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Abstract 
 
The paper incites to plan a linear quadratic regulator (LQR) based actuator 

with a view to enhance the standard of power delivered to the load from a 

Micro-Grid inverter in a standalone distribution system. The hybrid solar and 
wind sources through their respective converter interfaces constitute the dc 

input to the system. It engages a maximum power point tracking (MPPT) 

actuator in order for regulate a new familiar dc bus voltage and allow to 

exploit both the sources in accordance with their availability. The main thrust 
owes to introduce the principles of the LQR for arriving at the appropriate 

reference which along with the carrier serve give rise to the pulse width 

modulation (PWM) pulses for the switches in the invertor. It engages to vary 
the modulation index of the inverter in an effort to reshape the reference 

wave and there from reduce the total harmonic distortion (THD) producing 

the voltage besides lowering the harmonic spread factor (HSF). fresh scope 

for the use of the formulation in practical hybrid renewable energy driven 
utilities. The simulation results obtained using MATLAB software 

demonstrate the effectiveness of the methodology through lower values of  
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THD and HSF over both the PI and the sliding mode (SM) approaches The 

experimental results from the prototype serve to validate the performance 

and espouse  
 

Key words:Micro grid inverter, Linear Quadratic Regulator, Total 

Harmonic Distortion, Harmonic Spread Factor, Pulse Width modulation  and 

Permanent Magnet DC Generator. 
 

1 Introduction 
 

 The demand for electrical energy continues to increase as a result of the 
automation drive and the emerging impetus to the use of electric vehicles. 

The strides in the power electronic technologies further add a new dimension 

in this perspective and appear to revolutionize the power generation scenario. 
Besides the need for the compliance of the clean energy act and the zero 

emission principles augur the restrictive role of the conventional generating 

systems.  

 The renewable energy sources being inexhaustible invite attention and 
forget to be sustainable alternatives to the existing resources. Though a 

variety does exist, still the solar and wind forms claim to be reliable 

substitutes and contribute reasonably to supplement the growing imbalance 
of power. The technology behind their operation further orients to be user 

friendly and reach the level of practical entities.  

 The hybrid power generation evolves to be a new innovative concept 
through which combinatorial sources together strive to meet the demand. 

However the use of two renewables in parallel fosters the trend and governs 

the operation of the Micro-Grid as distributed generations (DGs).  However 

the challenge entourages to address the discontinuity in the availability of 
both the solar and the wind and creates the need for the operation of the 

storage system in tandem. In any case since the basic character of both wind 

systems and solar systems, the production of electric powers from wind 
turbine and the PV array turn out to be complementary.  

 The success of the hybrid system relies on the operation of a suitable 

control strategy to extradite the delicacy in the co-ordination and ensure the 
power quality stipulations. Though a good number of controller mechanisms 

remain in vogue, still improvements urge to open up the field of study and 

embark on different methodologies. The remaining details of this paper are 

discussed under different sections, in section II literature survey made for 
this work are discussed, section III describes problem formulation in the 

topology, section IV deals with proposed method design, techniques etc., 

control strategies of the proposed method are discussed in section V, in 
section VI, VII simulation result and the hardware implementation of the 

proposed system are studied, and finally the proposed system is concluded in 

section VIII. 
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2 Literature Survey 
 

  The front-end rectifier latest system appearance stage for a hybrid 
wind/photovoltaic energy system that permits to supply the load by the 

source in two ways as distinct or at the same time hang on the accessibility of 

the energy sources has been proposed. In wind system an adaptive MPPT 

algorithm has been worn and for a PV system standard perturb and spot 
technique are worn. The performance scanning of the system has been 

debated and the simulation opinion presented to focus its merits [1. 2].A 

leader ship plan has been established to collect from a standalone distributed 
hybrid power system to boost the concurrent energy which comprise of the 

solar, wind, battery storage and the load. A supervisory controller has also 

been incorporated to achieve the source type allotment and the remaining of 

the energy in the operating contingencies. The exact function of the 
supervisory controller and the functionality of the MPPT algorithm are given 

