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Abstract—This paper proposes improve For a solar photovoltaic (PV)-wind-battery energy storage (BES) based micro 

grid system, the grid synchronisation of a renewable (Solar and Wind) energy sources based distributed generation 

system (DGS) is controlled to operate in the grid connected mode and an islanded mode using the Mamdani-fuzzy logic 

controller (FLC).An expert speed controller based on Mamdani-fuzzy logic controller (FLC) has been developed for a 

solar photovoltaic (PV)-wind-battery energy storage (BES) based micro grid system. The proportional and integral 

gains of the proportional integral (PI) controller are tuned by the Mamdani FLC. During dynamic situations, the 

traditional PI controller suffers from excessive overshoot and narrow bandwidth. These problems are overcome by 

fine-tuning the controller gains on a regular basis. The Mamdani adapted PI controller takes the speed error and the 

change in speed error as input and provides the adjusted gain parameters of the PI controller according to the 

operating conditions. For maximum power extraction, the double-stage solar PV array with intermediate boost 

converter employs an incremental conductance (InC) MPP method. The flexible power flow is allowed by using a 

battery at the DC link. A prototype is developed in the laboratory and tested in accordance to IEEE519 standard under 

steady state and dynamic conditions including variable wind speeds, changing insulation and load unbalanced 

conditions. 

Keywords —Distributed Generation System, Load converter, Machine Converter, photovoltaic, Power Quality, Synchronization. 

 

I. INTRODUCTION 

Due to the abundance of renewable energy sources 

(RESs), distributed generation systems (DGSs) based on 

RESs are gaining traction now a day’s [1]-[2]. 

Environmental concerns caused by the retirement of fossil 

fuel power facilities have fueled the expansion of RES-

based DGS. Due to the intermittent nature of RES such as 

solar and wind, the RES-based DGS faces various issues, 

such as voltage and frequency fluctuations in an islanded 

mode [3]. As a result, in the islanded mode of operation, the 

storage battery is introduced in the RES based DGS. The 

importance of a storage battery in an islanded DGS has 

been reported by Alsaidan et al. [4] and Datta et al. [5]. As 

a result, RES-based DGSs can provide high-quality power 

to local loads. Despite its many positive attributes, the DGS 

is still a young technology. Various control and operational 

challenges, such as grid synchronization control in grid-

connected mode, stability and reliability, power 

management, and voltage control in islanded mode [6]-[10], 

are thoroughly investigated. Various grid synchronization 

approaches are described in the literature [11]-[14] in order 

to increase control performance and inject high quality 

power into the grid. In multifunctional DGS, the accurate 

phase angle detection approach plays a critical role in the 

grid synchronization unit. Various phase angle detection 

techniques have been published in the preceding few 

decades, including SRF-PLL (Synchronous Reference 

Frame- Phase Locked Loop), ANF (Adaptive Notch Filter) 

[13], and CDSC-PLL (Cascaded Delayed Signal 

Cancelation) [14]. When input voltages are distorted and 

imbalanced, these reported techniques use a phase angle 

detection methodology. However, under nonlinear loading, 

this technique ignores the mode of transitioning from an 

islanded to a grid-connected state. The MSOS–FLL 

(Modified Second Order Sequence Frequency Locked 

Loop) is utilized to estimate the phase angle of the grid 
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voltage in the proposed DGS, and an individual 

synchronization mechanism is employed to quickly move 

from an islanded mode to a grid linked mode and vice 

versa. This phase angle estimator performs well when 

frequency varies, which is useful in the MSOS-FLL. A new 

grid-connected control is also presented to improve the 

performance of DGS in the grid-connected mode of 

operation under dynamic situations, in addition to the 

synchronization technique. 

The switching pulses for the grid-connected VSC 

(Voltage Source Converter) are typically generated using an 

indirect current control [15]. The indirect control has been 

mentioned extensively in the literature [16]-[21]. The 

reference grid currents in a solar grid-connected system are 

estimated using the fundamental load current and other feed 

forward terms in an indirect current control. The filter used 

to determine the load current fundamental for reference grid 

current calculation was explained by Vishal et al. [17]. The 

disclosed control strategies, on the other hand, have a few 

advantages over other control systems. SRF (Synchronous 

Reference Frame) [17] based control techniques are 

resilient and fast in normal conditions, but their 

performance is harmed by DC-offset conditions and 

imbalanced load currents. Similarly, control approaches 

based on PLL, EPLL [18], SOGI [19], advanced SOGI-PLL 

[20], and SOGI-FLL [21] have some advantages and 

disadvantages. In the grid-connected mode, this paper uses 

an IAPV (Improved Affine Projection Versoria) based 

adaptive VSC control algorithm with an improved feed-

forward term [22]-[23]. The IAPV has a number of 

advantages over existing control methods. 

