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In recent years, because the fossil-fuel resources are likely going to be exhausted, and the environmental
preservation is an important problem; the use of renewable-energy sources is currently a salient advance and also
becomes more popular in many countries. Wherein, photovoltaic (PV) solar systems, that have outstanding
features such as an unlimited power and environmentally friendly resource, are playing an ever-increasingly
significant role in supplying electricity. For example, PV energy systems are applied in the automatic irrigation
system in agriculture, household uses and especially in remote areas, street signal and light systems in public
services, electricity generation stations, space satellites in universe engineering and so forth. Commonly, PV
systems have two modes in operation; that is the stand-alone PV system and the grid-connected PV system.
In detail, the stand-alone PV system uses the energy obtained from solar panels to supply to the load and/or
energy storage system (ESS), and its operation is independent of the electric grid. So one of the most important
control objectives in this PV system is how to obtain optimally the DC power from PV arrays in varying weather
conditions. Whereas, the grid-connected PV system is normally used in distributed power generation systems;
therefore, the main control goal for this PV system is how to deliver effectively the active and/or reactive output
power(s) of the DC-AC inverter to the utility grid.

To achieve a good efficacy in operating a real PV energy system, two major effect factors should be
examined thoroughly. Namely, the first one is impacts of weather parameters. Another is effects of the
power-electronic converters, controllers, ESS and loads utilized in the designed PV system. Obviously, the
weather condition is out of the user's control and usually alters continually, so control methods used in PV
energy systems should be researched and developed thoroughly to achieve the best efficacy as possible.
Moreover, since characteristics of PV array are highly affected by weather parameters, and the power-electronic
converters, loads and electric grid are the nonlinear and complex objects, fuzzy logic, an intelligent control
algorithm based on heuristics from experts' experiences, is suitable for developing the novel hybrid controllers to
improve significantly the overall effectiveness of PV systems.

Motivated by the above reviews, this Doctoral thesis focuses on developing the efficient controllers based on
fuzzy logic for PV solar systems to reduce thoroughly the nonlinear effects of weather parameters,
power-electronic converters, load and grid on PV systems. In detail, the thesis has three key study parts as
follows. The first part is a study about an improved maximum power point tracking (MPPT) algorithm to obtain
optimally the power from PV array in varying weather conditions. Then, an active and reactive power control
based on the feedback linearization technique for the three-phase grid-connected PV inverter is studied in the
next part. And the last part introduces a coordinated-control strategy to adjust fittingly the total active output
power injected into a local grid from a large-scale solar farm, consisting of many PV agents and battery banks at
agents, in order to support grid-frequency regulation. In all the three study parts, fuzzy logic controllers are
developed newly and combined appropriately with related conventional methods to enhance noticeably
performance and adaptability of the proposed hybrid controllers.

The first study part presents an enhanced Incremental Conductance - Maximum Power Point Tracking
(INC-MPPT) algorithm based on fuzzy logic for PV systems. The demonstrative stand-alone PV system consists

of the solar array with a nominal power of 320W, a non-inverting buck-boost DC-DC converter, and a resistive
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load. The main PV system's goal is to seek quickly and efficiently the maximum power point (MPP) of the solar
array in varying weather conditions. To fulfill well this, the proposed fuzzy-based INC-MPPT algorithm is
designed with two sub-controllers. In the first sub-controller, a novel fuzzy logic controller (FLC), comprising 25
association rules, is proposed to enhance effectiveness of the conventional INC-MPPT algorithm. In detail, the
proposed FLC adjusts suitably the step-size to improve the response time in seeking the MPP and to eliminate
steady-state oscillations around the MPP. Obviously, the main objective of the suggested FLC is to make the
step-size to be a variable non-negative value, instead of a fixed positive value in the conventional INC-MPPT
method, in order to determine rapidly and accurately the optimal voltage where the PV array operates at the MPP.
The other is a proportional-integral (PI) controller with an anti-windup module based on the back-calculation
method, and it regulates the operating PV array's voltage to the optimal voltage computed beforehand.
Simulations in MATLAB demonstrate that the suggested algorithm fulfills well all the listed goals even if the
solar radiation and temperature change suddenly. Additionally, comparisons of simulation results, obtained from
the presented algorithm, the conventional INC-MPPT, and an existing fuzzy-based INC-MPPT, show advantages
of the proposed algorithm in terms of quick response, accuracy, and fairly small oscillation around the MPP.
Besides, the feasibility and effectiveness of the suggested algorithm, including the consideration on effects of the
partial shadow condition, are also verified by experiments.