by the simulation result in all handling order for either wind power or the 

solar power [3, 4]. A multi-input single-phase grid-coupled inverter has been 
handled from a hybrid photovoltaic (PV)/wind power system. A better 

predictive current control algorithm based on space vector pulse-width-

modulation (PWM) has been expanded and comprehensive system security 
functions executed for workable applications. The workable results have 

been proposed to describe the multi-input inverter performance and display 

its merits [5].Two SEPIC converters have been integrated to support a single 

phase bi directional inverter and the duty cycle perturbed in accordance with 
the hill climbing algorithm to generate the gate input through to the SEPIC 

converter. The control stream joining ac grid and dc bus has been 

accomplished through the bidirectional inverter and the model of 
photovoltaic system with MPPT function is demonstrated by using 

MATLAB/Simulink software package [6]. 

 For joining the hybrid ac/dc power source with depository to the 

installation of compound –input versatile matrix converter (VMC) has been 
suggested. The VMC has been expanded over   traditional indirect matrix 

converter and allowed to function in the reverse-boost mode, can therefore be 

connected to the VMC. The power pm combinations of further sources or 
three-phase ac and dc sources have been directed in order for three-phase 

profitability grid through the current-source inverter of VMC. It has been 

enabled using the known command and moderate strategy, which aid to 
support virtually-sinusoidal output and input current waveforms [7, 8]. 

 A SEPIC has been configured to receive energy either from a single 

source or in combination with the other resources.. The reference voltage and 

currents have been generated from the fuzzy logic algorithm and the 
maximum power point tracking (MPPT) form pulse width modulation   

(PWM ) pulses manufactured to provide a persistent voltage to the 

inverter[9,10].  
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 A wind conversion system has been designed to constitute a system with 

a permanent magnet synchronous generator (PMSG); a dc/dc boosts and bi-

directional dc/dc converters and a full-bridge inverter. It has been developed 
as suitable for a photo voltaic energy or hybrid wind with a front-end rectifier 

stage. The arrangement has been seen to enable the sources to supply the 

load in two ways as separately or simultaneously, hang endlessly the 
availability of energy sources. The fused multi-input rectifier stage has 

engaged to ensure the use of the most power   from both wind and sun. The 

merits of the proposed circuits are highlighted [11].A topology with a switch 
mode boost converter in dual stage, a dual-stage switch mode buck converter, 

an H-bridge inverter and a T-LCL (T-Network immittance conversion circuit 

has been introduced to arrive a pure sine wave grid-tie inverter (GTI) suitable 

for photovoltaic (PV) approach . The gate pulses have been obtained from a 
compound of sinusoidal pulse width modulation (SPWM) and square wave 

signal under grid contemporize state .The simulation results in the PSIM 

platform have been projected not only reveal that the initiated inverter 
abolish the output voltage are constant in terms of a lower total harmonic 

distortion (THD) but prove to be efficient, compact in size and cost effective 

[12]. Despite the continuous developments, there exists a huge scope to 

explore the design and implementation of more appropriate control schemes 
to claim a better quality of power from a hybrid renewable energy driven 

inverter system. 
 

3  Problem Formulation  
 
 The emphasis attempts to create a hybrid renewable energy system 
comprises solar and the wind resources to driving the Micro-Grid inverter 

within the purview of a standalone distribution system. The focus revolves 

on the design of a LQR based controller for governing its operation and 
encompassing measures to improve the standard of the power transmitted to 

the load. The steps foray to develop the model in the state space format and 

bring in the principles of the control theory to accordingly frame the 
reference for reducing the THD in the input current and that along with the 

HSF of the output voltage. It includes evaluating the performance both 

through simulation and hardware for projecting the viability of the scheme 

and establishing its merits.  
 

