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 This paper explains about an intelligent control method for the maximum 

power point tracking (MPPT) of a photo voltaic system with different 

temperature and insolation conditions. This method uses a fuzzy logic 

controller applied to a DC-DC converter. The different steps of the design of 

this controller are presented together with its simulation and the feasibility of 

control methods to be adopted for the operation of a micro grid when it 

becomes isolated. Normally, the micro grid operates in interconnected mode 

with the medium voltage network; however, scheduled or forced isolation 

can take place. In such conditions, the micro grid must have the ability to 

operate stably and autonomously. An evaluation of the need of storage 

devices and load to take off strategies is included in this paper. The MPPT of 

a photovoltaic system for Micro Grid operaion using a Fuzzy logic control 

scheme is successfully designed and simulated by using MATLAB/Simulink 

Software. 
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1. INTRODUCTION 

Micro generation is expected to become an attractive mean to face the continuous demand growth in 

the electric power systems. On the other hand, the need of reducing pollutant emissions, recent technological 

developments related with the improvement of micro generation efficiency and the possibility of exploiting 

local renewable energy resources are important factors that will contribute, in a short term, to an effective 

penetration of micro generation in LV grids.  

The method of an extensive penetration of local generation in LV grids leads to the definition of the 

Micro Grids (MG) concept [1] and [13]. Small generation units are the micro sources (MS) with power 

ratings less than a few tens of kilowatts may increase reliability to the final consumers and will bring 

additional benefits for global system operation and planning. A MG compromise a LV network (for example 

covering an urban area, a shopping-center or even an industrial park), these loads are several small modular 

generation systems connected to it and an embedded control and management system [2]. This concept used 

to study with in the structure of an EU R&D project to study the problems challenging the integration of 

large amounts of different type of MS in LV grids and involves several institutions and companies. Examples 

of MS technologies to be used when building MG include renewable power sources, such as wind and photo 

voltaic (PV) generators [1], micro turbines works on gas or bio-fuels,  different types of fuel-cells, and also 

storage devices (such as flywheels or batteries). 
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General Overview.The first approach relates to the working of the MG control modes regarding the 

usual schemes to control a power electronic device. As there is not expectable to have fully controllable 

synchronous generators in a MG, converters are responsible for voltage and frequency control during 

islanded operation [3]. The usual control approaches control an inverter can be defined as [4]: 

1. PQ control-the inverter is operated to inject a given active and reactive power [18]. 

2. Voltage Source Inverter (VSI) Control-the VSI acts as a voltage source with controlled magnitude 

and frequency. 

The VSI is to be coupled with a storage device and to equal load and generation during islanded 

operation. Its control is preformed using droop concepts [5-7]. On important feature of the VSI is its 

capability to react to power systems disturbances during isolated operation based only on data available at its 

terminals [5]. In this way, a seamless transition between interconnected and independent operation mode can 

occurs, since it is supported by the VSI in the first moments. 

The practicality of the MG islanding mode concept was laboratory tested in a prototype installed in 

the National Technical University of Athens (NTUA), which compromises a photo voltaic (PV) generator, 

battery energy storage, loads, and a controlled inter-connection into an LV grid. The converters used to 

couple the PV and the battery storage to the LV grid allow MG operation either in an LV grid  

inter-connected mode or under islanded conditions [19]. Also, experimental tests for islanding  

and synchronization were presented in [9]. The work description in this paper regards the evaluation, through 

numerical simulation, of the inverter-fed MG dynamic behavior under the islanded operation for different 

load conditions and using two different control strategies. The impact of the considering primary energy 

source dynamics and the inverters contributions to faults are issues addressed in this paper [3]. The ability of 

the tested control strategies were evaluated for large disturbances taking place in the MV network, followed 

by a forced islanding mode of the MG. Since there is little inertia in the MG, and MS have small time 

constants, a combination of load shedding strategies and the use of storage devices were investigated in order 

to avoid large frequency and voltage fluctuations during the operating emergency mode conditions [19]. 

