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1.1 INTRODUCTION

Due to globalization, energy demand is increasing day by 
day in developed countries as well as in emerging economic 
and developing countries [1]. In recent years, due to limited 
usage of fossil fuel, importance has been given to renewable 
energy sources, like wind, solar, and tidal energy. Among 
these different kinds of energy sources, wind energy is one 
of the most popular renewable energy sources because of the 
many positive factors associated with it, such as its clean-
liness, abundance, inability to produce any harmful gases, 
and also producing power at very attractive prices [2].

Utilizing wind sources for generating energy can be 
done with wind turbines. Locating the wind turbines either 
in onshore or offshore regions for estimating wind energy 
potential is the next challenging issue. The major cities of 
the world are located near coastal regions, so in order to 
prevent the requirement of longer transmission lines and 
provide feasibility in generating larger amount of energy 
in an economic manner, offshore wind turbines are suitable 
in such cases. Thus, in recent years, significant importance 
has been given to offshore wind energy potential across 
the world. Many research works have been carried out to 
estimate offshore wind energy potential across the world. 

Normally, wind resources at offshore locations have lesser 
turbulence and low wind shear; this lesser turbulence leads 
to harvesting more energy from wind turbines effectively 
and also reducing fatigue loads on the turbines, which 
ultimately results in an increase in the lifetime of offshore 
wind turbines [3–5]. Also, rather than installing and locat-
ing onshore wind turbines near highly densely populated 
areas, offshore wind energy is an alternative choice [6].

India is the world’s fourth largest in wind energy mar-
ket, and the country’s installed wind energy capacity is 
32.8 GW at the end of 2017. Though the Ministry of New 
and Renewable Energy (MNRE), India, predicted that the 
onshore wind power installation at the end of year 2022 will 
be around 60 GW approximately [7], India is now prepar-
ing for offshore wind energy potential road map with the 
support of the Global Wind Energy Council (GWEC).

Murthy et al. [8] carried out a wind power potential assess-
ment over the coastal region of Bheemunipatnam in northern 
Andhra Pradesh, India, and observed that the variations in 
mean, minimum, and maximum wind speed values are in the 
range of 4.41–5.61 m/s, 0.57–1.64 m/s, and 9.1–15.03 m/s, 
respectively. Serhat et  al. [9] conducted a wind resource 
assessment of Izmit in the west Black Sea coastal region of 
Turkey and analyzed its turbulence intensity and economic 
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2 Wind and Solar Energy Applications

analysis for constructing wind turbines in this region. Cumali 
et  al. [10] studied the offshore potential of wind power in 
the coastal areas of Turkey. Sidi Mohammed Boudia et  al. 
[11] evaluated the wind power potential at Oran, northwest of 
Algeria, and found the annual mean wind power density to be 
129 (W/m2). Allouhi et al. [12] investigated the wind energy 
potential in coastal locations in the Kingdom of Morocco and 
found the capacity factor, dominant wind direction, and wind 
speed variation with respect to height.

The main objective of this chapter is to evaluate the 
offshore wind energy potential from the historical time 
series data for offshore coastal regions across India, 
namely, Andaman, Kanayakumari, and Chennai. For this 
research work, 11  years’ (2005–2015) time series wind 
speed (MEERA) datasets have been downloaded from the 
Windographer software. The MEERA datasets consist of 
the time stamp of each record, air temperature at 10 m, and 
wind speed and wind direction at 50 m hub height (m/s). 
In this research work, the crucial parameters related to 
wind characteristics, like Weibull probability distribution 

function, variation of Weibull parameters, wind speed and 
wind power density at different hub heights, wind direction, 
and wind power class, are determined.

This chapter is ordered as follows. Section 2 describes 
the offshore location. Section  3 describes Weibull dis-
tribution function and its parameter estimation methods. 
Section 4 presents wind speed frequency distribution analy-
sis, wind rose analysis, and wind turbine power output anal-
ysis. Finally, Section 5 is the conclusion.

1.2 SITE DESCRIPTION

The three offshore regions of Andaman, Kanyakumari, and 
Chennai are considered for the study. These regions are cho-
sen because Andaman (island) is surrounded by water in all 
its sides, while Kanyakumari and Chennai are surrounded 
by three sides and one side of water, respectively. Table 1.1 
describes the site information in terms of their latitudes, lon-
gitudes, and altitudes. Figures 1(a), 1(b), 1(c) show their cor-
responding geographical locations (source: Google Maps).

FIGURE 1.1(A) Andaman Google Map location.

FIGURE 1.1(B) Kanyakumari Google Map location.
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1.3 WEIBULL DISTRIBUTION FUNCTION

The Weibull distribution function is widely used in vari-
ous engineering fields and statistical applications. It was 
discovered by Swedish mathematician Waloddi [15]. The 
accurate estimation of wind energy potential at a particu-
lar location for studying the wind speed frequency distri-
bution is a vital parameter. If the wind speed frequency 
distribution for a particular site is known, then the wind 
power potential and its economic feasibility of install-
ing the wind turbines can be evaluated easily [16]. Wind 
speed is an intermittent, random variable, and variation 
of wind speed over a period of time can be expressed by 
probability density functions [17]. There are numerous 
probability density functions, such as gamma, lognor-
mal, three-parameter beta, Rayleigh, and Weibull distri-
bution function [18]. Among these different distribution 
functions, the Weibull distribution function is the suitable 
and accepted function for a wide variation of wind speed 
data [19]. The Weibull distribution model has been recom-
mended to find the wind characteristics at offshore loca-
tion and is defined as [20]:

 f v
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Where f v   is the probability of observed wind speed, v  
‘ ’k  is the Weibull shape parameter (dimensionless), and ‘ ’c  
is the Weibull scale parameter m s  .

Weibull shape parameter ‘ ’k  is the width of the distribu-
tion, and scale parameter ‘ ’c  m s   is the average wind 
speed [14].

The Weibull cumulative density function can be derived 
from the probability density of Weibull distribution and can 
be expressed as [21]:

 F v v

c

k

       1 exp   (1.2)

Where F v   is the corresponding distribution function wind 
speed v  .

The mean wind power density can be derived from the 
probability density of Weibull distribution function and can 
be expressed as [22]:

 WPD c
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2
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Where ρ  is the air density in Kg m3 and Γ  is the gamma 
function.

1.3.1  Weibull Distribution Function

The variation of wind speed over a height is called wind 
shear. Wind shear can be calculated by two methods, 
namely, the log law model and the power law model. When 
using the log law model, aerodynamic roughness is essen-
tial for calculating the wind speed and wave characteristics; 

TABLE 1.1
Site Description Details
S. No. Offshore Locations Latitude (Degree) Longitude (Degree) Altitude (Meter) Measurement Period

1 Andaman 11.5 92.5 79 2005–2015
2 Kanyakumari  8 77.5 30 2005–2015
3 Chennai 13 80 14 2005–2015

FIGURE 1.1(C) Chennai Google Map location.
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however, it is very difficult to calculate aerodynamic rough-
ness [13]. For this reason, the simple power law model is 
applied for offshore-location wind power potential estima-
tion. The power law model can be expressed mathematically 
as [23]:
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Where V1 and V2  are wind speeds for corresponding heights 
H1 and H2 in meters. The value of   0 14.  is recommended 
for offshore location [24].

1.3.2  Most Probable anD Most energy-
carrying WinD sPeeDs

Probable wind speed and maximum energy-carrying wind 
speed can be calculated using the Weibull shape ‘ ’k  and 
scale ‘ ’c  parameters. The most probable wind speed is a 
most frequent wind speed, and the most energy-carrying 
wind speed is wind speed which should have maxi-
mum wind energy. The most probable wind speed can be 
expressed as [25]:
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The maximum energy-carrying wind speed can be expressed 
as [25]:
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1.3.3  estiMation oF Weibull shaPe k 
anD scale c ParaMeters

Several methods for estimating the shape parameter ‘ ’k  and 
scale parameter ‘ ’c  of Weibull distribution functions include 
the graphical method, maximum likelihood method, 
empirical method of Lysen, energy pattern factor method, 
equivalent energy method, probability weighted moments 
based on power density method, and Wind Atlas Analysis 
of Application Program (WAsP) method [26]. In this chap-
ter, the Weibull parameters ‘ ’k  and ‘ ’c  are determined by the 
WAsP method, maximum likelihood method, and graphi-
cal method.

1.3.4  WasP MethoD

The WAsP method is based on the wind flow model. The 
WAsP algorithm is used to fit the measured wind speed 
data. It can be expressed as [27]:
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Where ν i is the mean wind speed.
Γ  is the gamma function.

1.3.5  graPhical MethoD

The Weibull parameters ‘ ’k  and ‘ ’c  are determined by using 
the concept of least square regression principle. A straight 
line is fitted to time series wind speed data. Data are sorted 
into bins. It can be represented by [27]:

 k a c e
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Where a and b  are the slope and intercept.

