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ABSTRACT 

Power quality improvement is inevitable due to the presence of power converters and non-linear loads in 
grid connected renewable based hybrid energy system (HES). The harmonics introduced by the distributed energy 
systems may lead to output voltage distortion and equipment failure which may lead to system losses. It may also 
cause for direct and indirect economic impacts. Development of active filter, passive filter and hybrid filter for 
harmonics mitigation would be an expensive solutions. Therefore, various DC/AC converter switching schemes 
are proposed for power quality improvements in grid connected Solar Photovoltaic (PV) and fuel cell based HES. 
Initially, Solar PV and Proton Exchange Membrane Fuel cell (PEMFC) are modeled using MATLAB/Simulink. 
Further the harmonic behavior with Proportional plus Integral (PI), Proportional plus Integral plus Derivative (PID) 
and Fuzzy gain scheduled PID controllers are demonstrated using Pulse Width Modulator (PWM). Converter 
output voltage waveform, frequency spectrum and total harmonics distortion (THD) values at the Point of Common 
Coupling (PCC) have witnessed that the fuzzy gain scheduled PID controller suppresses the voltage distortions 
completely. It also yields 4 percentage THD value which satisfies the harmonic level recommended by IEEE 519 
standard. Comparative analysis shows that the fuzzy gain scheduled PID control scheme exhibits superior 
performance than the traditional PI and PID controllers. Therefore, it is identified as an effective control scheme 
for power quality improvement in hybrid renewable energy system. 
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INTRODUCTION 

Distributed energy sources such as solar, wind and fuel cell are an important alternative for improving 
the power system reliability under the prevailing energy crisis. It also helps to reduce CO2 emissions and minimize 
global warming issues (Shah et al., 2015). Solar photovoltaic (PV) system is highly preferred because of less 
operation and maintenance cost and cleanliness etc. But the intermittent nature of solar PV source requires suitable 
controllers maximum power generation and also for mitigation harmonics issues. Fuel cell source has also gained 
greater attention because of clean energy generation (Sun et al., 2018). The solar PV and fuel cell system will be 
the future competitor in renewable energy market from environmental perspective (Muhammad Tawalbeh et al., 
2021). However, the rapid increase in power electronic converters and non-linear load usage causes power quality 
(PQ) issues which may also give rise to economic impacts and the poor equipment performance leading to system 
losses (Sharma et al., 2018; Sankar & Iqbal 2015). Therefore, the present work focuses on addressing PQ issues 
in grid-connected Hybrid Energy System (HES) comprising of solar PV and Proton Exchange Membrane Fuel 
Cell (PEMFC) system. Even though many attempts were made to overcome the effect of current harmonics by 
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connecting the filter across the load, it has only very less applicability due to the probability of series and parallel 
resonance (Das 2004). Moreover the active filters also cannot help-out for the compensation as it require low-pass 
filter for average and oscillating parts of instantaneous power (Akagi 2005).  

Further, a hybrid filter was also developed for the photovoltaic-fuel cell based system where the reactive 
power and harmonics compensation was performed by the combined effect of series active filter and shunt 
connected passive filter (Patra et al., 2015). It is also reported that the implementation of hybrid filters is more 
expensive for PQ improvement. In order to overcome all these limitations, an alternate way for solving the PQ 
issues by soft computing technique has been proposed in this work. For a varying load conditions, the controller 
needs to be adaptive with gain scheduling feature. Fuzzy logic technique has been proved as unique solution for 
grid connected operation (Mohamed Iqbal & Joseph Xavier 2014). In this paper, the fuzzy based intelligent self-
tuning control scheme has been proposed for DC/AC converter control for a HES and its total harmonics distortion 
(THD) level is compared with that of conventional PI and PID controller. Since, the fuzzy gain scheduling PID 
controller satisfies the IEEE 519 standard for harmonics limit (Halpin 2003), it is identified as an effective control 
scheme for harmonic mitigation in grid connected hybrid solar PV-PEMFC energy system. 

