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Abstract--- This paper proposes a new, reliable and efficient 

microgrid structure which incorporates PV arrays and SOFC 

interconnected via Voltage Source Inverter (VSI) as an 

alternative to reduce the detrimental impact of energy generation 

on atmosphere using fossil fuels. Inorder to meet the growing 

energy demands, the excessive usage of nonrenewable energy 

resources disregarding the environmental impacts resulted in 

major environmental problems. As a result the spotlight is turned 

towards promotion of energy production from renewable energy 

sources like solar, wind, tidal, geothermal etc. Taking into 

consideration the aforesaid concept, this paper proposes a hybrid 

microgrid consisting of PV-SOFC with VSI based PI controller 

working in an islanding mode so that voltage and frequency is 

maintained in their acceptable limits and the output 

demonstrated using Matlab/Simulink shows the efficacy of the 

controller in providing efficient energy which gives the lowest 

environmental impacts.  

 Keywords--- Photovoltaic (PV), Solid Oxide Fuel Cell 

(SOFC), Voltage Source Inverter (VSI), Proportional Integral 

Controller (PI), Microgrid (MG), Distributed Generators (DG). 

I. INTRODUCTION 

The current energy requirements are fulfilled using 

generating systems that mainly uses natural non-sustainable 

sources like coal, rock oil and natural crude oil. Typical 

energy systems are synchronized and thus electrical energy 

needs to travel more than hundreds of kilometer resulting in 

energy deficits and reduces the stability of the electrical 

system. Another downside of the traditional methodology is 

the discharge of tons of waste products which goes into 

atmosphere causing global heating [1]. The exhaustible 

character of the fossil energy accounts to the rising energy 

demands on the other “sustainable energy” based DGs, 

which in turn prompted analysts to make researches on 

renewable sources. This paved the way to satisfy energy 

requirement in an eco-friendly way, and to focus the 

production of electrical power from different non-

conventional energy sources like wind, tidal, solar energy, 

geothermal, biofuel and so forth. These are uncontaminated 

cost effective and abundantly accessible in nature. 

Recently these renewable energy sources are used widely 

along with a few others like Fuel Cells (FC) which are in the 

progressed formative face [2]–[4]. If exploited sufficiently, 

renewable source could provide enough energy for 

upcoming generations [5]. The most common and widely 

used renewable energy source is PV. It is accessible 
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everywhere and is simple to connect with power converters 

[6]. It is energy efficient, ecofriendly and to an extend 

economical. Even though PV is beneficial, the output power 

produced by PV is very keen on weather conditions. PV 

system will not produce any power during a particular time 

period (e.g., rainy or during the night). And all normal 

variation in temperature and solar irradiance induces 

oscillations in a PV system. And also, the generated PV 

energy is troublesome to store for future use [7]. Inorder to 

eliminate this major drawback, we have to incorporate it 

with an effective distributed generating unit; probably a fuel 

cell.  

The recent researches on fuel cells provides as ample 

information regarding different types of fuel cells and 

among them Solid Oxide Fuel Cell (SOFC) is the most apt 

one to be associated with a PV. Therefore SOFC 

methodology for microgrid has been showing its potential 

and can be considered as an essential power supply for 

upcoming MG system. SOFC is usually a stagnant power 

source which produces electrical power from hydrogen via 

the process of electrolysis. The greater reliability, no noise 

level and no rotating parts are an additional preferred 

standpoint of SOFC system while compared with diesel 

powered generator. Principle attributes of SOFC are 

modularity, fuel flexibility, sensibly zero noise levels, close 

to zero emissions, high efficiency and high power quality. In 

this investigation, SOFC is chosen, since, it functions at 

higher temperature ranges (900 – 1500 °C) [8].   

The most significant issues of MG which creates power 

quality problems could be attributed to operating mode of 

MG. In an islanded mode, the V and F has to be self-

regulated by MG, if not; the fault occurs due to the nature of 

the linked DG systems and the power electronics converter. 

In [9] V and F is regulated to control Micro Grid in an 

islanded mode by keeping V and F at reference values. 

However V and F regulator for MG in a self-governing 

mode struggles to take action to change loads, therefore 

[10], a master–slave control for MG is implemented. In grid 

mode, MG is furnished with power controllers and in 

autonomous mode, VSI switches to keep the MG Voltage 

and Frequency within the optimal level. 