1.3.6  MaxiMuM likelihooD MethoD

This method is used to determine the Weibull shape ‘ ’k  and 
scale ‘ ’c  parameters iteratively using the following expres-
sion [27]:
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Where N  is the total number of wind speed measurement, 
iV  the measured wind speed value for the thi  measurement.

1.3.7  PreDiction MoDel For Weibull 
Distribution MoDel

The correlation coefficient 2R  value has been determined 
from equation 12 to find the best Weibull parameter method 
for calculating the wind speed frequency distribution data. 
The highest 2R  value determines the best method. It can be 
described as [28]:

 2

2 2

11

2

1

R

y Z x Z

y Z

i i
i

N

i

N

i
i

N
 

       

   
  

 

  

 
 (1.12)

Where yi  is the ith  actual data, xi  is the predicted data, 
Z  is the mean of actual data, and N  is the number of 
observations.
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FIGURE 1.2A Wind speed vs. frequency distribution, Andaman location.

1.4 RESULTS AND DISCUSSIONS

1.4.1  WinD sPeeD Frequency Distribution

In this analysis of 11  years (2005–2011), MEERA datas-
ets are taken into consideration. These datasets are down-
loaded from a wind navigator through the Windographer 
software. The three different methods, namely, WAsP algo-
rithm, maximum likelihood method, and graphical method, 
are applied for measuring wind speed data for various loca-
tions that are tabulated. From the calculated values shown 
in Tables  1.2, 1.3, and 1.4, the WAsP algorithm shows a 
high correlation coefficient 2R  value, so it is considered the 
best method for measuring wind speed data. Also, wind 
speed frequency distribution analyses carried out at the hub 
height of 50 m are shown in Figures 1.2(a), 1.2(b), and 1.2(c) 
for the 11-year wind direction taken at (a) Andaman, (b) 
Kanyakumari, and (c) Chennai.

1.4.2  WinD rose analysis

The wind rose diagram graphically shows the distribution 
of wind speed and wind direction for a particular location 
in a certain period of time. Figures 1.3a, 1.3b, 1.3c show 
the prevailing wind direction for the hub height of 50  m 
at Andaman, Kanyakumari, and Chennai offshore loca-
tions to be 225°; diagram (b) shows the overall 11-year 
Kanyakumari offshore location data (2005–2015) and also 

represents wind direction at the hub height of 50 m. The 
dominant wind directions indicated in this diagram is 270°  
and 45°, respectively.

1.4.3  WinD rose analysis

Table 1.6 shows the annual variation of mean wind speeds, 
Weibull ‘ ’k , and Weibull ‘ ’c  parameters at three different 
offshore locations. The highest yearly value of mean wind 
speed is recorded at the Andaman location, as shown in 
Table 1.6 (2012, at 7.304 m/s), and the lowest value at the 
Chennai location (2010, at 4.082 m/s).

1.4.4  WinD PoWer class anD WinD 
PoWer Density analysis

Wind power classes are categorized into seven types of 1 to 
7 rating from poor to superb with respect to wind power den-
sity and wind speed [29]. Table 1.7 represents a wind power 
class classification table. Each wind power class describes 
the various range of wind power density (W/m2) and corre-
sponding mean wind speeds. Wind power class 4 or higher 
is the most comfortable of wind turbine applications. Wind 
power class 3 has been recommended for wind power gen-
eration using taller wind turbines. Class 2 is described as 
marginal for wind power generation. Class 1 denotes unfit 
for wind power generation [30]. Wind power density is 
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FIGURE 1.2C Wind speed vs. frequency distribution, Chennai location.

Wind Speed Frequency Distribution

Wind Speed (m/s)

Fr
eq

u
en

cy
 (

%
)

15 201050
0

2

4

6

8

10

Maximum likelihood Least squares
WAsP Actual data

FIGURE 1.2B Wind speed vs. frequency distribution, Kanyakumari location.



7Investigation of Offshore Wind Energy Potential

TABLE 1.2
Wind Speed Characteristics, Andaman Location, at 50 M Hub Height

Algorithm Weibull k
Weibull c 

(m/s)
Mean Wind
Speed (m/s)

Wind Power 
Density 
W m2  

Correlation 
Coefficient 

R2  

Most Probable 
Wind Speed 

Vmp  

Max Energy-
Carrying Wind 
Speed Vmax  

WAsP algorithm 3.178 6.959 6.77 252.6 0.99318 5.24 15.03
Graphical method 3.126 7.008 6.206 261.5 0.99206 5.23 15.23
Maximum likelihood method 3.199 6.993 6.193 254.2 0.99167 5.3 15.05

TABLE 1.3
Wind Speed Characteristics, Kanyakumari Location, at 50 M Hub Height

Algorithm Weibull k
Weibull c 

(m/s)
Mean Wind
Speed (m/s)

Wind Power 
Density 
W m2  

Correlation 
Coefficient 

R2  

Most Probable 
Wind Speed 

Vmp  

Max Energy-
Carrying Wind 
Speed Vmax  

WAsP algorithm 3.751 7.475 6.55 238.2 0.93926 6.88 13.23
Graphical method 3.034 7.462 6.624 277.4 0.88734 6.13 15.17
Maximum likelihood method 3.03 7.308 6.529 238.1 0.93341 6.4 13.92

TABLE 1.4
Wind Speed Characteristics, Chennai Location, at 50 M Hub Height

Algorithm Weibull k Weibull c (m/s)
Mean Wind
Speed (m/s)

Wind Power 
Density 
W m2  

Correlation 
Coefficient 

R2  

Most Probable 
Wind Speed 

Vmp  

Max Energy-
Carrying Wind 
Speed Vmax  

WAsP algorithm 2.608 6.024 4.43 132.9 0.98805 4.97 11.44

Graphical method 2.589 5.999 5.327 142.5 0.96554 5.29 12.12

Maximum likelihood method 2.761 5.932 5.28 132.9 0.97827 5.04 11.69

TABLE 1.5
Comparative Analysis of Wind Speed Characteristics at 50 M Hub Heights in 11-Year Time Period
S. No. Wind Speed Characteristics Andaman Kanyakumari Chennai

1 Wind power density W m2  252.6 238.2 132.9

2 Mean wind speed m s  6.77 6.55 4.43

3 Most probable wind speed m s  5.24 6.88 4.97

4 Max energy carrying wind speed m s  15.03 13.23 11.44

wind power available per unit area and also determines wind 
resource available at a particular site. In this work, wind power 
density has been calculated during an annual time period at 
different hub heights at three coastal locations (Andaman, 
Kanyakumari, and Chennai), as tabulated in Table 1.8. Wind 

power densities calculated for hub height of 50 m are 252.6 
(W/m2), 238.2 (W/m2), and 132.9 (W/m2), respectively, and 
according to wind power class analysis (Table 1.9), the cor-
responding wind power classes are identified as 2 (mar-
ginal), 2 (marginal), and 1 (poor), respectively.
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TABLE 1.6
Annual Variation of Mean Wind Speed, Weibull k , and Weibull c  Parameters

S. No. Year

Andaman Kanyakumari Chennai

Mean Wind 
Speed (m/s) Weibull k

Weibull
c (m/s)

Mean Wind 
Speed (m/s) Weibull k

Weibull
c (m/s)

Mean Wind 
Speed (m/s) Weibull k

Weibull
c (m/s)

1 2005 6.825 3.285 7.611 6.505 5.852 6.994 4.454 2.701 5.007

2 2006 7.064 4.514 7.736 6.112 5.015 6.636 4.666 3.157 5.203

3 2007 6.319 3.253 7.052 6.292 4.832 6.837 4.372 2.861 4.896

4 2008 6.384 2.89 7.144 6.147 4.745 6.693 4.244 3.053 4.74

5 2009 7.126 3.927 7.885 6.629 4.805 7.216 4.686 2.898 5.247

6 2010 5.685 3.286 6.348 6.43 3.745 7.097 4.082 2.85 4.576

7 2011 7.262 4.699 7.914 6.805 5.562 7.344 4.568 3.186 5.095

8 2012 7.304 4.548 7.984 6.843 6.044 7.361 4.301 2.802 4.821

9 2013 7.026 4.698 7.67 7.14 4.979 7.763 4.692 2.879 5.251

10 2014 6.906 3.654 7.654 6.798 4.464 7.438 4.511 2.999 5.048

11 2015 6.627 3.406 7.389 6.349 4.541 6.943 4.163 2.557 4.683

TABLE 1.7
Classification of Wind Power Classes [31]
Wind Power Class Description Wind Power Density (W/m2) Wind Speed (m/s)

1 Poor <200 <5.6

2 Marginal 200–300 5.6/6.4

3 Fair 300–400 6.4/7.0

4 Good 400–500 7.0/7.5

5 Excellent 500–600 7.5/8.0

6 Outstanding 600–800 8.0/8.8

7 Superb >800 >8.8
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TABLE 1.8
Wind Power Density W m2   at Different Offshore Locations
Height (m) Andaman Kanyakumari Chennai

10 120 114 63
30 191 181 100
50 252.6 238.2 132.9
80 288 273 150

TABLE 1.10
Offshore Wind Turbine Characteristics

S. No. Wind Turbine Name
Rated  

Power (kW)
Cut-In Wind 
Speed (m/s)