 
MODELING OF HYBRID ENERGY SYSTEM 

 
Electrical power industries have moved to cleaner energy generation modes such as solar, wind, fuel cell 

etc. due to environmental constraints and new energy policies (Naidu & Meikandasivam 2020). This paper presents 
the modeling and control of grid connected HES comprising Solar PV and PEMFC. Even though the solar PV is 
the matured source of energy and economically viable technique for power generation, it suffers from voltage 
fluctuations due to irregular temperature and irradiation (Mahiraj & Shelly 2019). Therefore, an appropriate 
modeling of the system and harmonic mitigation are essential for ensuring reliable operation. The solar cell has 
been modelled based on the most influencing parameters viz., irradiation (G), temperature (T) and load condition 
as shown in Equation (1). The photo voltaic current,  and diode saturation current  are expressed as shown 
in Equation (2) and Equation (3). 

                  (1)	

																		 																			 	 	 (2)	

			 					 	 	 	 								(3)
	

 

 
PEMFC is one kind of fuel cells that can work with comparatively high efficiency and zero emission 

(Wee 2007). It has gained unique merits like low operating temperature, less weight, compactness, long stack life, 
sustained operation at a high current density, etc. (Doumbia 2014). PEMFC requires hydrogen and oxygen as 
reactants and an ion-conductive membrane coated with platinum as active catalyst. The operating temperature of 
PEMFC lies between 70 and 100 . Equation (4) gives the relationship between partial pressure (  inside the 

channel and molar flow of hydrogen gas ( .  

             (4) 

Molar flow of hydrogen gas can be evaluated using Equation (5) based on three factors namely hydrogen 
input flow ( , flow during reaction (  and output flow ( . Flow rate of reacted 
hydrogen is expressed in Equation (6). The partial pressure of hydrogen is found using Equations (4) to (6) and 
given in Equation (7). 
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	 																									 	 (5)														

																			 	 	 	 (6)

																					 	 	 (7)	

Where,				 																																		 	 	 	

In a similar way, partial pressure of oxygen (  and water (  can also be found. Assuming 
constant oxygen concentration and temperature, the Nernst instantaneous DC output voltage (E) of PEMFC is 
expressed in Equation (8). On the basis of mathematical modelling of a fuel cell, a MATLAB/Simulink model for 
PEMFC with flow rate regulator is obtained using the model parameters as shown in Table 1. 

													 	 	 	 (8)	

Figure 1, presents a MATLAB/Simulink model of the proposed HES with solar PV and PEMFC. During 
normal condition, d-axis voltage would be ‘1’ pu and q-axis voltage would be zero. After ‘dq0’ transformation, 
the ‘dq’ voltages are compared with their normal reference values. This error signal can be controlled and regulated 
by the controller and converted back to ‘abc’ components. For the synchronization of frequency and phase, the 
discrete Phase Locked Loop is used (Chung 2000). Control of DC/AC converter for PQ enhancement is presented 
in next section. 

Table 1 Model parameters for PEMFC 

Model parameters Value 

Stack Power 6kW 

Fuel cell resistance (𝛺) 0.07833 𝛺 

Voltage of single cell (V) 1.1288V 

Number of cells 65 

Nominal stack efficiency (%) 55 

Stack voltage (V) 45V 
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Figure 1 MATLAB/Simulink model of proposed Hybrid Energy System 

 
POWER QUALITY IMPROVEMENT 

Renewable Energy capacity addition in electricity grid also demand for usage of PQ compensators (Wang 
2012). Power converters which became a part of electricity grid causes an undesirable effects on PQ and power 
system reliability (Deepika et al., 2017). Harmonic mitigation can be achieved by means of adopting suitable 
switching methods for DC/AC converter (Dahidah & Agelidis 2008). PI and PID controllers can be used for the 
converter control because of its simplicity and high reliability (Kuo 1995). Fuzzy logic based controllers are 
relatively cheaper and simpler to implement with less computational burden (Daud et al., 2017). Therefore, Fuzzy 
tuned PID controller has been proposed in this paper for the control of DC/AC converter and its effectiveness with 
PI and PID controllers are analysed. 

 

PI and PID Control of DC/AC Converter 

  
Initially, Proportional Integral (PI) controller is implemented with the HES for controlling the switching 

frequency of IGBT. Proportional gain,  and integral gain,  in the proposed HES are tuned by the classical 
tuning rules of Ziegler–Nichols method (Ziegler & Nichols 1942). The PI controller controls the external signal of 
PWM generator and hence decides the switching frequency of the converter. Similarly, Proportional gain ( , 

integral gain  and derivative gain  of PID controller are tuned by the classical tuning rule of ZN method 

(Mohamed Iqbal et al., 2014). The control output signal of PI and PID controllers as a function of voltage error 
signal,  are expressed in Equation (9) and (10) respectively. 