In addition to a quick, adaptive, and resilient grid-

connected filter, an improved feed-forward term is provided 

to increase the system's dynamic response. The primary goal 

of the IAPV control algorithm in grid-connected mode is to 

estimate balanced and sinusoidal reference grid currents 

regardless of grid voltage operating conditions. In addition, 

in the islanded mode of operation, the VSC (LC-Load 

Converter) control switches to voltage control mode, which 

is based on PR (Proportional Resonant) rather than PI 

(Proportional Integral) control? Because PI control's 

response and tracking capabilities are insufficient for AC 

amounts. As a result, the focus of this paper is on 

multifunctional and multi-objective DGS. An extensive 

literature survey [24]-[44] has been included in Table I to 

illustrate the paper's key contribution. The following are the 

primary contributions of this work. 

 Based on grid availability and grid failure, this 

distributed generation system (DGS) is run in an 

islanded mode and a grid-connected mode. 

 The MSOS-FLL based phase angle estimator is 

utilised in the synchronisation unit to improve grid 

synchronisation and to protect the synchronisation 

process from voltage distortion and frequency 

variation. 

 The revised affine projection versoria control 

algorithm is employed in grid-connected mode to 

inject solar and wind-generated active energy into 

the grid with improved power quality. In addition, 

the grid currents are insulated from DC-offset and 

load current harmonics. 

 In grid-connected mode, the solar power feed-

forward term is employed to increase DGS' 

dynamic reaction to fast and sudden changes in 

solar irradiation. 

 In the event of a grid fault, the DGS shifts to an 

islanded mode without any transitory. The PR 

controller is used to achieve balanced and 

sinusoidal CCP (Common Coupling Point) 

voltages in an islanded mode of operation of DGS. 

As a result, CCP voltages' power quality is always 

well within the IEEE-1547 standard. 

 

II. DGS CONFIGURATION 

A DGS (Distributed Generation System) with a solar PV 

(Photovoltaic) array, a wind turbine-driven SCIG (Squirrel 

Cage Induction Generator), and an energy storage battery is 

shown in Figure 1. As indicated in Fig. 1, the grid is 

connected to DGS's CCP (Common Coupling Point) using 

solid state switches (Solid State Switches). The boost 

converter connects the solar PV array to the LC (Load 

Converter (DC-link )'s and provides the solar-generated 

active power to the DC-link. MC is used to regulate the 

SCIG wind turbine (Machine Converter). As indicated in 

Fig. 1, two R-C filters are utilised to eliminate switching 

noise from the CCP voltages. 

  

III. CONTROL STRATEGY 

To alter the DGS mode, the converter control approach is 

employed. In this application, two converters are used: one 

for generator control and the other for load/grid power 

control. The load side converter (LC) regulates the islanded 

micro grid's voltage and frequency, as well as grid 

connection/disconnection control and grid power quality, in 

grid connected mode. The machine converter extracts the 

peak power from the wind generator while simultaneously 

monitoring the generator current quality. To ensure that 

local loads receive uninterrupted power, this DGS operates 

in both grid-connected (GC) and islanded mode (IM).This 

paper presents a robust control technique for operating DGS 

in IM and GC modes without any transients. 

This work shows how to operate DGS in IM and GC 

modes without any transients using a strong control method. 

The control strategy is broken down into three parts: (1) 

grid-connected mode (as shown in Fig. 2), (2) islanded 
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mode, and (3) synchronization control. For active power 

balancing, a storage battery is employed in this DGS, which 

is coupled to the DC-link through a bi-directional DC-DC 

converter (BDC). The BDC's job in this DGS is to maintain 

the battery current safe even when the second harmonic is 

present by controlling the DC-link voltage as shown in Fig. 

3. The control algorithm of the DGS is detailed in the 

following subsections. 

 
Fig. 1 Distributed generation system configuration 

 

A. Grid-Connected Mode of DGS  

The LC switching pattern is generated using an indirect 

current control in grid-connected mode. The IAPV 

(Improved Affine Projection Versoria) algorithm is used to 

control the indirect current of LC, as shown in Fig.2 (a). 