4  Proposed Strategy 
 

 The block diagram of the proposed system is discussed in the Fig.1, 
which consists of a combinatorial permanent magnet direct current (PMDC) 

based wind energy generation system (WEGS) and Solar PV based solar 

energy generation system (SEGS)  to drive a micro-grid invertor with stand 
alone system.  
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 It includes a boost converter and SEPIC which ensure the maximum 

power point tracking (MPPT) and deliver the modulated dc link voltage and 

a capacitor maintain the voltage constant [13].  
 The configuration permits the hybrid energy sources to be secured either 

series and/or in parallel and at any case the multi input voltage remains 

connected to the SEPIC. It operates on the theory of the MPPT perturbed 

duty cycle algorithm more often in the boost mode to yield the requisite dc 
voltage to inverter The presence of the inductor and the capacitor in the 

SEPIC facilitates it to work as a second order filter and reduce the ripple 

contents, besides bringing in the double frequency suppression effect in the 
dc voltage. 

 The micro-grid inverter assuages to offer the ac power for the load utility 

at the specified RMS voltage and frequency. It augurs the etiquettes of the 
design of a linear quadratic regulator (LQR) in its efforts to upgrade the 

standard of power given to the load.          

 

 
 

Figure 1: The proposed system block diagram 

 

 The equation1 represents the input to output voltage relationship in the 
event of the only the PV source being available 

                                                                                              (1) 
With the wind source alone being available, the input to output voltage 

relationship may be written as in the equation 2. 

                                                                                                   (2) 
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Figure 2: Circuit Diagram of Hybrid solar wind system 

 

 From the Circuit diagram of Hybrid solar wind system shown in Fig. 2 

the circuit sketch of the renewable hybrid energy system where in the turn on 

duration of M1 persists to be lasting than or equal to M2, then the state of 
switching turn out to be I,II and IV modes of operation. However the 

switching states follow the sequences I, III and IV modes if the conduction 

periods of the switch become vice versa. The sequence of operation follows 
four modes in which both the solar and the wind source remain available in 

the first mode. While the switches M1 and M2  ON, capacitors C1 and C2 

become associated along the reverse biased diodes D1 and D2 respectively to 

derive the equivalent circuit seen in the Fig. 3. 

 
Figure 3: Circuit configuration of hybrid energy system 
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 With wind and the solar alone being available to constitute the second 

and third modes respectively, the switches M1 and M2 respectively turn ON 

leaving the other in the OFF state. The diodes D2 and D1 equivocally 
become reverse biased and enable the independent operation of either of the 

two sources to realize the equivalent circuits configuration with the 

independent solar source and wind source in Fig. 4 and 5 respectively.  

 
Figure 4:Circuit configuration with independent solar source 

 
Figure 5: Circuit configuration with independent wind source 

  

 The fourth mode reflects to the case where both the solar and wind 

energy being unavailable and the switches M1 and M2 remain in the OFF 

state. The current from the inductors L1 and L3 force D1 and D2 to become 
reverse biased and yield the equivalent circuitconfiguration in absence of 

both the sources shown in the Fig.6 
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Figure 6: Circuit configuration in the absence of both the sources 

 On the application of the volt - balance to L1 and L3, the average output 

dc voltage (  can be related with capacitor voltage ( and ) using 

the equation 3 and on simplification the equation 4 gives median output 

voltage in terms of the  input sources ( and ) to establish the fact that 

 may be simply controlled either by varying the duty cycles M1 and M2 

individually and or simultaneously. 

                          (3) 

                          (4) 
 

5  Control Strategy 
 

 To yield enlarged system efficiency and higher balance in every supply 

the hybrid renewable energy systems (HRES) embrace more renewable 
energy sources. It allows the larger use of the solar during the summer and 

draws a higher share from the wind turbine during the period of its 

availability. The system under study follows the modeling theory available 

[14, 15] to assuage the compliance of the power balance.            
 The linear quadratic optimal control problem seeks to stabilize a system 

while shrink the associated cost function in the sense or else it attempts 

decrease the magnitude of the cost function associated with the controller 
while improving the system’s response to a stimulus.        

  The LQR controller offers a solution to the optimal control problem in 

the equation 5 for a full state feedback and the disturbance input being 

considered to be zero.  
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 The optimal state feedback law, which corresponds to the minimum 

solution to the cost function may be obtained and the static state feedback 

controller K determined using equation 6 in which P constitutes the distinct 
definite and positive solution to Algebraic Riccatic equation (ARE) given in 

equation 6.  