																 																		 	 	 (9)	

										 		 	 	 (10)							

					

The controllers are implemented in MATLAB/Simulink model and the output voltage waveform and 
frequency spectrum are obtained by simulating up to 50 ms.	
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Fuzzy Gain Scheduled PID Control of DC/AC Converter 

Fuzzy gain scheduled PID controller is an effective approach for applying fuzzy rules and its reasoning 
ability for self-tuning the gains (Ramirez-Ganzalez & Malik 2010). It is also evident that the Fuzzy-PID controllers 
result in smoother controller output when compared to the conventional PI and PID controllers (Mohamed Iqbal 
et al., 2014). In this paper, Fuzzy-PID controller is developed using Sugeno fuzzy inference model as it is found 
as an efficient gain scheduler (MATLAB 2000).  The control structure of fuzzy gain scheduled PID controller for 
DC/AC converter is shown in Figure 2.    

 

Figure 2 Fuzzy logic tuned PID controller for DC/AC converter control 

Input signals are error (e) and derivative of error (ce) of voltage signal and the fuzzy tuned gains viz., 
, ,  are the output signals. Triangular membership function and constant membership function are 

used for input and output signals as shown in Figures 3 and 4 respectively. Negative Big (NB), Negative Small 
(NS), Zero (Z), Positive Small (PS) and Positive Big (PB) are the variables chosen for input signals. However, 
seven fuzzy sets, namely Very Big (VB), Medium Big (MB), Big (B), Medium (M), Medium Small (MS), Small 
(S) and Zero (Z) have been selected for output signals. Based on the expert knowledge, Fuzzy IF-THEN rules are 
framed for the gains KPF, KIF and KDF as shown in Table 2. 

	

	

 

 

Figure 3 Input membership function for Fuzzy-PID controller 

 

 

 

 

	

Figure 4 Output membership function for Fuzzy-PID controller 
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Table 2 Fuzzy rule base for ,  and  

e 
Ce 

PB PS Z NS NB 

NS VB S VB M
B S VB B S M

B B S B B S Z 

NB VB M VB VB M M
B VB M M VB M S VB M Z 

PB VB M VB VB MS VB VB M VB VB M VB VB M VB 

PS VB S VB M
B S VB B S VB B S VB B S B 

Z S MS VB S MS VB MS Z M
B Z MS M

B Z MS M 

NS VB S VB M
B S VB B S M

B B S B B S Z 

NB VB M VB VB M M
B VB M M VB M S VB M Z 

 

Further, the self-tuning PID gains , ,  are found through the product of output and 

conventional PID gains. The output control signal using the fuzzy PID controller is expressed by Equation (11). 

						 	 	 	 (11)	

Self-tuned PID controller gains for the proposed HES are tuned by using the above procedure and 
simulation responses are analyzed to identify the effective control technique. 

 

RESULTS AND DISCUSSION 

The control schemes presented in previous sections are implemented in MATLAB/Simulink model of the 
proposed Solar PV and PEMFC hybrid system. The output voltage from both the sources are given to a common 
DC bus. DC/AC converter output voltage and its harmonics level are controlled by the PWM generator. It is 
necessary to satisfy the harmonics level recommended by IEEE 519 standard (Halpin 2003). In this paper, Fast 
Fourier Transform (FFT) analysis is used for evaluating THD values of the proposed hybrid system. The output 
voltage waveform of grid connected HES and its frequency spectrum have been obtained by simulating the 
MATLAB/Simulink model up to 50 ms. Figures 5 and 6 show output voltage waveform along with the frequency 
spectrum before implementing the controllers. It is witnessed from the voltage response that the voltage distortions 
are more at Point of Common Coupling (PCC). Total Harmonic Distortion (THD) value is also found to be 27.60 
percentage which is not within the acceptable harmonic limit. 
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Figure 5 Output voltage waveform without controller 

	

Figure 6 Frequency spectrum of output voltage without controller 

 In order to mitigate the harmonics various control techniques namely PI, PID and Fuzzy-PID 
controllers are implemented with the proposed system and the output voltage waveforms are obtained as shown in 
Figures 7, 8 and 9 respectively. It is witnessed that PI and PID controllers helps to reduce the voltage distortions. 
However the Fuzzy gain scheduled PID controller has suppressed the voltage distortions satisfactorily. 

