baktash et al. under varying sampling times

Ts(µs) 1 2 4 6 8 10 12
Eloy-Garcia DPC 1.01 1.37 2.04 2.65 3.37 3.95 4.40
Eloy-Garcia FDPC 0.82 0.74 1.43 1.99 2.57 3.33 3.95

Baktash DPC 1.16 1.35 1.64 1.99 2.74 2.99 3.62
Baktash FDPC 1.72 1.54 1.84 2.14 2.46 3.01 3.56
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3.4 Conclusion

In this chapter, a Comparative analysis between the classical DPC and fuzzy-based DPC
was presented. This analysis was based on simulation tests of two-level grid-connected
inverter employing DPC and FDPC strategies.

From the simulation results, the active and reactive powers accurately follow their
respective reference values for both the switching tables utilized. The line current (Ia)
and grid voltage (Va) remained in-phase due to the absence of sudden changes in reactive
power (qr), which could otherwise introduce phase shifts. The FDPC with fuzzy logic in
6 sectors demonstrated improved performance compared to the classical switching tables
discussed in the previous chapter. For the 12-sector case, the results were comparable
between classical and fuzzy logic approaches. Hence, the fuzzy region played a crucial
role in reducing the THD in the line current.
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General Conclusion

In our final project, we presented a modeling and design of a grid-connected inverter
system utilizing fuzzy logic control. The system comprised a two-level three-phase inverter
controlled by direct power control (DPC) and fuzzy-based direct power control (FDPC)
techniques.

Firstly, We conducted a detailed modeling and control study of a two-level grid-
connected inverter system. This system consisted of a two-level inverter, a connection
filter, and a grid interface. The two-level inverter was controlled using the conventional
DPC method, which directly regulates active and reactive powers.

Secondly, We introduced the fuzzy logic principles and developed a fuzzy logic-based
DPC (FDPC) technique. This approach replaced the switching table and hysteresis com-
parators used in conventional DPC with a fuzzy logic controller.

Finaly, we performed a comparative analysis between the conventional DPC and the
proposed FDPC methods through matlab/simulink simulations of the two-level grid-
connected inverter system. This analysis evaluated the performance and efficacy of the
two-control strategies.

From the simulation results obtained, we found that:
- The active and reactive powers perfectly follow their reference values for the two

controls.
- Varying the active power makes it possible to increase or decrease the line current.

As well as, the variation of the reactive power makes it possible to advance or delay the
line current.

- The increase in the sampling period including an increase in the THD values for both
conventional DPC and fuzzy-based DPC commands.

- The FDPC can dynamically adjust to changes in system conditions, resulting in a
faster and more accurate response to power fluctuations compared to the DPC.

- The inherent robustness of fuzzy logic allows the control system to maintain stable
operation under a wide range of operating conditions.
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CONCLUSION GENERAL

- The FDPC does not require a precise mathematical model of the system, simpli-
fying the design process and making it easier to implement in complex and uncertain
environments.

- The use of fuzzy logic in DPC helps in reducing the THD in the current, leading to
better power quality and compliance with grid standards.

Overall, integrating fuzzy logic into DPC for two-level grid-connected converters en-
hances the efficiency, reliability, and flexibility of power control, making it a promising
solution for modern power electronics applications.

As future perspectives stemming from this dissertation work, it would be interesting
to:

- Investigate the application of other artificial intelligence techniques, such as neural
networks and fuzzy-neural networks for inverter control strategies.

- Extend the study to encompass other multilevel inverter topologies interfaced with
electrical grids, utilizing the DPC algorithm.

- Undertake practical implementation and experimental validation of the proposed
algorithms.
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