The Final gain value is obtained by using equation (5) 

                                                                                             (5) 

                                                          (6) 

         The final gain assuages with the theory of the LQR controller to create 

the reference signal and in accordance with the modulating index allows 

generating the gating pulses to the switches in the inverter. It further operates 

in the closed loop mechanism through which the error accrued in the inverter 
output voltage attempts to be reduced from a change in the pulse width.  

         In order to destroy the static error it is compulsion to fix an integrator 

into the controller connecting control reference and controlled variable 
related to the output voltage. The Fig. 7 shows the closed loop action of the 

system together with the integrator to operate the series and or parallel 

Hybrid solar and wind fed Micro grid inverter. 

 
 

Figure 7: Block Diagram of the Inverter section 

 

6  Simulation Results 
           

 The exercise orients to examine the performance of the HRES driven 

Micro-grid inverter in the MATLAB/Simulink platform. The specifications 
of solar PV panel and the wind turbine modules are provided in the table 1 

and 2.  

 Regulated dc output voltages from the boost converter of the SEGS and 

that from the SEPIC of the WEGS seen in the Fig. 8.The Fig. 9 relates to the 
variation of the maximum coefficient of power.     

 The focus relates to an investigative analysis for four possible operating 

modes to explain both the independent and the combined operation of the 
energy sources in its efforts to meet the load requirements. The system 

operates using MPPT controller in the front end with either the solar and/or 

the wind source and the LQR in the inverter side.  
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 The steady state output voltage and current waveform in Fig. 10 and 11 

drawn at an operating point of 400W correspond to that of the PI and LQR 

respectively in the first mode, with both the sources being available and the 
same figures further explain their servo disturbance rejecting abilities of the 

controller in the sense the waveforms of the output voltage and the current on 

being subjected to sudden changes in the load, return to the regulated state 
and settle at the new operating point.            

 The output voltage THD spectrum at the same operating point for both 

the controllers in the Fig. 12 and 13 together with the bar diagram drawn for 
the THD in the Fig. 14 over a range of operating loads establishes the merits 

of the LQR over the PI controllers in terms of a much lower THD for the 

output voltage across the entire operating range.    

 The harmonic spread factor (HSF) appears to be one of the deciding 
factors in influencing the power standard of the output voltage and serves to 

evaluate the degree of the techniques being able to shape the spectrum of the 

load voltage. The bar diagram in the Fig. 15 display the variation of the HSF 
for the range of operating loads and the smaller values justify the 

significance of the use of the LQR.  

 The results of the second and the third modes where either of the two 

renewable participate, shown through both the steady state and the transient 
reaction of the output voltage and the currents in the Figs. 16 and 17 

corresponding to the independent operation of the solar and wind 

respectively elaborate the suitability of the two sources and further extradite 
the action of the controller to allow a sustainable flow of power to the load 

through the inverter. Comparison and optimization techniques are referred 

[16, 17] for further study for our proposed work.   
Table 1:  Specification for the PV Panel 

PV Module  PV Array 

Number of cells in a 

modules 

36 

 

 Voltage at MPP, 

Vmpp = V pv 

140 

Open circuits voltage 21 V  Power at MPP, 

Pmpp = Ppv 

 

2000W 

Short circuit current 6.4 A  Current at MPP, 

Impp = Ipv 

 

13.3 A 

Voltage at MPP, Vm 17 V  No. of Series 

Modules Ns 

 

Vamp/Vim=9 

Current at MPP, Im 5.4 A  No. of Parallel 

Modules Np 

 

Imp /I’m=2 

 

Table 2: List of Parameters of wind Turbine 

Description Parameter 

Nominal Output Power 1.5MW 

Base wind speed 12 m/s 

Rotational Speed 10 m/s 

Moment of Inertia 0.01kg/m
2
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Figure 8: Regulated Output Voltage of Boost converter and SEPIC 

  

 
Figure 9: Maximum Power Coefficient of WECS 

 