The IAPV filter is used to estimate reference grid currents 

to improve grid current quality for highly nonlinear loads. 

The load current fundamental component is estimated using 

the IAPV approach. The IAPV control method requires the 

in-phase component to determine the load current basic 

component, as shown in Fig. 2. (a). A formula for 

estimating in-phase unit templates is as follows: 

    (1) 

 

Where, vga, vgband vgcare grid phase voltages. The grid 

phase voltages are computed through the following 

expression, 

             (2) 

 

Where, vgab+, vgbc+ are the positive sequence line 

voltages and these positive sequence voltages are estimated 

using the MSOS (Modified Second Order Sequence)-FLL 

as shown in Figs. 3-4 and following governing equations. 

 

(3) 

 

 
Fig.2 Grid connected control (a) for LC and (b) for MC 

 

         (4) 

 

                                                     (5) 

 

Where, vgab+, vgbc+ and vgca+ are the positive 

sequence voltages. The fundamental active current 

component is estimated as [45], 

 

                 (6) 

 

                (7) 

 

and μ is equal to .0025. 

 

                          (8) 

 

Where, Kdc,a is an adaptive variable to reject the DC-

offset component. Similarly, the active weight components 

of load currents for phase ‘b’ and ‘c’ are estimated as, 

 

                       (9) 
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                        (10) 

 

                    (11) 

 

                        (12) 

 

 

 
Fig. 3 Positive sequence estimator 

 

 
Fig. 4 MSOS-FLL block diagram 

 

 

 

 
Fig. 5 BDC and solar PV array peak power control 

 

 
Fig. 6 Islanded mode of LC control 

 

The average fundamental load current is estimated as, 

 

   (13) 

The reference grid current weight is computed as, 

  (14) 

 

Where, Idc is a weight component for DC-link voltage 

control. The common DC-link voltage is controlled through 

a PI controller, which is formalized in discrete time as, 

  (15) 

 

Where, Ve is error of reference DC-link voltage (Vdc*) 

and the sensed DC-link voltage (Vdc).  

Ifpv and Ifw are the PV power and wind power feed-

forward terms, respectively. The PV feed-forward term is 

estimated as, 

                        (16) 

 

Therefore, the response of the system is improved under 

dynamic condition.  The reference sinusoidal grid currents 

are estimated as follows, 

 

(17) 

 

The hysteresis current controller is used to generate the 

switching pulses of LC. The hysteresis band error is 

calculated using reference and measured grid currents. The 

MC control for extracting the wind peak power with better 

SCIG power quality is shown in Fig. 2 (b). As shown in Fig. 

2, the MC control is based on an indirect vector control (b). 

In addition, Fig. 5 depicts the DC-link voltage regulation 

technique in conjunction with the solar peak power 

extraction management algorithm. The BDC (Bidirectional 

DC-DC Converter) in islanded mode is used to regulate the 

DC-link voltage. In the grid-connected mode, however, an 

outside PI (Proportional Integrator) is saturated, and BDC 

switching pulses are obtained by using the constant current 

mode, while DC-link voltage control is performed by using 
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the load converter. The outer PI controller is saturated in 

grid linked mode, and the battery reference current is equal 

to the lower saturation limit. The PI controller for battery 

current is written as, 

 

       (18) 

 

Where, Ibe is error between the reference and sensed 

battery currents. These kpib and kppb are the gains of the PI 

controller.  

 

B. Islanded Mode of DGS  

The LC is employed to create the CCP voltages in the 

islanded mode using the PR (Proportional Resonant) 

controller, as shown in Fig. 6. The DSP (Digital Signal 

Processor) and reference voltage Vref = 230*2/(3)V and 

frequency (fref = 50Hz) provide the reference CCP voltage. 

The VSC control method in islanded mode comprises of 

three PR (Proportional Resonant) controllers. The outputs 

of PR controllers are written as [46], 

 

     (19) 

 

   (20) 

 

         (21) 

 

Where, n0,n1,n2,d1 and d2 are given in [24]. 

 

                             (22) 

    (23) 

                            (24) 

 

Where, vsa*, vsb* and vsc* are the reference phase 

voltages and vsa, vsband vscare sensed CCP phase voltages. 