The controllers used in the microgrid, the criterion for 

sharing the power between the MG and utility grid during 

non-autonomous mode and its recital during self-governing 

mode was  also analyzed in [11].  
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However, these were not considered during the tuning of   

PI control parameters, but are essential during the change of 

MG working modes or load changes. In the papers [12-13], 

the authors attained a powerful response in the control 

system with Total Harmonic Distortion within the 

appropriate levels. On the other hand oscillation in output 

power exposes many technical issues like voltage instability, 

frequency divergence and harmonics etc. on grid side. To 

retain the operational V and F, a proper design of controller 

which secure the system from instability, is vital. The PI 

based controller is used to regulate &control the frequency 

of microgrid. The proposed PI controller is designed to 

manage the MG voltage and frequency when it‟s either self-

governed or in load variations, thus keeping the quality of 

generated power. The MG model includes 8 kW SOFC as a 

DG connected with a 100-kV typical grid. In addition, an 

FFT analysis is taken to address the constancy of the system 

proposed. Contrasted with the traditional MPPT methods, 

Perturb and Observe calculation is proposed in the system to 

extricate the power at maximum point from the PV [14]. 

The Major contribution of the work is given below, 

 Hybrid DC/AC microgrid (PV-SOFC) is proposed 

to diminish different switching transformations to 

enhance the system efficiency. 

 To extricate the MPP from the sustainable power 

sources, MPPT Perturb & Observe Method is used 

because of its high accuracy, efficiency & tracking 

speed. 

 To ensure the stable operation by analyzing the 

regulation of voltage and frequency, also examines 

the power quality by conducting THD analysis for 

Phase voltage and phase current of DC/AC 

microgrid controlled by PI controller.  

In the paper the proposed method of microgrid and 

mathematic modeling of PV and SOFC are discussed in 

section 2 Subsequently, Section 3 discusses about the 

proposed PI controller strategy and the obtained results and 

inferences are given in 4
th 

Section. Section 5 conveys the 

conclusions and also illustrates suggestions for future works. 

II. SYSTEM MODELING 

This section describes the structure of hybrid PV-SOFC 

Microgrid (MG), interfacing with the traditional grid. PV 

modelling and SOFC modelling are explained in detailed in 

subsequent sections.  

2.1 Proposed Microgrid system  

The methodology of hybrid Microgrid (MG) 

incorporating PV-SOFC connected with grid is given in 

Fig.1. Here a PV-SOFC microgrid is developed to validate 

the efficiency and effectiveness of controllers. They are 

coupled to the infinite bus via unidirectional boost converter 

(dc-dc), Voltage Source Converter (VSC) and Transformers. 

The loads regarded as significant and nonsignificant loads. 

The constant DC output voltage of PV and SOFC is set as 

the VSI input. The VSI converts DC supply into AC and 

supplies to the grid. The output parameters are maintained 

constant by the PI Controller. The AC voltage is managed 

by grid and DC voltage is managed by VSI. The terminal 

voltage is calculated by the P&O algorithm irrespective of 

solar irradiation. 
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Fig. 1: PV-SOFC autonomous microgrid 
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As the proposed PV-FC microgrid is working in a self-

governing mode, the MG operation is not associated with 

the utility grid. The designing and implementation of 

different system elements and its control are briefed in the 

sub-sequent sections. In the manuscript the PV is 

demonstrated as a current source linked to an ideal diode. 

The SOFC can be a dynamic model describing correlation 

between fuel input and output voltage. 

2.2 Modeling of PV 

PV generators can be a current source or a voltage source 

however it can be designed as current generators with 

dependent voltage sources. When a solar cell is bare to 

sunlight, a DC current is produced and is proportional to the 

solar radiations directly. Figure.2 demonstrate the electrical 

equivalent circuit of a single solar module. The detailed 

evaluations on PV modeling, challenges and its applications 

are addressed in detail [15-17]. 
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Fig. 2: PV cell, Equivalent Circuit 

The different parameters of the PV cells are: 

Where, denotes the current output of PV cell , 

denotes the series Resistance ,  denotes the 

parallel Resistance , denotes the Diode current , 

denotes the PV Current output  , and denotes 

the PV voltage [18 & 19]. 