As a next step of the first study part, the second study part discusses about two techniques based on the
feedback linearization (FBL) method to control the active and reactive output AC powers of three-phase
grid-connected PV inverters, which input is the DC power obtained from PV arrays as referred in the first part.
Wherein, the first control scheme is an application of the direct FBL approach. The other is an appropriate
combination of the FBL and fuzzy logic (FBL-FL), and is the main proposed method in this part. In the FBL-FL
hybrid technique, a unique FLC, consisting of 25 association rules, is designed to improve efficacy of the linear
PI control method used in the direct FBL technique. In detail:

i. The FLC fine-tunes automatically and properly for the gain factors of integral modules in the linear PI
method. This helped enhance considerably the transient response (response time, overshoot) of the
output powers, especially when the reference values are varied noticeably and abruptly.

ii. Additionally, the FLC also adjusts suitably the final virtual-control signals to reduce efficiently the
steady-state fluctuations in the output powers, especially in the parametric uncertainty condition.

In this study part, the illustrative PV inverter utilizes a three-level DC-AC converter, an R-L filter and a
250V/10kV transformer to inject the energy, obtained from PV arrays with a nominal power of 100kW, into the
10kV/60Hz three-phase electric grid. The two FBL-based control schemes are designed with per-unit values of
the relevant system parameters in order to simplify the tuning process of coefficients of controllers. Numerical
simulations in MATLAB show that the two FBL-based schemes perform well in regulating independently the
active and reactive output powers to the reference values in both the step and ramp functions, even within the
parametric uncertainties and the unbalanced grid voltage condition. Moreover, comparisons of simulation results,
obtained from the two FBL-based structures and the traditional PI control, illustrate advantages of the proposed

FBL-FL technique in terms of fast response, small overshoot, acceptable steady-state fluctuation and robustness.
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Also, the stability for the proposed FBL-FL hybrid method is analyzed and proved according to the theory
“Affine Parameter-Dependent Lyapunov Functions” applied for the second-order systems.

As a combination and development from the first two study parts which are applied in a local solar-energy
agent, the last study part introduces a novel coordinated-control strategy based on fuzzy logic to inject efficiently
the total active power from a grid-connected large-scale PV farm, consisting of many local solar power agents
and the battery bank to store energy at each agent, into a local electric grid with supporting the regulation of grid
frequency. Wherein, this part has three major objectives as follows:

a) The total output active power from the PV farm supplied to the grid is tuned suitably to ensure the grid
frequency in acceptable ranges. Two tolerable ranges used for frequency deviation are 0.2 Hz in
transient states and +0.05 Hz at steady states, where the nominal grid frequency is 60 Hz.

b) At each local PV power agent, state-of-charge (SOC) of the battery bank is governed in the safe ratio
range of [0.2 0.8] to improve durability of the battery bank. Also, steady-state SOC of the battery bank is
regulated to a desired ratio value of 0.5 if the frequency deviation is in the so small range of +0.05 Hz.

c) The two above objectives listed in a) and b) of the suggested fuzzy-based strategy have to be validated
well even if the AC-system load, solar radiation and temperature unexpectedly change.

To achieve all the above aims, the proposed strategy which is designed according to the two-level control
structure, consists of a central coordinating controller and local controllers at PV power agents. In detail, the
central controller uses a frequency regulation module based on a newly designed FLC, comprising 49 rules, to
determine the adjustable value for updating the reference value of total active power needed from the solar farm;
and then appropriately coordinates the individual reference value for the local controller at each PV agent. As
well, each local controller drives the power-electronic DC-DC converters connected with four PV arrays,
bidirectional DC-DC battery charger and three-phase DC-AC inverter installed at the PV agent to deliver the
active power to the grid accurately according to the individual reference value obtained from the central
controller. Besides, in each local controller, a prediction module based on simulation with the mathematical
model of PV panel is utilized to forecast the maximum power from PV arrays, and a control method for
regulating SOC of the battery bank in both transient and steady states to ensure durability of the battery bank is
also implemented. To study about the grid-frequency deviation, the local grid can be modeled as one or some
synchronous generator(s), including the speed governor(s), and the AC-system load(s) connected to the
three-phase AC bus. Simulation results in MATLAB demonstrate that the proposed strategy has good
performance in injecting the output active power from the PV farm into the grid with regulating the grid
frequency in tolerable ranges even if the AC-system load, solar radiation and air temperature suddenly vary.
Moreover, the efficacy in regulating grid frequency of the suggested fuzzy-based strategy is also compared with
the conventional control strategy which uses the full MPPT mode.

In the future developments of this Doctoral thesis, notable issues about coordinated-control strategy, balance
of supply and demand of power and power quality in the large-scale electric network, where many distributed

PV solar and wind energy agents are integrated, will be examined and researched.
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