CCP phase voltages are estimated through line voltages, 

which are expressed as, 

 

                (25) 

 

Where, vsab+,vsbc+ and vsca+ are line voltages as 

shown in Figure. In an islanded control algorithm of VSC, 

the PR controllers give reference converter currents (ivsca, 

ivscb and ivscc). The hysteresis current controller is used to 

generate the VSC switching pulses.  

 

C. Modified Second Order Sequence (MSOS)–FLL based 

Synchronization Control  

 

If grid availability is confirmed, the islanded DGS is 

switched to grid-connected mode, as shown in Figs. 5. The 

calculation of grid voltages phase angles and islanded CCP 

voltages phase angles is the theory underpinning the grid 

synchronizer process. The DGS synchronization unit is used 

to synchronies the phase islanded DGS voltages and grid 

voltage phase angles. MSOS-FLL is used to estimate the 

phase angles of the grid and CCP voltages. The phase 

estimator technique is quick and can estimate phase angles 

even when grid voltages are skewed. Following the 

calculation of phase angles, a PI (Proportional Integral) 

controller is utilized to match the phase angles of grid and 

CCP voltages. 

 

(26) 

 

Where Δθd is the PI controller output and θe is the error 

of grid and standalone phase angle and it is expressed as, 

 

                          (27) 

 

Where θg is the grid voltage angle and θs is the 

standalone voltage angle. The updated phase angle (θn) is 

given to the 

standalone controller for generating the standalone 

voltage same as the grid voltage as shown in Fig. 5. Hence 

the new updated phase angle is as, 

 

                     (28) 

 

Where θs is the islanded CCP voltages phase angle. 

IV. NEW PROPOSED CONTROL 

STRATEGY 

A. Analysis of Fuzzy Predictive Control 

Combination with smart intelligent control has been 

recommended to get good robustness to the rapid change 

and uncertainty of these variables, in addition to the 

development in prediction algorithms of variables that 

satisfy the required calculations. To obtain a hybrid control 

method, FPC can be formed by combining FLC with MPC. 

The theoretical study of this proposed model and its 

operation in all elements of the system is described in the 

following sections. First and foremost, in the inner and 

outer circuits of MSC control, the FOC design has been 

employed to construct a PI controller as a typical control 

scheme. Because typical PI controllers are fixed gain 

feedback controllers, they are unable to correct for process 

parameters such as KP and KI fluctuations. PI-controlled 
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systems are also less responsive to real-time and relatively 

quick changes in wind speed. As a result, new robust 

controllers are becoming increasingly important for 

adhering to grid code standards and engineering 

suggestions. Intelligent control systems, such as FLC, are 

being used in recently developed ways to ensure proper 

system behavior and operation. When compared to standard 

control systems, FLC system technique can improve 

tracking performance for both grid and load coupled loads, 

whether linear or non-linear. The combination of an FLC 

system controller and an MPC creates a hybrid control 

system called Fuzzy Predictive Control (FPC), which 

minimizes overshoot and settling time while achieving 

quick output signal response. Figure 9 is a schematic 

diagram of the FLC system that was employed. Input and 

output variables are determined using the methods outlined 

in Chapter 4. The error e and the change of error e are the 

system's two input variables. The form of the rule base's 

membership functions determines how an FLC behaves. 

The output of the FLC is used to create the FPC scheme 

in this part. As a result, the output should be the iq reference 

value, which will be used as an input by MPC. The 

membership function values are assigned to the linguistic 

variables using seven fuzzy subsets called: Negative Big 

(NB), Negative Small (NS), Zero(Z), Positive Small (PS) 

and Positive Big (PB). The signals e and Δeare selected as 

an input to FLC in all cases as shown in Figure 7, while the 

output values of isq(k) is the outputs of the FLC as shown in 

Figure 8. In MSC, the signal e is the error between the 

reference current signals i∗ sdand i∗ sqand actualcurrent 

signal of the system for both d and q circuits as mentioned 

respectively, Δeis the change in error in a sampling period 

of time. In the same manner described, the fuzzified inputs 

are fed to the interface engine which is mainly consists of 

fuzzy rule base and fuzzy implication sub blocks.  

 

Table-1 Rule base table of the Fuzzy Controller 

 

 
Fig. 7 Membership Function of FLC for the input variables 

 
Fig. 8 Membership Function of FLC for the output variables. 