 

 

2. PROPOSED METHOD 

2.1. MG Architecture 

Figure 1 shows a typical MG structure, which comprises a LV network, loads or equivalent groups 

of loads (assumed to be controlled or interruptible), both controlled and uncontrolled MS, storage devices 

and a hierarchical-type management and control scheme supported by the communication system used to 

fullfill the potential of dispersed generation aiming at an economical management and optimal technical. The 

MG is centrally controlled and managed by the Micro-Grid Central Controller (MGCC), which is installation 

at the LV side of a MV/LV substation. The MGCC possesses several management functions are both 

technical and economical, in order to fully profit from the dispersed generation resources [21]. A second 

hierarchical control level is established at the MS and loads level: MS are locally controlled by a Micro-

source Controller (MC) and group of loads or electrical loads are controlled by a Load Controller (LC).  

A communication infrastructure must be provided in order to guarantee information exchange between the 

MGCC and the other controllers. The communication system among the described controllers is as follows: 

1. LC is interfacing to control loads through the application of an interruption concept. 

2. MC controls locally the MS active and reactive powers production levels. 

3.The MGCC, as central controller, promotes adequate technical and economical management 

policies are provides set-points to LC and MC; it is also responsible for the local BS functionalities. 

 

 

 
 

Figure 1. MG architecture, comprising MS, loads, and control devices 
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The amount of data to be exchange between network controllers is small, since it includes mainly 

messages containing set-points to LC and MC, information suggestions sent by the MGCC to LC and MC 

about active and reactive powers, voltage levels and messages are to control MG switches. Also, the short 

geographical span of the MG may aid establishing a communication infrastructure using low-cost 

communications. 

 

2.2. Dynamic Modelling of Components 

MS dynamic models are used in the simulation platforms are briefly described in this section.  

The characteristics of the electric energy produced in some MS (high frequency AC power in single shaft 

micro-turbines or DC power in PV and fuel cells) are requires the presence of power electronic stages  

(AC-DC-AC or DC-AC), whose modelling is also presented [14]. 

 

2.2.1. Micro Source Modeling 

Several MS models are able to describe their dynamic behavior, have been developed from available 

literature, which include PV arrays wind turbines, fuel-cells, and micro-turbines [16]. 

A detailed description of the models adopted for single shaft micro-turbines (SSMT) and solid oxide 

fuel cells (SOFC) can be found in [4] and [6]. A small asynchronous wind turbine (constant speed) directly 

connected to the LV grid was also included in the simulation platform. Details of the MPPT control system 

were not added in the PV model. Instead, it was assumed that the array is always working at its maximum 

power level for a given irradiance and temperature as described in [5-6]. Storage devices like flywheels  

and batteries are modelled as constant DC sources (taking into account the time span under analysis). 

The GAST dynamic model [11] was adopted for the primary unit of micro-turbines, since these 

units are small simple-cycle gas turbines. Both split-shaft units (using a power turbine rotating at 3000 rpm 

and a conventional induction generator connected via a gearbox) and high-speed single-shaft units (with a 

synchronous machine) were modeled [17]. The single-shaft micro turbine (SSMT) requires an ac/dc/ac 

converter for grid interconnection. 

A wind generator was also included in the library of MS using for that purpose an IG directly 

connected to the network and represented by a fifth-order model, available in MATLAB Simulink toolboxes. 

Concerning the PV generator, it was assumed that the array is always working at its maximum power level 

for a given irradiance and temperature. Basically, it is an empirical model based on experimental results as 

described in [13], where a detailed MS modeling adopted in the MG project can also be found. 

 

2.2.2. Inverter Modelling 

As Micro generators are inverted networks, the uses of adequate control strategies in the solid state 

converters are crucial for Micro generators operation. These techniques are usually divided into 2 types [7]: 

1. PQ inverter control: the inverter is operated to supply a given active and reactive power set-point. 

2. Voltage Source Inverter control logic: the inverter is controlled to ―feed‖ the load with predefined 

values for voltage and frequency. Depending on the load, the Voltage Source Inverter (VSI) active  

and reactive power output is defined [17]. 