Rated Wind 
Speed (m/s)

Cut-Out Wind 
Speed (m/s)

Rotor  
Diameter (m) Swept Area (m2)

1 Gamesa G128–5 MW (80m) 4500 1 12 27 128 12,860
2 RE power 5M (85m) 5000 3.5 14.5 30 126 12,469
3 Gamesa G132–5 MW (95m) 5000 1.5 13 27 132 13,685
4 Vestas V112–3.0 MW (100m) 3450 3 13 25 112  9,852
5 Sinovel SL6000/128 (110m) 6000 3.5 13 25 128 12,868

TABLE 1.9
Wind Power Class Variation of 10 M and 50 M Height at Different Offshore Location
Height (m) Andaman Kanyakumari Chennai

10 1 (Poor) 1 (Poor) 1 (Poor)
50 2 (Marginal) 2 (Marginal) 1 (Poor)

TABLE 1.11
Annual Wind Turbine Output Power (kW) Generation at Different Offshore Locations
Wind Turbine Andaman Kanyakumari Chennai

Gamesa G128–5 MW (80m) 1,295.30 1,164.80 676.50

RE power 5M (85m) 1,325.20 1,207.50 698.60

Gamesa G132–5 MW (95m) 1,465.20 1,294.30 774.20

Vestas V112–3.0 MW (100m) 1,051.10   902.90 563.40

Sinovel SL6000/128 (110 m) 1,419.90 1,301.40 708.70

1.4.5  WinD turbine net PoWer outPut (kW)

In this chapter, five offshore commercial wind turbines are 
considered to estimate net power (kW). Table 1.10 shows 
the different offshore wind turbine characteristics. For the 
selected 11-year (2005–2015) time period in the Andaman 
offshore location, Table  1.11 shows that the Gamesa G 
132–5 MW offshore wind turbine (95 m) has generated the 
highest net power of 1465.20 kW, and for the Chennai off-
shore location, Vestas V112–3.0 MW has produced the low-
est amount of annual generated net power of 563.40 (kW).

1.5 CONCLUSION

In this chapter, 11-year historical time series wind speed 
and wind direction data, from 2005 to 2015, have been 
taken into consideration for analyzing three offshore coastal 
regions across India. Mean value of wind speed, Weibull 
wind speed frequency distribution, and Weibull shape k and 
scale c parameters have been determined. Prevailing wind 
direction has been analyzed, and dominant wind direction 
was plotted through wind rose diagrams. The results are 
summarized as following:
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 • Accordingly, the highest correlation coefficient 
(R2) value WAsP algorithm best fit the measured 
wind speed time series data.

 • Wind power density analysis at the height of 50 m 
at the Andaman location was recorded at 252.6 
W/m2, the Kanyakumari location at 238.2 W/m2, 
and the Chennai location at 132.9W/m2.

 • Mean wind speed analysis at the height of 50  m 
was registered at the Andaman location at 6.77 m/s, 
Kanyakumari at 6.55 m/s, and Chennai at 4.43 m/s.

 • Wind power class analysis at the height of 50 m 
wind power class represented were 2, marginal, 
for both Andaman and Kanyakumari locations, 
and 1, worst, for the Chennai location.

 • Accordingly, wind power density analysis, mean wind 
speed analysis, and wind power class analysis at both 
the Andaman and Kanyakumari offshore locations 
were identified for offshore wind turbine installation.

 • Most probable wind speed and maximum energy-
carrying wind speed were calculated at all three 
offshore locations.

 • Yearly mean wind speed analysis registered high-
est in Andaman at 7.304 m/s and lowest in Chennai 
at 4.082 m/s.

 • The Gamesa G 132–5 MW offshore wind turbine 
(95 m) has generated the highest amount of annual 
net energy output (1,465.20 kW) at the Andaman 
offshore location.
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2.1 INTRODUCTION

The proliferation of atmospheric gases’ intensity as blazing 
of fossil fuel is an accredited global warming fact. Remote-
area wind energy generation systems (WEGS) turn out to be 
the best emulating and nature-friendly proficient elucidations 
for the electrification of distant community consumers [1].

Variable-speed WEGS are mostly centered on doubly 
fed induction generators (DFIGs) or permanent-magnet 
synchronous generators (PMSGs) with power electronics 
interface. The weighty gearbox requires frequent upkeep of 
WEGS due to faults with DFIGs [2–3]. Therefore, WEGS 
with direct-drive PMSGs gained more deliberation due to 
its self-excitation, high power factor, and proficient opera-
tion [4–7]. Optimum wind energy utilization from the 
wavering wind under variable-speed operation is accom-
plished by numerous best tracking schemes, for example, 
maximum torque/power tracking (OT&PSF), perturb and 
observe (P&O), etc. [8]. However, switch-mode rectifier 
(SMR) is more superior as it is a simple and economic out-
put power-boosting scheme without the necessity of wind 
speed sensor for small-scale wind turbine [9].

Remote-area power system control under unexpected con-
ditions such as wind speed variations in the vast era of pene-
trating power electronics–based nonlinear load discrepancies 
is a demanding problem [10–11]. Such discrepancies may 
increase power quality problem like voltage and frequency 
variations. Additionally, solid-state power electronics–based 
load crops harmonics contain current that indirectly add dis-
turbance as voltage and current disruption at PCC, capaci-
tor blustering, intense neutral currents, destabilization of DC 
link voltage. Therefore, SAPF is strongly used in the power 
system to cancel out adverse impacts of harmonics produced 
by power electronic converters–based nonlinear load [12–15].

Inverter control with a balanced source signal is a 
key question in a stand-alone-mode operation. Likewise, 
blackout, random variations in source voltage, flickers, 
noise, notches, harmonic, and voltage unbalance are key 
power quality concern issues that are obtained in WECS. 
Undesirable harmonics signals (voltage/current) are pro-
duced due to power electronics interface as controlled/
uncontrolled rectifier, inverter, and DC–DC converter 
between generator and load. Power quality issues cannot be 
accepted by user and so need remedy.

https://doi.org/10.1201/9781003321897-2
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Conventional passive harmonic filters can be applied to 
eliminate upper-level harmonics with slow response; pres-
ently, active harmonic filters have the capability to perform 
harmonic filtering over a broad operating range of funda-
mental frequency (50Hz). The hybrid active power filtering 
has become more popular in the present scenario due to a 
substantial price fall in power electronics semiconductors 
and signal-processing devices.

After seeing the limitations of the converters and higher 
power demands, there was requirement for a new type of 
inverters. The device which came up to meet the demands was 
an inverter which has various levels in their output; these are 
known as multilevel inverters. These inverters utilize medium-
powered semiconductor switches and capacitor voltage 
sources. They are arranged in an array structure generating 
an output which is a stepped waveform. The more the number 
of steps, the more sinusoidal the waveform will look [16–18].

MLIs are diode-clamped, flying capacitor (FC), and 
cascaded H-bridge multilevel inverter (CHB-MI). The cas-
caded multilevel inverter is the newest member of the MLI 
family. The cascaded multilevel inverter is an ideal solution 
for power circuit topology because of lower-order harmonic 
elimination in its output voltage signal without enhancing 
the switching frequency or diminishing the inverter power 
output [19–20]. With an increase in the number of H-bridge 
level, the output voltages have more steps, thus resembling 
a sinusoidal wave and reducing harmonics.

Owing to the advantages of cascaded multilevel inverter 
over conventional two-level inverters, such as source cur-
rent with low distortion, better harmonic reduction, and 
low voltage stress on load, the proposed work is based on 
a shunt active power filter using CMLI topology. The cas-
caded five-level inverter is controlled through the linear 
PWM technique [21–22]. The multilayered output wave-
form resembles a sinusoidal waveform, hence reduces the 
harmonic content in the system [23–24].

APF performance is affected by precision and time required 
in harmonic compensation. Literature survey includes com-
pensation methods as Id–Iq instantaneous current concept, 
P–Q active reactive power scheme, SRF technique, and self-
tuning filter [25–27]. One other scheme for reference current 
generation via unit vector formation for shunt APF using syn-
chronizing PLL is applied in this book chapter [28–31].

Sudden fall/increase exists in a DC-side inverter volt-
age. It is the sign of ripples and babbling as a slow dynamic 
response of DC link voltage regulation with conventional 
controllers-based SAPF. As a result, controlling the DC-side 
inverter voltage and upholding it steadily have a major role in 
SAPF current harmonics elimination ability. Hence, DC link 
voltage management via nonconventional soft computing 
algorithm–based controllers as an artificial neural network, 
sliding mode, imprecise inputs–based fuzzy logic control-
ler (FLC), genetic algorithm, and heuristic algorithm–tuned 
conventional controller are utilized for better gating pulse 
generation to lessen ripple and switching losses [32–34].