The rule base is used at this stage to generate the output 

fuzzy set, which is then identified using the fuzzy 

implication approach. In the inference process, many 

approaches are used, such as the max-min implication 

methodology. Table-1 shows the interface fuzzy memory 

rules that apply to the proposed system. The output fuzzy 

range is located if the fuzzification procedure is complete. 

Defuzzification is required at this stage to transform the 

control signal's fuzzy value to a non-fuzzy value. In the 

proposed solution of the signals, the centroid 

defuzzification method is employed to reverse the 

fuzzification process. 

 

B. Structure of the Proposed Technique 

FLC's high performance allows designers to combine it 

with neural networks, genetic algorithms, adaptive and 

predictive controllers to boost output performance when the 

system's uncertainty parameters are high. The FPC system 

can control the output currents of both the generator and the 

grid while managing the system model. The suggested 

algorithm, MSC, was implemented using system controllers. 

 

 
Fig. 9 Structure of Fuzzy Logic Controller 

 

V. RESULTS AND DISCUSSION 

To demonstrate the effectiveness and robustness of the 

presented control, a DGS is developed in the laboratory as 

well as simulated in MATLAB/Simulink. The fast and 

accurate phase angle information is necessary for fast 

synchronization of the islanded micro grid to the grid. 

MSOS-FLL also improves the reference grid current 

estimation performance because the unit vector information 

is used in the reference grid current estimation and the 

MSOS-FLL algorithm obtains it by estimating the positive 
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sequence voltages from the unbalanced and distorted 

voltages. The comparison of phase angle estimation 

performance at variable frequency using SRF-PLL, SOS-

PLL and the MSOS-FLL. It is observed that at constant 

frequency, the performance of SRF-PLL, SOS-PLL and 

MSOS-FLL are similar. However, during the change in the 

frequency, the performance of MSOS-FLL is superior, and 

it is giving accurate phase angle information. comparison of 

synchronization performance using SRF-PLL and MSOS-

FLL. It is observed that a synchronization of an islanded 

micro grid to the grid using MSOS-FLL is faster. Fig. 10(a) 

shows the seamless grid connection from an islanded to the 

grid connected mode. Fig. 10(b) shows the performance of 

the grid connected system at unbalanced load. Fig. 10(b) 

shows the battery current (Ib), grid current (ig), load current 

(iL), PV current (Ipv) and wind current (Iw). At unbalanced 

load, the battery current (Ib) is free from the second 

harmonic. Fig. 10(c) shows the response of DGS at solar 

insolation change and wind speed variation. 

 

 
                                             (a) 

 
                                            (b) 

 

                                           (c) 

 
                                     (d) 

 
                                         (e) 

 
                                     (f) 

 
                                       (g) 
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                                       (h) 

 
                                         (i) 

 
                                        (j) 

 
                                          (k) 

 
                                          (l) 

Fig. 10(a) “(a-i)” Performance of DGS in simulation grid 

synchronization 

 

 
                                        (a) 

 
                                        (b) 

 
                                         (c) 

 
                                        (d) 
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                                          (e)  

 
                                        (f) 

 
                                           (g) 

 
                                         (h) 

 
                                        (i) 

 
                                        (j) 

 
                                        (k) 

 
                                          (l) 

Fig. 10(b) “(a-i)”Performance of DGS in simulation load 

unbalanced 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 
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(j) 

 
(k) 

 
(l) 

Fig. 10(c) “(a-i)” Performance of DGS in simulationsolar insolation 

and wind speed variation 

 

VI. CONCLUSION  

Performance of micro grid that includes solar PV array 

and wind energy generating system with BES, is validated 

with the use of appropriate control schemes on a prototype 

developed in the laboratory. The DGS has been shown in 

many modes of operation, including islanded mode and grid 

connected mode with switching mode. The performance of 

the system is found effective for steady state and dynamic 

conditions including changing wind speeds, varying solar 

insulation level and load unbalanced conditions. The results 

of the tests demonstrate the robustness of the control 

approach, which can work in grid linked mode. Moreover, 

the transient free mode change is also presented through test 

results. The results have demonstrated the performance of 

DGS at The MSVSC control using FLC adapted PI speed 

controller, provides fast tracking of the control signal with 

less overshoot, reduced settling time and with less 

oscillations. Different dynamic conditions and validated the 

robustness and effectiveness of control. The usefulness of 

the feed-forward term in the grid connected mode, as well 

as the smooth operation of the grid connected mode during 

a battery disconnection, was also demonstrated in the tests. 
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