When analyzing the long term dynamic behavior of the MG, inverters are modeled only by their 

control functions. This means that fast switching transients, harmonics and inverter losses are neglected.  

 

2.2.2.1. PQ Converter Control 

The PQ controlled converter operates by injecting into the grid the power available at its input.  

The re-active power supplied corresponds to a pre-defined value, specified locally (using a local control loop) 

or centrally from the MGCC. The PQ inverter control system as shown in Figure 2. 

 

2.2.2.2 VSI Control 

The VSI follows the behavior of a synchronous machine, thus controlling voltage and frequency on 

the ac system. The VSI acts as a voltage source, with the frequency and magnitude of the output voltage 

controlled through droops, as described in the following equations: 

 

           

                                                                                                                                       (1) 
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Figure 2. PQ inverter control system 

 

 

2.2.2.3. Inverter Control during Overloads and Short Circuits 

              Inverter over currents can be caused by overloads or by short circuits. When changing to islanded 

operation or when a heavy load is connected during islanded operation, the initial high variance between 

local load and generation may lead to heavy frequency variations and transient overload of the VSI, since this 

unit has a fast response to this type of situations. In order to overcome this problem, the following two 

solutions were adopted. 

a. Permits a disconnection of less important loads (load shedding activated by under-frequency relays); 

b. Uprate the VSI, permitting an overload situation during a certain time interval (at least greater than 

the one required for load shedding activation). 

 

2.2.3. Network and Load Modeling 

In this paper, the evaluation of the feasibility of MG islanded operation was execute through the 

analysis of the LV network dynamic behavior considering only three-phase balanced operation, inspire the 

fact that this is not the most common situation in LV distribution networks [10] and [23]. Two load types 

were considered: constant impedance loads (dependent on frequency and voltage) and motor loads (induction 

motor with nominal power ranging between 3 and 10 kW). Electrical parameters of motor loads are typical 

values available in MATLAB Simulink SimPowerSystems toolbox. As will be shown, load characteristics 

greatly influence the dynamic behavior of the MG, mainly under short-circuit conditions. 

Controllable loads in the MG, available for load shedding purposes, have also been modeled.  

The amount of load to be shed is defined based on the amplitude of frequency deviation. In this study, motor 

loads have not been considered as settable loads. 

 

 

3. RESEARCH METHOD 

3.1. MG Control for Islanded Operation 

In conventional power systems, synchronous generators are used for voltage and frequency control 

of the entire system. In a MG inverters should be responsible for controlling frequency and voltage during 

islanded operation. Otherwise the Micro generator could experience voltage and/or reactive power 

oscillations islanding of the Micro generator can take place by unplanned events like faults in the HV 

network or by planned actions like maintenance requirements. In this case, the local generation profile of the 

MG can be modified in order to reduce the imbalance between local load and generation and reduce the 

transient [6]. In the presence of unplanned events like faults, MG separation from the HV network must 

occur as fast as possible. However, the switching transient will have great impact on MG dynamics [12]. 

 

3.1.1. Single Master Operation 
A brief review of an SMO is shown in Figure 3. In this case, a VSI-acting as reference-can be used 

as voltage reference when the main power supply is lost being that all the other inverters operated in PQ 

mode (carrier). Local MS controllers can receive information from the MGCC about the generation profile 

and control accordingly the corresponding MS. 
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3.1.2. Multi Master Operation 

As described in Figure 4, in a multi master approach, several inverters are operating as VSI with pre 

specified frequency/active power and voltage/reactive power characteristics. The VSI can be connected to 

storage devices (cells or flywheels) or to Main System with storage devices in the dc-link (batteries, super 

capacitors), which are charged by the primary energy source. Eventually, other PQ-controlled inverters may 

also coexist. The MGCC can modify the generation profile by changing the idle frequency of VSI and or by 

defining new set points for controllable Main system connected to the grid through PQ-controlled  

inverters [22]. 