 
Figure 10: Output Voltage and Current of Microgrid Inverter using PI Controller 

(Both the Sources ) 
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Figure 11: Output Voltage and Current of Microgrid Inverter using LQR Controller 

(Both the Sources ) 

 

 
Figure 12: THD Spectrum of Microgrid Inverter output using PI Controller 

 

 
Figure 13: THD Spectrum of Microgrid Inverter output using LQR Controller 
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Figure 14: THD % Vs LOAD of Microgrid Inverter 

 
Figure 15: Harmonic Spread Factor Vs Load of Microgrid Inverter 

 

 
Figure 16: Output Voltage and Current of Microgrid Inverter using  PI Controller  

(Single Source Alone) 
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Figure 17: Output Voltage and Current of Micro-grid Inverter based LQR Controller 

(Single Source Alone) 

 

7  Hardware Implementation 
 

  The methodology extends to access the presentation of the design of the 

controller though a prototype specifically developed for the purpose. It 

engages the renewable energy generating system available to operate with 
the converter system and deliver power to the resistive load rated for 400 W 

of power.    

         A microcontroller express a single integrated circuit with a small 
computer includes rather a CPU connected sequent input output that includes 

serial ports, other serial communications interfaces like serial peripheral 

interface, controller area network for system interconnect peripherals in the 

form of timers, event counters, PWM generators, watch dog, volatile 
memory for data storage, RM, EPROM, EEPROM in order to program and 

operating parameter storage, clock generator, often an oscillator for a quartz 

timing crystal resonator.  
The ATmega8 an 8bit AVR microcontroller based on the RISC 

architecture inherits 23 programmable input/output (I/O) pins can be layout 

as either input or output by fixing a certain value by programming.The 
ATmega8 contains 8Kbytes On-chip In-System reprogrammable flash 

memory store the program and since the AVR instructions appear to be either 

16 or 32-bits wide, the Flash organized as 4K × 16 bits. Boot and Application 

Programs are divided from Flash program memory space enjoy and 
resignation regards of 10,000 write/erase cycles. To convert the variable 

voltage to constant voltage P&O based MPPT algorithms are used and 

performs the function of the LQR to govern the operation of the inverter.  
The photographs displayed in the Fig. 18 and Fig. 19 respectively show 

the solar PV panel the permanent magnet direct current (PMDC) generator 

along with brushless direct current (BLDC) motor that allows to generate the 

source of wind and the associated controller architecture.  
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The Fig. 20 displays the prototype that includes the Micro grid inverter, 

constructed for the same specification as those used in simulation.  

The cathode ray oscilloscope (CRO) displays the firing pulses for the 
MOSFET switches in the Fig. 21 and the output voltage captured using an 

attenuator probe of 1:10 at the operating point of 400W in the Fig.22 

respectively. The sinusoidal nature of output voltage displays the merits of 

inverter and the closeness of the readings in the Table. 3 validate the 
simulated performance over the range of the operating loads. It thus 

establishes the supremacy of the LQR over the PI in terms of a more accurate 

regulation for the load voltage.  
 

 
Figure 18: solar panel 

 

 
Figure 19: Integrated MPPT and LQR Controller 
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Figure 20: Experimental Prototype 

 
Figure 21: Firing Pulse for MOSFET Switche in the Micro grid Inverter 

 
Figure 22: Output Voltage of Micro grid Inverter 
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Table  3: Similarities of Simulation and Hardware Results 
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8  Conclusion 
 

          A LQR has been designed and implemented in the operation of hybrid 
renewable energy system includes further solar or wind in an attempt to 

ensure the compliance of the delivery of the power. The solar and the wind 

have been interfaced with the boost and SEPIC as the front end converters 

respectively and extradited through MPPT controllers to enable the required 
dc link voltage. The steady state analysis of the micro grid inverter has been 

investigated through four different modes that allow the two sources to 

operate either independently or in tandem and controlled through the 
etiquettes of the LQR. The simulated response has been portrayed to benign 

the merits of the chosen control methodology and the experimental results 

presented for articulating its claim for use in practice.  
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