 

Figure 7 Output voltage waveform with PI controller 
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Figure 8 Output voltage waveform with PID controller 

	

Figure 9 Output voltage waveform with Fuzzy-PID controller 

The frequency spectrum of the HES with PI, PID, Fuzzy-PID control schemes are also obtained for analysis 

and presented in Figure 10, 11 and 12 respectively. It has been found that the PI controller reduces the THD value 

from 27.60 percentage to 19.05 percentage. Further the PID controller yield the THD value of 17.0 percentage which 

is an improved response than PI controller as given in Table 3. But the response does not satisfy the IEEE 

recommended limit for harmonics. 

	

Figure 10 Frequency spectrum of output voltage with PI controller 
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Figure 11 Frequency spectrum of output voltage with PID controller 

	

Figure 12 Frequency spectrum of output voltage with Fuzzy-PID controller 

Table 3 THD values for various control schemes 

Controller scheme Total Harmonic Distortion (THD) (%) 

Without Controller 27.60 

PI Controller 19.05 

PID Controller 17.00 

Fuzzy PID Controller 4.08 

	

As per IEEE standard 519, the THD value should be maintained less than 5 percentage (Halpin 2003). 
On comparing the simulation results of all control schemes, Fuzzy-PID controller has drastically improved the 
harmonic level as the THD value is below 5 percentage. Therefore the Fuzzy-PID controller has been identified as 
an effective control technique for the PQ enhancement of Solar PV-PEMFC hybrid energy system in grid 

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
-0.2

0

0.2
Selected signal: 2.5 cycles. FFT window (in red): 1 cycles

Time (s)

0 100 200 300 400 500 600 700 800 900 1000
0

5

10

15

Frequency (Hz)

Fundamental (50Hz) = 0.1996 , THD= 17.00%
M

a
g
 (

%
 o

f 
F

u
n
d
a
m

e
n
ta

l)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
-2

-1

0

1

2
x 10-7 Selected signal: 5 cycles. FFT window (in red): 1 cycles

Time (s)

0 100 200 300 400 500 600 700 800 900 1000
0

1

2

3

4

5

6

7

8

Frequency (Hz)

Fundam ental (50H z) =  2.34e-07 , T H D = 4.08%

M
ag

 (
%

 o
f 

F
un

da
m

en
ta

l)



Fuzzy gain Scheduled PID Controller for Power Quality Enhancement in Grid Connected Hybrid Solar PV-PEMFC Energy System 
	
connected operation. The proposed self-tuning approach for DC/AC converter is also cost effective solution than 
using the expensive hybrid filters for PQ enhancement (Patra et al., 2015). Further, the proposed fuzzy PID control 
technique is very much adaptive to disturbances and hence can be implemented to any dynamic system using 
FPGA or Microcontroller based implementation. 

 

CONCLUSION 

A novel control strategy for mitigating the harmonics of grid interactive Solar PV-PEMFC hybrid energy 
system has been proposed as a replacement for the filter based compensation. PI, PID and Fuzzy tuned PID 
controllers are implemented for regulating the PWM pulse generator which is responsible for harmonic mitigation. 
Output voltage waveform and frequency spectrum of the PI and PID controller reveals that the voltage distortions 
are reduced by PI and PID controllers and the harmonic levels are 19.5 and 17.0 percentage respectively, which 
are above the IEEE recommended limit. Moreover these control schemes are not adaptive as the controller gains 
are fixed values tuned by conventional ZN method. Hence PI and PID control of DC/AC converter would not help 
to reduce the harmonics. Further, adaptive and self-tuned fuzzy PID control scheme proposed in this paper is very 
much effective to achieve distortion-less and pure sinusoidal voltage for HES. THD value is also drastically 
reduced to 4 percentage which satisfies the harmonic limit recommended by the IEEE 519 standard (< 5 
percentage). Since the fuzzy self-tuning control scheme is based on the ‘expert knowledge base’ and the ‘IF-THEN 
fuzzy rules’, it can be applied for PQ improvement in any real time system using state-of-art microcontroller or 
FPGA based implementation. Based on the PQ characteristics, adaptive nature and applicability of fuzzy tuned 
PID controller to any dynamic system, Fuzzy gain scheduled PID controller is identified as effective control 
scheme for PQ enhancement of Solar PV-PEMFC hybrid energy system.  
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