The block diagram of LV test Network is as shown in Figure 5 above. The implementation of the 

LV test system under the MATLAB® Simulink® environment is shown in Figure 6. This is a modular 

simulation platform, where the control parameters and models can be easily included and modified using the 

―mask‖ functionalities provided by MATLAB® Simulink®. A similar platform was implemented under the 

EMTP-RV®. For this one, a very simple sinusoidal PWM control switching scheme for VSI inverters was 

implemented to analyse the fast transients associated with the initials moments of the BS procedure. 

 

 

 

 
 

Figure 3. Control scheme for SMO 

 

Figure 4. Control scheme for MMO 

 

 

 
 

Figure 5. LV test Network 
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3.1.3. Fuzzy Logic Controllers 

Prof. L.A. Zadeh implemented methodical treatment for Fuzzy Logic controller and later on 

Mamdani and Assilian used fuzzy sets with a reconciling feedback control method to control a small toy 

steam engine. This was the first practical applications of fuzzy logic controller (FLC). Mamdani applied FLC 

in the automatic control system of a rotary furnace for cement manufacturing after that and later on in the 

year 1980, Larsen used the fuzzy logic for various industrial applications. For development of FLC in 

industrial applications first Fuzzy International Conference was held in 1985 in Japan. Yamakawa designed a 

super high speed fuzzy controller for the Sendai underground railways, which was utilized by Hitachi 

Company in Japan. This system automatically decreased the speed of a train on entering a station, ensuring 

that the train stopped at a predetermined place. It also had the benefit of being a highly comfortable ride 

through mild acceleration and braking. Today, there is number of products in the market which are controlled 

by fuzzy logic [9] in which different types of FLC is used. In general this type of FLC contains four main 

parts, two of which perform transformations, which are:  

a. Fuzzifier (transformation 1)  

b. Knowledge base  

c. Inference engine  

d. Defuzzifier (transformation 2)  

Fuzzification measures the values of input variable and converts input data into suitable linguistic 

values. Knowledge base consist a database and provides necessary definitions, which are used to define 

linguistic control rules. This rule base characterized the control goals and control policy of the domain 

experts by means of a set of linguistic control rules. Decision-making logic or inference mechanism is main 

part of a FLC. It has the capability of simulating human decision-making based on fuzzy concepts and of 

inferring fuzzy control actions employing fuzzy implication and the rules of inference in fuzzy logic. 

Defuzzification is a scale mapping, which converts the range of values of output variables into corresponding 

universe of discourse and also yields a non-fuzzy control action from an inferred fuzzy control action. This 

transformation is performed by Membership Functions (MF). In FLC, number of MF and their shapes are 

initially determined by user. 

 

 

 
 

Figure 6. LV Network for the MATLAB Simulation 
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3.1.4. Fuzzy Logic MPPT Controller 

Recently fuzzy logic controllers have been introduced in the tracking of the MPP in PV 

systems.They has the advantage to be robust and relatively simple to design as they do not require the 

knowledge of the exact model. They do require in the other hand the complete knowledge of the operation of 

the PV system by the designer. 

The proposed FL MPPT Controller, shown in Figure 7, has two inputs and one output. The two FLC 

input variables are the error E and change of error CE at sampled times k defined by: 

 

 ( )  
   ( )     (   )

   ( )     (   )
 

 

  ( )   ( )   (   )       (2) 

 

where Pph (k) is the instant power of the photovoltaic generator. 

The input E (k) shows if the load operation point at the instant k is located on the left or on the right 

of the maximum power point on the PV characteristic, while the input CE (k) expresses the moving direction 

of this point. The fuzzy inference is carried out by using Madani’s method, (Table 1), and the defuzzification 

uses the center of gravity to compute the output of this FLC which is the duty cycle: 

 

        (3) 

 

The fuzzy inference engine, based on the input fuzzy sets in combination with the expert’s 

experience, uses adequate IF-THEN rules in the knowledge base to make decisions and produces an implied 

output fuzzy set u. For this particular application, the proposed IF-THEN fuzzy rule base is shown in Table 1. 