This chapter will explore and analyze harmonic con-
tent level in PMSG-based WECS with hybrid active power 

filter assembly. It is applicable to mitigate current harmonics 
and indirectly plays a role in the life span improvement of 
PMSG. Lower active power losses will show more electrical 
power extraction, improving the overall WECS competence 
as a result. The implementation of HSAPF will enhance 
WEGS functionality over a wide wind speed range. Positive 
sequence detection using a phase-locked loop is used to refer-
ence current generation. Work with imprecise inputs property 
of FLC controller is applied for DC link voltage stabiliza-
tion in this chapter. In this system, various nonlinear loads 
are connected, like uncontrolled converter with R–L load, 
controlled converter, and AC–DC–DC converter generating 
current harmonic, which is then reduced by a compensating 
current produced from CMLI SAPF, and hence increasing 
the efficiency and providing better current harmonic reduc-
tion as compared to conventional VSI as per IEEE standards.

2.2 PROPOSED SYSTEM CONFIGURATION

The suggested assembly has a wind energy generation sys-
tem (WEGS) based on the permanent magnet self-excited 
generator (PMSG) with hybrid SAPF for harmonics elimi-
nation, owing to being thereof three-phase diode-based 
uncontrolled and controlled rectifier feeding (R, L) load. 
A series of passive components–based static filter to com-
pensate for voltage harmonic distortion exists in the wind 
sinusoidal AC voltage output. The cascaded five-level MLI-
based shunt active power filter enhances current signal qual-
ity by bringing in the same magnitude and reversing current 
signal. The SAPF control assembly is based on unit vector 
creation via fundamental frequency-locking property-based 
phase-locked loop for reference current production and car-
rier wave PWM method for pulse-making fed cascaded 
MLI with self-supported bus. Artificial controller handled 
nonlinearity without mathematical modeling-based fuzzy 
logic controller (FLC) is utilized as DC bus voltage man-
agement by elimination of active power losses.

2.2.1  the stanD-alone WinD energy 
generation systeM

The wind energy generation system is connected to con-
trolled and uncontrolled rectifier feeding with resistive and 
inductive load. It is depicted in Figure 2.1. WEGS is made by 
a variable-speed wind turbine, which drives PMSG. This seg-
ment is devoted to WEGS system mathematical modeling.

2.2.1.1  Wind Turbine and Drivetrain Modeling
WEGS converts available kinetic energy from the wind into 
mechanical energy on the PMSG shaft. Power is taken out 
by wind turbine rotor, expressed as:

 P A C vwt P w 
1

2
3   ( , )   (2.1)

Where, A, ρ, νw, and Cp are swept area (m2), air density (kg/m3), 
wind velocity (m/s), and power coefficient, respectively.
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The tip speed ratio (  ) defines the ratio of blade tips’ 
linear speed to the wind speed as:

  
 

 wt

w

R

v
  (2.2)

Where ωwt and R are mechanical turbine rotor (rad/s) and 
blade radius (m), respectively.

In accumulation, the turbine rotor coefficient Cp   ,   
shows power-capturing capability of wind turbine, which is 
a nonlinear function of pitch angle of blades     and tip 
speed ratio (  ). In this study, we assume fixed pitch rotor 
as angle     is considered zero, then the relation between 
CP  and   is depicted in Figure 2.2 and expressed by using 
the following empirical equation:
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A more efficient two-mass drivetrain model senses wind 
turbine dynamics. The following numerical equations gov-
ern the model:

 2H
d

dtwt
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d
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d
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wt g

 
    

Where Hwt and Hg are wind turbine and PMSG inertia con-
stants, respectively. θsta, ωwt, ωr, and ωelb are shaft twisting 

angle, wind turbine angular speed in p.u, PMSG rotor speed 
in p.u, and electrical base speed, respectively.

Shaft torque Γsh  is written as follows:

  sh sh sta wt
staK D

d

dt
   

 
  (2.4)

Here, Ksh  is shaft stiffness and Dwt is wind turbine damping 
constant.

The maximum wind turbine can be received when tur-
bine functions at maximum C Cp p opt_  .  So it is compul-
sory to correct the rotor speed at the optimum value of the 
tip speed ratio  opt   with different values of wind speeds.

Then, the wind turbines’ optimized power can be writ-
ten as follows:
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Additionally, the optimum torque can be calculated as:

  wt opt opt wt opt_ _     
2
  (2.6)

2.2.1.2  PMSG Dynamic Modeling
The dynamic model of PMSG is generally used, in which 
stator voltages of PMSG are described in d–q frame by the 
following dynamic equations:

 V R i p L i P L isd s sd d sd m wt q sq            (2.7)

 V R i p L i P L isq s sq q sq wt d sd m            (2.8)
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Where Rs is the stator winding resistance, isd and isq are the 
d–q axis currents respectively, Ld  and Lq are the d–q axis 
inductances respectively, p is the differential operator, P is 
the pole pairs,  wt is the rotor speed (mech. rad/s), and  m  
is the permanent magnet generated flux linkage.

If PMSG is surface-mounted, then we can assume 
Ld = Lq. Therefore, the electromagnetic torque is given as:

  e m sqP i 
3

2
   (2.9)

2.2.1.3  Switch-Mode Rectifier MPPT Algorithm
The generated power output using variable-speed PMSG is 
not appropriate to use because of consistent changes in wind 
speed, which affect its magnitude and frequency. Therefore, 
reduced switch three-phase uncontrolled bridge rectifier is 
put into application to transform variable output generator 
voltage into a fixed-DC voltage, and after that, it is converted 
to AC-voltage waveform by a power electronics inverter.

The reduced SMR comprises a three-phase uncontrolled 
bridge rectifier and DC–DC converter. The SMR output is 
controlled by controlling an active switch (IGBT) through its 
duty cycle to take out the highest power at any value of wind 
speed from the wind turbine so that it can be supplied to loads.

The structure of the proposed MPPT algorithm is pre-
sented through the control block, as shown in Figure 2.2, 
and generator speed v/s torque is depicted in Figure 2.3.

2.2.2  shunt active PoWer Filter anD its architecture

The shunt APF can be applied to execute current harmonics 
compensation present in the source current. The shunt APF 
compensation principle is equal amplitude but reverse load 

current harmonic introduction at PCC, which lies between 
the source and the load. A  positive sequence detection 
scheme via PLL is applied in a 5L-CMLI-based SAPF for 
reference current generation. Self-supported DC bus volt-
age profile regulation is obtained by a fuzzy logic controller. 
The subsequent subsection explains the detailed description 
of the proposed SAPF control system constituents.

The shunt active power filter (SAPF) is coupled parallel 
at the point of common coupling (PCC) between WEGS and 
the controlled and uncontrolled converter-based nonlinear 
load. The APF architecture is shown in Figure 2.1. It is com-
posed of a current-controlled cascaded multilevel voltage 
source inverter as a power circuit, owing to the advantages 
of a cascaded multilevel inverter over conventional two-level 
inverters, such as source current with low distortion, better 
harmonic reduction, and low voltage stress on load. So in 
the proposed work, the shunt active power filter based on 
MLI topology is modulated and simulated. Five-level CMLI 
is controlled through linear PWM; this multilayered output 
waveform resembles a sinusoidal waveform, hence reduces 
the harmonic content in the system. This inverter comprises 
of IGBT/diode switches and capacitors, which are connected 
in a way to give the required results. The inverter used for 
simulation in the proposed work is a five-level cascaded 
MLI which is connected in a star connection. Like any other 
inverter or converter, this MLI also has two sides, that is, 
one side is the AC side, from where the output is supplied at 
PCC to reduce the harmonics, while the other side is the DC 
side, having a capacitor which is used for the generation of 
PWM. CMI utilizes two separate DC sources per phase to 
generate an output voltage with five levels.

2.2.2.1  SAPF Control Strategy
Compensation performance is dependent on the reference 
current generation technique and DC self-supported bus 
voltage profile (Vdc) regulation techniques.

2.2.2.1.1 Reference Current Generation
The reference current signal for the proposed system is 
generated using an indirect current control methodology. 
A synchronizing vector waveform is achieved by a phase-
locked loop (PLL), as illustrated in Figure 2.1. FLC output 
is measured as amplitude of 3-  reference current signal.

The three-phase unit vector waveform signals are Usa, 
Usb, Usc, then unit vector (U) is defined as follows:
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The 3-  reference source current signal is expressed as:
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FIGURE 2.2 Block diagram of MPPT.
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2.2.2.1.2  Cascaded MLI and Switching Pulse Generation
CMLI is controlled through linear PWM. This multilayered 
output waveform resembles a sinusoidal waveform, hence 
reduces the harmonic content in the system. The three-
phase five-level cascaded MLI is illustrated in Figure 2.4.