Table 1: Electrical characteristics of PV module 

Description Rating 

Power at Maximum Power Point 210 W 

Open circuit voltage ( ) 52.5 V 

Short circuit current ( ) 5.75 A 

Number of series cells   36 

Number of  parallel cells   1 

Voltage at MPP 42V 

 Current at MPP 5A 

In Fig.2, the PV module photon generated current  is 

significant by, 

  (1) 

The reverse saturation current of diode is represented 

by Eq. (2).                                                            

  (2) 

Where the electron charge , 

represents the Boltzmann constant , 

and denotes the diode ideality factor (1.6).Equation (3) 

gives module saturation current , 

 (3) 

Where, denotes the band gap energy of the 

semiconductor (  for the polycrystalline Si 

at 25 C). Equation (4) gives the output current , 

 (4) 

 

     (5) 

Hence, 

    (6) 

2.3 Modeling of SOFC 

SOFC is a high temperature withstanding fuel cell with 

metallic oxide solid ceramic electrolyte. SOFC generally 

uses an assortment of carbon monoxide and hydrogen 

created by internally reforming air and hydrocarbon fuel as 

an oxidizing agent in the FC [20]. 

Mostly used electrolyte for SOFC is Yttria-stabilized 

zirconia (YSZ) for the reason that it‟s high chemical, pure 

ionic conductivity and thermal stability [21]. 

The SOFC modeling is designed on following 

suppositions: 

i) Invariant FC temperature, ii)FC gases are ideal, iii) FC 

is reformed by hydrogen and air, iv) In the interior of the 

electrodes only one pressure is mentioned, and v) SOFC 

designed according to Nernst's equation, 

The voltage over the FC stack ( ) given by (7),  

   (7) 

Where, denotes standard reversible cell potential (V), 

denotes quantity of cells in stack,  is the internal 

resistance (Ω), ,  are the partial pressures 

of oxygen, water  and hydrogen respectively. The dynamics 

of SOFC are mentioned by (7)-(12), 

   (8) 

    (9) 

   (10) 

   (11) 

    (12) 
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Where ,  gives oxygen and hydrogen flow rate 

( ), , , are the valve molar constant 

for oxygen, hydrogen and Water ( ), 

, , , is the time response for hydrogen, 

Oxygen, water and fuel(sec),  is the optimum fuel 

utilization,  is proportion of hydrogen to oxygen,  

is a constant ( ). 

Table 1I: Electrical parameters of the SOFC module 

Description Rating 

Absolute temperature 1273 K 

Initial Current (A) 100 A 

Number of cells in series 450 

Faraday‟s Constant (C/kmol) 96.487e6 

Universal Gas constant (J/kmol K) 8314 

Ideal standard potential (V) 1.18V 

Output Voltage 330 V 

Output Current 20A 

III. PROPOSED METHODOLOGY 

The proposed control strategy for a VSI based PI 

controller is as follows. The error can be calculated by 

evaluating the output of VSI with constant reference 

voltage. The amplifier amplify the error signal and gives it 

to the PI Controller which creates the control signal based 

on varying the duty cycle of regulator switch of VSI which 

aids to keep the constant output voltage with respect of input 

voltage. The processing of error signal could be very 

complex due to the delays in the system. The stability of the 

system can be improved by tuning the controller parameters 

Kp and Ki and thus the error signal is processed.  Fig.3 

shows Simulink diagram of  controller used in the 

microgrid for V and F control. 

The reference values of current are taken as   

from the outer current loop of the system [22]. 

= (  ) ( )       (13) 

= (  ) ( )               (14) 

For improving the system response, proper utilization of 

inverter current loop and the feed forward voltage loop of 

the grid is required. In a synchronously rotating dq frame by 

taking voltage as the reference output of the controller 

straggled by Park‟s inverse and Clarke‟s transformation, 

controller results yields the reference voltage signal in α β 

axis. PWM technique triggers VSI and the THD values are 

maintained within limits. Expressions for the reference 

voltage in synchronous „dq‟ frame is, 

= + +…

…       (15) 

Using inverse Park‟s transformation and Clarke‟s 

transformation Eq (15) can be converted into „abc‟ frame 

and „α β‟ frame respectively, 

 =   

(16) 

 =     

(17) 

 
Fig.3: Simulink diagram of Proposed PI controller 

IV. RESULTS AND DISCUSSION 

The proposed PV/SOFC microgrid system includes 88 

kW PV and 8 kW SOFC the battery time constant is 

considered as 5s for running the simulation.  