 

 

Table 1. The Proposed IF-THEN fuzzy rule base 
E\CE NB NS ZE PS PB 

NB ZE ZE PB PB PB 

NS ZE ZE PS PS PS 
ZE PS ZE ZE ZE NS 

PS NS NS NS ZE ZE 

PB NB NB NB ZE ZE 

 

 

3.2. Simulation Platform 

A simulation platform under the MATLAB Simulink environment was developed in order to 

evaluate the dynamic behavior of the MG. An LV test network was built based on a system defined by 

NTUA and used to test both the proposed control strategies (SMO and MMO). A detailed description of the 

test system and its electrical parameters can be found in [20]. Figure 9 shows the MG single-line diagram. 

The implementation of the LV test network using the MATLAB Simulink is shown in Figure 6. 

 

 

4. RESULTS AND DISCUSSION 

Disconnection from the upstream MV network and load-following in islanded operation was 

simulated in order to understand the dynamic behavior of the MG and to evaluate the effectiveness of the 

developed control approaches. MG islanding can occur in two different situations (scheduled islanding  

and forced islanding) with possible faults taking place in the MV or LV grids. Due to space limitations, only 

results from forced islanding, due to faults in the MV grid, are described next. In this scenario, the SOFC  

and the SSMT are supposed to be the controllable MS used for the secondary load-frequency control using 

the scheme [15]. Two load/generation scenarios using the single master operation strategy with a VSI are 

tested, and only the SMO corresponding results are described next. 

 

4.1.   Single Master Operation 

The scenario is characterized by a local load of 80 kW (65% of impedance type and 35% of 

induction motor type) and a local generation of 50 kW (high load scenario). A fault in the MV side occurred 

at followed by MG islanding 100 ms after. Due to the large initial frequency deviation, a certain amount of 
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load is automatically shed through the activation of under-frequency load shedding relays in order to aid 

frequency restoration. This load is later reconnected in small load steps, to avoid load disconnection by 

activating the under-frequency load shedding relays. Load reconnection in small steps allows the evaluation 

of the MG behavior under load-following conditions (see Figure 8). The principles described for current 

limitation in inverters can also be observed in Figure 9 for the VSI for a PQ-controlled inverter (SOFC 

inverter) [15]. The reacceleration of motor loads leads to a relatively slow ramping up of the voltage after 

fault clearing. Motor loads and asynchronous generators absorb high currents after disturbance elimination, 

which lead to the activation of the short-circuit current limitation function in the VSI. Terminal Voltages  

and Currents during and subsequent to the MV fault and islanding procedure as shown in Figure10. 

 

 

 
 

Figure 7. General diagram of fuzzy controller 

 

 

 
 

 
 

 
 

Figure 8. MG frequency, VSI active and reactive power, and SOFC and SSMT 
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 5.     CONCLUSION 

Simulation results indicate that the islanding of the MG can be performed safely under several 

different power importing and exporting conditions. Storage devices are absolutely essential to implement 

successful control strategies for MG operation in islanded mode with the load-shedding procedure assuming 

also very high importance to avoid fast and long frequency deviations. Rules and conditions to be checked 

during the restoration stage by the MG components were derived and evaluated through numerical 

simulation, proving the feasibility of such procedures. 

a. The controllers by fuzzy logic can provide an order more effective than the traditional controllers 

for the nonlinear systems, because there is more flexibility. 

b. A fuzzy logic MPPT controller is proposed to extract maximum possible power from a photovoltaic 

array. The algorithm works as a direct method of MPPT through a buck-boost converter placed in 

parallel with the PV array. The obtained results from simulation setup confirm that the designed 

system is fast, robust and efficient. The results also show the capability of the proposed FL MPPT 

system to track the voltage which is respective to the maximum output power. It results in 

 
 

 
 

Figure 9. Voltages and reactive powers  

(high load scenario) 

 

 

 
 

 
 

Figure 10. Terminal Voltages and Currents during 

and subsequent to the MV fault and islanding 

procedure 
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increasing the efficiency of the PV panel and reducing the bad effects of weather changing as much 

as possible. 
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