Switching gating pulse for cascaded multilevel voltage 
source inverter is generated via comparing actual and ref-
erence source currents’ waveform. Actuating error signals 
flowing through levels shifted in-phase disposition (IPD) 
linear PWM produce the needed gating signals, owing to 
quick prevails over rapid current transitions. Pulses pro-
duced by the hysteresis band are always vibrating in nature, 
which, as a result, produces gate circuitry losses, so lin-
ear PWM is preferred. If the amplitude of the reference 
wave is more than the carrier wave, then the PWM will 
be generated, as shown in Figure 2.5. In in-phase disposi-
tion linear PWM, all carriers are in-phase. The five-level 
MLI requires four carrier signals. The five-level CMLI is 
controlled through linear PWM; this multilayered output 
waveform resembles a sinusoidal waveform, hence reduces 
the harmonic content in the system. The vref  represents ref-
erence wave, while v v vcr cr cr1 2 3, ,  and vcr 4 represent the tri-
angular carrier signals, as shown in Figure 2.5. Similarly, 
the switching signals for other leg b and c of the five-level 

CMI are created via their corresponding actual and refer-
ence filter currents.

2.2.2.1.3 Intelligent DC Bus Voltage Regulation
Soft computing artificial intelligent FLC is utilized as a self-
supported DC bus voltage profile regulation by compensat-
ing active power system losses. The DC bus capacitor voltage 
profile is observed and matched with the DC-link reference 
voltage signal for sensed error (E) and change in error (CE). 
Now, these are defined in the following equations:

 
E(t) V V (t)

CE(t) E(t) E(t 1)
dc  

   
dc
*

  (2.12)

The error E(t) and change in error CE(t) at t sampling time 
are applied as inputs for the FLC inference system. The in-
telligent controller response is Isp  and expressed as:

 I I (t 1) I (t)sp spsp         (2.13)

Real power load demand and losses in VSI are looked out 
by the aforementioned current Isp. The gating waveforms 
for CMI are produced via variation of existent and source 
currents reference waveform. Error signal is gone with level 
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shifted (IPD) linear PWM to create the required gating pulses.
Designed FLC rules are described in fuzzy rule matrix. 

It is shown in Table  2.1. The FLC inputs membership 
degree (E, CE) are illustrated in Figure 2.6(a) and 2.6(b). Its 

output membership degree is demonstrated in Figure 2.6(c). 
MATLAB/Simulink rule editor is shown in Figure 2.7 as 
per designed rule base. Figure 2.8 shows the complete block 
of SAPF control strategy via fuzzy logic controller.

TABLE 2.1
Fuzzy Logic Rule Matrix
E/CE NB NM NS ZE PS PM PB

NB NB NB NB NB NM NS ZE

NM NB NB NB NM NS ZE PS

NS NB NB NM NS ZE PS PM

ZE NB NM NS ZE PS PM PB

PS NM NS ZE PS PM PB PB

PM NS ZE PS PM PB PB PB
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2.3 RESULTS AND DISCUSSIONS

System architecture of WECA-HSAPF using PLL is shown 
in Figure  2.1. The simulation study has been done to 
show the effectiveness of the proposed small-scale fixed-/
variable-speed WEGS using HSAPF CMI based on posi-
tive sequence detector PLL strategy and DC voltage regu-
lation using FLC. Maximum power from WECA can be 
extracted using SMR MPPT. HSAPF is formed using series 
passive (L-C filter) and shunt active power filter (SAPF). 
A  series passive filter eliminates voltage harmonics, and 
SAPF eliminates current harmonics injected by the non-
linear load. Additionally, it can be seen that the positive 
sequence detection method based on PLL is used as unit 
vector generation for reference current generation of SAPF 
gating signals. The robustness of the system is represented 
in order to reduce the harmonic currents produced by 
uncontrolled and controlled converter feeding with (Rl, Ll) 
load under fixed- and variable-speed consideration.

The overall system architecture is simulated using 
MATLAB/Simulink 2015(a) platform. The system data 
used in the simulation study are given in Table 2.2. A hys-
teresis band current controller generates pulses after 0.1 sec. 
Before the shunt APF operation between T1  =  0 sec and 
T2 = 0.1 sec, the source current is highly distorted and rich 
on harmonics, out of phase with the source voltage, and the 
power factor is poor, with high consummation of reactive 
power. The SAPF starts the compensation process instantly 
(T2 = 0.1 sec) when it is connected to the nonlinear load. 
The source current after compensation is practically sinu-
soidal and in phase with the corresponding source voltage.

Figures 2.9(a) and 2.9(b) give the simulation response of 
WECA for fixed wind speed vw = 12 m/s and step change 

in wind speed from vw = 12 m/s to 8 m/sec to 10 m/sec to 
12 m/sec, respectively. It can be seen that generator electri-
cal power output follows turbine mechanical input at a level 
of 6 kW. The turbine rotor rotates at a speed of 152.89 rad/
sec, and Te follows Tm quite well at a level of 40 N-m, that 
is, the DC current regulates turbine torque to extract peak 
power from wind turbines.

Simulation results for SAPF based on VSI under fixed 
and variable speed with uncontrolled converter feeding R–L 
load are shown in Figures 2.10(a) and 2.10(b). The three sup-
ply voltage (Vsabc), load current (Iulabc), source current (Isabc), 
compensation current (Ifabc), DC link voltage (Vdc), and power 
factor waveforms are depicted from top to bottom.

The APF is switched on at T1 = 0.1 sec; the load cur-
rent is balanced, having a magnitude of 6.11 A with 28.32% 
THD, as shown in Figure 2.11(a). It can be observed from 
Figure 2.11(b) that supply current is sinusoidal due to the 
compensation provided by the SAPF after 0.1 sec. The level 
and THD of supply current are 7.134A and 3.95%, as shown 
in Figure 2.11(b).

Current amplitude levels with performance parameter 
THD for variable speed are also illustrated in Figures 2.12(a) 
and 2.12(b) before and after filter insertion.

Simulation performances for SAPF based on VSI under 
fixed and variable speed with controlled converter feeding 
R–L load are depicted in Figures 2.13(a) and 2.13(b). The 
three supply voltage (Vsabc), load current (Iconlabc), source cur-
rent (Isabc), compensation current (Ifabc), DC link voltage (Vdc), 
and power factor waveforms are shown from up to down.

The APF is switched on at T1 = 0.1 sec; the load current is 
balanced, having a magnitude of 6.096 A, with 28.56% THD, as 
shown in Figure 2.14(a). It can be observed from Figure 2.14(b) 
that supply current is sinusoidal due to the compensation 
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FIGURE 2.8 Performance of SAPF based on VSI with fixed and variable speed with uncontrolled converter load.
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TABLE 2.2
System Simulation Parameters
Source Parameter/Nomenclature Value

Wind turbine Density of air (ρ)
Area swept by rotor blades (A)

Optimum coefficient (Kopt)

Base wind speed

1.225 kg/m3

1.06 m2

1.67* 10-3 nm/ (rad/sec) 2

12 m/sec

Drivetrain Turbine inertia constant (Hwt)

Generator inertia constant (Hg)

Shaft stiffness coefficient (Ksh) Damping coefficient (Dt)

4 sec

0.4 sec

0.3 p.u./ el. rad

0.7 p.u./el. rad.

PMSG Pole pairs (p)

Nominal speed (wg)

Nominal current

Armature phase resistance (Rs)

Flux linkages

Stator inductance (Ld = Lq)

Nominal torque (Te)

Nominal power

5

153 rad/sec

12 A

0.425 Ω

0.433 Wb

8.4 mH

40 N/m

6 KW

HSAPF/PLL Series passive filter (Lse, Cse)

DC link capacitance (Cdc)

Reference DC link voltage (Vdc
 )

Filter resistance and inductance (Rf, Lf)

PLL parameters (KP, KI)

60 mH, 440µF

1500 µF

700 volts

0.5Ω, 3.35 mH

0.18, 1

Loads Three-phase uncontrolled and controlled converter load (R1, L1) 100 Ω, 100 mH

Simulation time 0 to 0.5 sec
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FIGURE 2.10 THD analysis before and after compensation for phase ‘a’ variable speed with uncontrolled converter load.

0.480.460.44

Time (s) Time (s)

0.42

5

0

0

–5

100

50

0

0.4

1000800600400

Frequency (Hz)

L
o

ad
 C

u
rr

en
t 

I 1 Selected Signal: 25 Cycles. FFT Window (in red): 4 Cycles

M
eg

 (
%

 o
f 

Fu
n

d
am

en
ta

l)

S
o

u
rc

e 
C

u
rr

en
t 

I 1
M

eg
 (

%
 o

f 
Fu

n
d

am
en

ta
l)

Fundamental (50 Hz) - 6.096, THD-28.56% Fundamental (50 Hz) - 6.108, THD-4.53%

Frequency (Hz)

200

0.480.460.440.42

5
0

0

–5

100

50

0

0.4

1000800600400200

Selected Signal: 25 Cycles. FFT Window (in red): 4 Cycles

(a) (b)

FIGURE 2.12 THD analysis before and after compensation for phase ‘a’ fixed speed with controlled converter load.
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FIGURE 2.11 Performance of SAPF based on VSI with fixed and variable speed with controlled converter load.
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FIGURE 2.14 Performance of SAPF based on 5L-CMLI with fixed and variable speed with uncontrolled converter load.

provided by the SAPF after 0.1 sec. The level and THD of sup-
ply current are 6.168A and 4.53%, as shown in Figure 2.14(b) for 
fixed speed. Current amplitude level with performance param-
eter THD for variable speed is also examined in Figures 2.15(a) 

and 2.15(b) before and after filter application. THD is lying as 
per IEEE standard 3.64% for variable speed.