The output shows the efficiency of the proposed PI 

Controller, which effectively regulates frequency and 

voltage.  

Initially the model is set to operate in the grid mode. At 

0.5s, the islanding operation of the MG takes place. System 

is controlled by conventional PI with fixed gain values for 

PV (Kp=1.059, Ki=3005.8) and for SOFC (Kp=1.082, 

Ki=3012.2).  

This tuned values instigate the system from the reduction 

in the voltage drop and the uncertainty in frequency owing 

to abrupt transformation in operation mode. When the 

system reaches at t=0.5ms, the voltage produced by the DG 

has less oscillations and it resolves within 2ms.  

In addition, for some sensitive loads, the voltage 

overshoot throughout switching phase cannot be in desirable 

condition.  

In this instance PI with VSI offers less overshoot in 

comparison with classical control methods discussed in 

literature review.  

Similarly, the frequency deviation is shown in Fig.4; 

however, frequency gets stabled more rapidly in with the PI 

regulator as restored the frequency level within the 

satisfactory boundaries. 



International Journal of Recent Technology and Engineering (IJRTE) 

ISSN: 2277-3878, Volume-8, Issue-2S11, September 2019   

 

275 

 

Published By: 
Blue Eyes Intelligence Engineering 

& Sciences Publication  
Retrieval Number: B10440982S1119/2019©BEIESP 
DOI: 10.35940/ijrte.B1044.0982S1119 

 

 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
60

60.5

61

61.5

62

62.5

63

63.5

64

64.5

65

time in seconds

F
r
e
q
u
e
n
c
y
 (

H
z
)

Time (s) 

Zoomed View: Smooth settling of 

frequency with zero oscillations

Frequency Response PI

 
Fig.4: Regulated Frequency of Microgrid 

4.1 Dynamic and steady-state response 

Dynamic or steady state recital of the control strategy can 

be explained as, the inverter output current is alienated into 

two stages. MG is shifted to islanding at t=0.4s initially, 

then at t=0.6s gradual increase in load takes place. Fig.5 and 

6 shows microgrid output voltage and current under PI 

strategy. Here, within two milliseconds current attains short 

transient state and then steady state is attained at 0.6s. The 

output waveforms of microgrid voltage and current shown 

are perfectly sinusoidal and have less harmonic contents. 
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Fig. 6: Microgrid Output Current waveform 

Correspondingly, Fig.7 gives the THD spectrum for both 

microgrid voltage and current. The values are 1.23% and 

1.43% respectively and are significant. Table III provides 

THD values of odd harmonics for the three phases and are 

under the limits mentioned in the relevant standard of 

IEEE1547-2003[24]. 

 
(a) 

 
(b) 

Fig.7: THD spectrum of MG a) Voltage b) Current 

Table III: THD Analysis for MG Phase Voltage and 

Current 

 

V. CONCLUSION 

Different control strategies for microgrids are attaining 

highest attention in recent years. A smart control technique 

of PI with VSI based MG has introduced in this context. The 

goals of such methods are to control V and F in an islanded 

hybrid microgrid system. A PV-SOFC system is modelled 

and is demonstrated in MATLAB/SIMULINK software. 

The distributed generators coupled with VSI and PI 

controller regulate the frequency and voltage of the system 

under self-governing mode.  
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The system response under dynamic and steady state has 

been evaluated. The quality of the power supplied by the 

distributed generators to the microgrid at the common point 

of coupling is examined by conducting THD analysis. The 

proposed controller with PI shows an excellent response in 

controlling the microgrid parameters. The VSI-PI method 

also obtains acceptable Total Harmonic Distortion level. 

Hence, PI controller strategy is very apt for microgrid 

control operations and interfacing of different DG units can 

be considered while solving power allocation issues.  To 

validate the functionality of proposed system, the 

conventional PI controller can be tuned for better gain 

values with different intelligent optimization techniques and 

are recommended for future work. 
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