Simulation performances for SAPF based on 5L-CMI 
under fixed and variable speed with uncontrolled converter 
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feeding R–L load are depicted in Figures  2.12(a) and 
2.12(b). The three supply voltage (Vsabc), load current (Iulabc), 
source current (Isabc), compensation current (Ifabc), DC link 
voltage (Vdc), and power factor waveforms are represented 
in Figures 2.13(a) and 13(b).

The APF is switched on at the same time as before 
case; the load current is balanced, having a magnitude 
of 6.309 A, with 28.05% THD. It can be observed from 
Figure  2.14(a) that the supply current is nonsinusoidal. It 

becomes sinusoidal after 0.1 sec compensation provided 
by the SAPF. Supply current THD is 3.33%, as examined 
in Figure 2.15(b), for fixed speed, and 3.39% for variable 
speed, as in Figure 2.16(b).

Simulation performances for SAPF based on 5L-CMI 
under fixed and variable speed with controlled con-
verter feeding R–L load are depicted in Figures  2.16(a) 
and 2.16(b). The three supply voltage (Vsabc), load cur-
rent (Iulabc), source current (Isabc), compensation current 
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FIGURE 2.15 THD analysis before and after compensation for phase ‘a’ fixed speed with uncontrolled converter load.
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(Ifabc), DC link voltage (Vdc), and power factor waveforms 
are represented in Figure 2.16(a) and 2.16(b) from top to 
bottom.

This control strategy is very effective for current 
harmonic compensation while maintaining 0.99 power 
factor.

The power quality index (THD) parameter before com-
pensation is 28.05%, as illustrated in Figure 2.20(a). After 
compensation, supply current THD is 2.09%, as examined 
in Figure  2.17(b) for fixed speed, and 1.81% for variable 
speed, as in Figure 2.18(b)

Figures  2.19(a) and 2.19(b) show % THD of voltage 
before and after compensation. It also stands under IEEE 
519 standards, and obtained voltage is perfectly sinusoidal.

Table 2.3 illustrates THD for the different case studies. 
The system performance in terms of eliminating harmon-
ics is very acceptable. The THD values obtained in all case 
studies for current compensation are under IEEE standards 
519–1992 (THD ≤ 5%). Fuzzy controller maintained DC 
link voltage constant with zero overshoot. Power factor and 
THD performance are better for 5L-CMI-based SAPF as 
compared to VSI-based SAPF.
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FIGURE 2.17 THD analysis before and after compensation for phase ‘a’ fixed speed with controlled converter load.
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FIGURE 2.18 THD analysis before and after compensation for phase ‘a’ variable speed with controlled converter load.
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FIGURE 2.19 FFT voltage spectrum analysis before and after filter.

TABLE 2.3
Result Summary (% THD) of Various Case Studies

Case Study Before Compensation (%THD) After Compensation (%THD)

Speed Fixed Speed Variable Speed Fixed Speed Variable Speed

VSI uncontrolled converter load 28.32 28.39 3.95 3.58

VSI controlled converter load 28.56 28.52 4.53 3.64

Cascaded 5L-MLI with uncontrolled converter load 28.05 28.01 3.33 3.39

Cascaded 5L-MLI with controlled converter load 28.05 28.32 2.09 1.81

2.4 CONCLUSION

In this chapter, the five-level H-bridge inverter-based shunt 
active filter was designed and verified using MATLAB 
software. Level shifted PWM techniques were used to 
give the gating signals. It was found that as the number of 
levels increased, the output was found to have fewer har-
monics and its shape more resembled a perfect sine wave. 
The unit vector current control using PLL control strategy 
was used to produce the reference currents for compensa-
tion. Maintaining the DC-link capacitor voltage constant 
was the main task in designing the filter and getting a har-
monic-free source current. An intelligent fuzzy controller 
is employed to get the filter working without any overshoot. 
Using a comparator, all the reference compensation cur-
rents were compared with those of actual filter currents. 
Errors obtained were subjected to PWM using a triangular 
carrier signal. The THD was measured for all types of con-
nected load, which are the R–L load feeding uncontrolled 
converter load, thyristor-based controlled converter load 
with 45º switching. Without a filter in the system, the total 
harmonic distortion generated is very high. However, with 
the implementation of cascaded multilevel inverter-based 
shunt active power filter, the total harmonic distortion in 
the system was reduced to as per IEEE 919 standard. This 

decrease in the harmonic content shows that the C5LI-
based SAPF is working efficiently and is a useful tool to 
increase the efficiency of the system. It has been shown that 
a single filter can be designed for all the loads, controlled as 
well as uncontrolled. Voltage performance in terms of qual-
ity index parameter THD has been improved using filter.
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3.1  INTRODUCTION: BACKGROUND 
AND DRIVING FORCES

In the present electric world, most of the power is gener-
ated through fossil fuels only. The main disadvantages of 
these fuels are, the resources may get exhausted at any time, 
the cost involved in procuring and processing these fuels is 
huge, and these also lead to pollution of the environment.

At this situation, power producers globally are looking 
for an alternate source of energy. The only acceptable solu-
tion they have arrived at is utilization of nonconventional 
sources of energy, that is, renewable energy sources (RES). 
The advantages which can be drawn from these sources are, 
these are available free of cost, are inexhaustible, are avail-
able in abundance, do not at all pollute the environment, 
and finally, are a clean form of energy. But the main prob-
lem that arises with RES is their uncertain and intermittent 
nature of power generation. In such condition, it is not sug-
gestible to integrate RES with the electric grid. Therefore, 
it is very essential to know the actual available generation 
very accurately by the RES prior to the integrating of the 
grid. For the proper planning and a secure operation of 
power system, it is inevitable to have information of genera-
tion by RES.

In this context, the forecasting of available wind speed 
in a particular area has gained much attention of power pro-
ducers. It necessitates a sophisticated algorithm for accurate 
forecasting. Therefore, in this chapter, a hybrid machine 
learning algorithm is proposed for forecasting of wind speed.

Combining the features of conventional persistent algo-
rithm and extreme learning machine (ELM) algorithm, 
a new topology is developed in this chapter. This hybrid 
machine learning algorithm is known as persistent extreme 
learning machine algorithm (PELM).

At first, the developed PELM network is trained with the 
obtained historical data. After testing the accuracy of train-
ing, the same is used to forecast wind speed. For measuring 
the accuracy of the training, two metrics, root mean square 
error (RMSE) and mean absolute error (MAE), are used. 
Later, forecasting is carried out over short-term time periods, 
which involves the forecasting duration of some minutes to 
hours, and also long-term time periods, which involves fore-
casting duration of some days or weeks to a few months. 
Forecasting is also carried out with respect to the seasons. In 
summer, winter, and rainy seasons, forecasting is done with 
the proposed hybrid machine learning algorithm.

3.2 WIND POWER

Wind turbines generate electrical power with the help of 
energy stored in wind. The kinetic energy (KE) in wind is 
primarily converted to rotational KE and then to electrical 
energy.

Mathematically, the KE stored in a mass m (kg) moving 
with a velocity v (m/s) is given by:

 KE
1

2
m v2=  (3.1)

The rate of change of KE is power stored in the wind (PWind).

 P
d(KE)

dt

1

2
v

dm

dtWind
2   (3.2)
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Where ρ is air density = 1.225 kg/m3, A is area swept by the 
turbine blade in m2, and l is the distance moved in meters.

 
d (m)

dt
= A   (3.4)

 P =
1

2
AWind

3   (3.5)

Betz’s law [1] demonstrates that the maximum power that 
can be extracted from the wind is independent of the design 
of a wind turbine in open flow. It states that no wind turbine 
can extract more than 59.3% of the KE. This is denoted with 
a factor Cp. Wind power expression can be modified as:

 P
1

2
Av CWind

3
p   (3.6)

From equation 1.6, it can be observed that the wind power 
generated is directly proportional to cube of the velocity of 
wind. Any small change in velocity also reflects huge con-
siderable change in wind power generated; therefore, it is 
very much essential to estimate wind velocity very accu-
rately to obtain the available wind power.

3.3 FORECASTING METHODS

To overcome the uncertainty that arises due to the chaotic 
behavior of wind speed, sophisticated forecasting method-
ologies are indeed necessary. It makes a very comfortable 
and secure operation of the power system. Various research-
ers have thrown a light on accurate forecasting of wind by 
reviewing enormous literature. The authors of [2–6] have 
presented a review of various forecasting algorithms. These 
algorithms have gotten much attention in terms of forecast-
ing time horizons that depend on the considered electrical 
application. Broadly, these methods are categorized into 
persistence method, physical methods, statistical meth-
ods, artificial intelligence–based approaches, and hybrid 
approaches.

The persistence approach is a very basic and naive 
approach. It assumes that the situation at (t + 1)th time 
instant is similar to the tth instant. It’s very much simple to 
implement and mostly suitable for forecasting in very short 
periods of time scales. But this is not suitable for longer 
periods of forecasting time horizons. The accuracy of fore-
casting is not guaranteed.

In physical methods, the forecasting procedure involves 
the calculation of wind speed or power based on weather 
parameters, such as temperature, pressure, terrain effect, 
smoothness of the surface, and obstacles on the way of pas-
sage of wind. The only drawback with these methods is, it 
involves high computational procedures.

The statistical method of forecasting involves using his-
torical data stored in metrological stations. The fundamen-
tal technique is time series, and later, regression methods 
are also proposed. These methods comprise auto regressive 
(AR), auto regressive moving average (ARMA), and auto 

regressive integrated moving average (ARIMA) methods, 
which find their application in various engineering prob-
lems. The problem faced with these methods is, forecasting 
will not be accurate as prediction time horizons enlarges.

In the present engineering world, artificial intelligence 
(AI) methods find their contribution in achieving accurate 
solutions in various complicated fields. With the advance-
ments in AI, various new algorithms such as artificial neu-
ral networks (ANN), fuzzy logic, adaptive neuro-fuzzy 
inference systems (ANFIS), and support vector machines 
are proposed, developed, and proved to be very accurate 
in forecasting wind power. An enormous volume of work 
has been carried out for forecasting wind speed using AI 
techniques.

The hybrid methods are formulated by combining any 
of these algorithms. The benefits obtained through hybrid 
methods are, they retrieve the advantages of individual 
algorithm and develop a most suitable algorithm which 
leads to a globally acceptable solution. Hybrid algorithms 
can be developed by combining the features of physical and 
AI methods, statistical and AI, or any other advancement.

In this chapter also, a novel hybrid algorithm is proposed 
to forecast the available wind speed. A persistent extreme 
learning machine (PELM) algorithm is developed by com-
bining the features of both persistence and extreme learn-
ing machine algorithm (ELM).

3.4  PERSISTENT EXTREME LEARNING 
MACHINE ALGORITHM (PELM)

The persistent algorithm is a fundamental and basic tech-
nique which is most suitable for short-term time horizons 
rather than long-term time periods. The ELM algorithm is 
an AI-based algorithm. Traditionally, it is one input, one 
output, with a single hidden layer feed-forward neural net-
work. The ELM was developed to overcome the drawbacks 
of overfitting, overtraining, and converging at local optima, 
which very often occur in ANN.

To make use of the prominent features of both persis-
tent and ELM algorithms, a hybrid algorithm is proposed 
in this chapter by combining the aforementioned two, and 
it is named persistent extreme learning machine algo-
rithm (PELM). The structure of PELM is similar to that 
of ELM, but the process of training the network is a little 
bit different. The structure of PELM is demonstrated in 
Figure 3.1.

There are S number of samples considered, and each 
sample of pattern will be formatted as ( , )x xi i i

S
  

 
1 1

1 . It indi-
cates that for the input xi, xi + 1 is the output for that particu-
lar input. Where x Ri

S , x x x x xi i i i i S
T  [ , , , . . . . , ]( )1 2 3 1 , and 

x x x x xi i i i i S
T

       1 1 1 1 2 1 3 1 1[ , , , . . . . , ]( ) ( ) ( ) ( )( ) , these matrices 
consist of a collection of attributes. The mathematical equa-
tion which describes the PELM with h number of neurons 
in hidden layer and the activation function F(.) is presented as:

 E(x ) F( x b )j i
i 1

h

i j i  
 
   •  (3.7)
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FIGURE 3.1 Architecture of PELM.

Equation 1.7 is denoted in the matrix notation as:

 F* E   (3.8)

The activation function F in the matrix notation can be pre-
sented as:

F
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And E is the target matrix, which can be represented as:

E [x ,x ,x ,. ,.,.,.,x ]2 3 4 s
T=

After randomly initializing input weights and bias factors 
for the network, the output layer weights are analytically 
calculated. The cost function to be minimized is:

 E F( *x b ) xBP i i
i 1

h

j i j 1
j 1

S 2

   
 

 
 

 

 
 

 
 

 
     (3.10)

Finally, the output weight matrix will be computed with the 
Moore–Penrose method as:

    F X  (3.11)

3.5  METHODOLOGY FOR FORECASTING  
WIND SPEED

The present work is carried out on real-time Andhra Pradesh 
state system. A few areas are identified which are highly windy 

in nature. These are the possible areas for wind plant installa-
tion. For the installation and production of wind power, there 
should be a minimum wind speed required. Depending on the 
data provided by New and Renewable Energy Development 
Corporation of Andhra Pradesh (NREDCAP) [7], a state gov-
ernment–owned body, the areas are selected for future wind 
speed forecasting. The general steps to be followed for fore-
casting wind speed are given here:

Step 1: Identify the areas to be forecasted using the 
data provided by NREDCAP.

Step 2: Collect the historical weather data of the 
selected areas.

Step 3: Segregate the data into testing and training 
clusters.

Step 4: Train the developed network model with the 
training data.

Step 5: After confirming the accuracy, forecast the 
wind speed for short-term and as well as long-term 
time period horizons.

Step 6: The forecasting needs to be carried out in all 
the selected areas.

To validate the accuracy of the proposed PELM method-
ology, two metrics are considered: root mean square error 
(RMSE) and mean absolute error (MAE).

 MAE
1

S
(V V )Wi

Forecasted
Wi
Actual

i 1
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Where, VWi
Forecasted is the forecasted value of wind speed, VWi

Actual 
the actual value of wind speed of ith sample.



30 Wind and Solar Energy Applications

3.6 RESULTS AND ANALYSIS

Analysis is carried out by forecasting the wind speed in 
the area of Guntur, located in the Andhra Pradesh state of 
India. At first, wind speed is forecasted for short-term time 
duration; later, it is extended to long-term time horizons. 
Wind speed is strongly dependent on weather parameters, 
which include temperature and pressure. Therefore, for the 
winter season, meteorological historical data was collected 
on the date of January 1, 2020. Data patterns were collected 
for 24 hours a day; each sample at 2 minutes results into 720 
samples. Within this, 70% of data, that is, 504 samples, are 
utilized to train the proposed network, and the remaining 
216 data samples were used for testing. Each data sample 
contains pressure in mbar, temperature in ºC, and wind 
speed for the present instant, which are given as the input 
parameters for the network. The output parameters contain 
temperature, pressure, and wind speed for the next instant. 
The same thing was carried out for the summer season by 
considering data on the day of May 1, 2020. Similarly, for 
the rainy season, October 1 data was considered.

To validate the forecasted wind speed, the support of 
hardware setup also was considered. Figure 3.2 shows the 
hardware setup, which includes an anemometer and a data 
logger. The forecasted values with the proposed algorithm 
are compared with that of the values recorded by the hard-
ware setup. The validated results for all the three seasons are 
shown in Figure 3.3 for summer, winter, and rainy seasons.

From the obtained results of forecasting, it is evident that 
the proposed algorithm predicts very nearby values which 
can be compared with that of hardware results obtained. 
Further, the obtained forecasting results are also compared 
with that of the algorithms which were already proposed in 
the previous literature. For measuring accuracy, the math-
ematical metrics RMSE and MAE are calculated and com-
pared, which are shown in Table 3.1.

From Table 3.1, MAE and RMSE obtained from the pro-
posed PELM are 0.0484 and 0.0491, respectively. As com-
pared with that of the algorithms ANFIS, ARIMA, and 
the hybrid algorithms, the proposed PELM yields reduced 
errors by 67% and 70%, and also, it happened in all the 
seasons.

After the accuracy of the proposed algorithm is vali-
dated, it was used to forecast wind speed in the selected 
locations of the Andhra Pradesh state depending on the 
feasibility of wind power installation. As per the data pro-
vided by NREDCAP, Ananthapur, Kadapa, Kurnool, and 
Chittoor are the windiest locations and are most suitable for 
installation of wind power plant as compared to the remain-
ing areas. Historical data of the selected locations were col-
lected, and the proposed network is trained with the same. 
Figure 3.4, Figure 3.5, and Figure 3.6 show forecasting of 
wind speed in the considered areas for winter, summer, and 
rainy seasons.

For the winter season, the forecasting time considered 
was January 15, 2020; for summer, it was May 15, 2020; 
and for the rainy season, it was October 15, 2020. The time 
duration for representing testing accuracy considered was 
16:80 to 24:00. In all the three seasons, the proposed algo-
rithm forecast the wind speed as accurately as the actual 
value in all the selected regions.

In this chapter, forecasting is also carried out on long-
term time horizons in the same selected areas for short-
term. Wind speed forecasting was carried out for a period of 
15 years. For training the proposed network for long-term, 
data from the year 2007 to 2017, totaling 10  years’ data, 
was acquired from the Indian solar resource data website. 
For training in winter season, data for the month of January 
over 10 years, that is, a total of 120 training patterns, were 
formulated, and 24 patterns were considered for testing pur-
pose. Every pattern consists of first three successive years’ 

FIGURE 3.2 Hardware module.
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FIGURE 3.3 Wind speed forecasting: hardware and prediction 
in different seasons.

TABLE 3.1
RMSE and MAE Comparison
Algorithms MAE RMSE

ANFIS [8] 0.1499 0.168

SARIMA [8] 0.1399 0.1800

EEMD + ANFIS + SARIMA [8] 0.0491 0.0599

Proposed PELM 0.0484 0.0491

FIGURE 3.4 Short-term wind speed forecasting in the month of 
January.
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daily average wind speed, in which the first two samples are 
for training and the last sample is the target.

Figure 3.7, Figure 3.8, and Figure 3.9 show forecasting of 
wind speed in the considered areas for winter, summer, and 
rainy seasons in long-term time periods.

Upon observing the obtained results from long-term 
time periods, it is proved that the proposed PELM algo-
rithm forecasts very accurately in the selected locations in 
all the three seasons.

FIGURE 3.5 Short-term wind speed forecasting in the month of May.

FIGURE 3.6 Short-term wind speed forecasting in the month 
of October.
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FIGURE 3.8 Long-term wind speed forecasting in May.

FIGURE 3.7 Long-term wind speed forecasting in January.
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FIGURE 3.9 Long-term wind speed forecasting in October.

3.7 SUMMARY

In this chapter, a new hybrid PELM algorithm is developed 
by putting together the properties of persistent and ELM 
algorithms. Based on the data provided by the NREDCAP, 
the windiest locations of the AP state are identified as 
Ananthapur, Kadapa, Kurnool, and Chittoor. With the help 
of historical data obtained from the Indian solar resource 
data website, PELM network is trained and wind speed is 
forecasted in the identified areas for three different seasons 
for short-term as well as long-term time horizons. From the 
obtained analytical results, it is observed that the proposed 
PELM forecasts much better when compared with that of 
existing algorithms.
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4.1  INTRODUCTION: BACKGROUND 
AND DRIVING FORCES

Day by day, due to an increasing population, changing living 
standards, and growth in the industrial sector, the demand for 
electrical energy is increasing. To meet this demand, the con-
sumption rate of fossil fuels, natural gas, is increasing. Along 
with these conditions, deforestation and transportation lead to 
a change in temperature across the globe by 1.5ºC [1–2]. Low-
carbon-emission-based green energy systems, like wind, solar, 
and fuel cells, have the capability to lower down carbon emis-
sion. Regarding the technological changes in the automobile 
sector, fuel cell in vehicles meets the requirement and expecta-
tion of automobiles. Moreover, electric vehicles have attractive 
characteristics, like a quiet operation with precise controls and 
high efficiency, fast charging technology, and wireless charging 
technology. This technology is also extending towards a com-
bination with internal combustion engines as hybrid vehicles 
with rechargeable battery storage systems. With an increase in 
awareness and utilization of electrical vehicles, plug-in installa-
tions are encouraged by governments across the globe.

But these green sustainable energy systems cannot domi-
nate and replace fossil fuel–based systems in today’s existing 
technology and infrastructure. But it can be used directly for 
smaller applications/loads and as a cogenerating system with 
the combination of fossil fuel systems and renewable energy 
systems, as a hybrid system to meet base as well as peak load 
demands, depending on the availability and the amount of 
electrical energy power generation capability. With the devel-
opments in the control strategies of power electronic systems 
and their applications in modern electrical power systems, the 
concept of hybrid generation is increasing across the globe [3]. 
A hybrid system may be a combination of a fossil fuel–based 
electrical power generating system with a green energy sys-
tem or a combination of different green energy systems.

Working with different green energy systems as a hybrid 
system is a hectic task for engineers to control individually 
and collectively as energy source in a modern power system, 
as these green energy systems have their own limitations, 
like amount of available energy, duration of availability, 
nature of availability, continuous and discontinuous mode 
of availability, etc., and have an impact on the distribution 
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system. This chapter concentrates on the impacts of WES 
in the existing distribution systems [4].

The generating sources cannot control independently the 
power quality issues that arise due to the operation of fluc-
tuating and uncertain-natured green energy systems. The 
demand for a state-of-the-art controller is needed to main-
tain the modern power system electrical parameter values 
within. The most promising devices at distribution level 
are custom power devices [5]. Different control strategies 
and methods have been proposed by researchers for cus-
tom power devices. An H∞ matching model is proposed to 
analyze the coupling effect of both the controllers of UPQC 
by PengLi et al. [6], while H. Akagi et al. controlled reac-
tive power without using any storage components [7]. Jian 
et  al. have proposed online VA loading for effective con-
trol of series and shunt controller circuits by adjusting the 
displacement angle to reduce manufacturing cost [8], for 
fast extraction of reference voltages using wavelets [9], to 
vary effective impedance by thyristor switching arrange-
ments of the converters [10], and for instantaneous reactive 
power compensators comprising switching devices without 
energy storage components [11]. For this work, a custom 
power device, unified power conditioner (UPQC), is used to 
improve the power quality of a modern hybrid power system.

In this chapter, to address the impact of greenhouse 
emissions, it is suggested to build a hybrid system with air 
pollution–free wind energy system along with polygenera-
tion SOFC. To address power quality issues, an ANN con-
troller–based UPQC should be built.

4.2  CARBON EMISSION REDUCTION USING 
MODERN HYBRID POLYGENERATION 
SOFC- AND PMSG-BASED WES

The long-term impacts of greenhouse gas emissions are a 
rise in sea level, leading to the submerging of islands; the 
melting of sea ice; an increase in extreme climate condi-
tions; and the risk to plant and animal species. This impact 

mainly depends on its chemical nature and its relative 
concentration in the  atmosphere, especially in industrial-
ized countries, where the per capita consumption of fossil 
fuel, gas-based generation of electrical energy, is more. To 
reduce greenhouse gases, especially in industrialized coun-
tries, the Kyoto Protocol [12] was operationalized. For the 
total power generating capacity of 21.61 MW, the amount of 
reduction in carbon emission is by 21.19941 t [13].

4.3 MODELING USING SIMULATION

The practical design, control, and implementation of real-time 
systems are expensive and time-consuming when it comes 
to understanding and checking performance and doing the 
corresponding modifications. Simulation platforms are best 
suited for design, control, repeated modifications, and getting 
an optimized system. The complete work is carried out in 
a MATLAB/Simulink environment. The following sections 
describe building simulation models of the system study.

4.3.1  WinD turbine systeM anD WinD ProFile

4.3.1.1  Wind Turbine System
It is a collective unit consisting of rotating blades and low-speed 
shaft connected to a gear mechanism to high-speed shaft and 
electrical generator. The main function of the wind turbine is to 
convert the dynamic motion of the wind to rotational mechanical 
motion, which in turn rotates the electrical generator to produce 
electrical energy. For low- and medium-speed winds, the better-
suited wind turbine is the horizontal-axis wind turbine over the 
vertical-axis wind turbine [14]. The energy that is available in 
wind cannot be transferred completely to electrical energy due 
to the area swept by the blades that is missed out. As per the 
theory developed by Albert Betz, only about 59.3% KE of wind 
is converted to mechanical power at ideal conditions. Power 
coefficient (Cp) is a measure of wind turbine efficiency, which 
includes the complete wind energy system components (turbine 
blades, bearings, gear mechanism, electrical generator, and 
power electronic systems), as shown in Figure 4.1.

FIGURE 4.1 Power flow in a typical wind turbine.
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The power in the wind (Pm) is the function of the dimen-
sionless power coefficient (Cp), air density ( ), blade-swept 
area (A), and wind speed (v), and the power coefficient in 
terms of tip speed ratio and angle of attack of wind tur-
bine blades is shown in equation  4.1 and equation  4.2, 
respectively.

 P Av Cm w p 
1

2
3  (4.1)

 C fp   ( , ) .  ;
16

27
0 593  (4.2)

The power characteristics of a turbine are shown in 
Figure 4.2. As it clearly indicates, the available power and 
maximum power availability depend on wind speed. The 
study proposes building a wind turbine with mechanical 
output of (MW) 21.6e6. Suzlon Model: S52/600 specifica-
tions are considered for the simulation studies.

4.3.1.2  Wind Models
The power output of a wind turbine depends on wind speed, 
as the wind is fluctuating in nature and varies with height 
and is dependent on environmental conditions. For this 
work, considered is a three-component aggregate wind 
model consisting of fluctuating wind, random wind noise, 
and gusty wind. This wind model is defined as:

 V = V + V + Vt f r g  (4.3)

Where Vt is the aggregate wind velocity in m/s, Vf is the 
base fluctuating wind velocity in m/s, Vr is the random wind 
velocity in m/s, and Vg is the gust wind velocity in m/s.

4.3.1.2.1 Fluctuating Wind Model
There is no ideal wind model in existence as wind is fluctu-
ating in nature with respect to time. To consider these real-
time conditions, the sinusoidally fluctuating wind model is 
shown in Figure 4.3. It is assumed that this fluctuating wind 
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component is always present in studies. The output of the 
sine wave is represented by:

 W = Amplitude sin 2 k  /p  b( ( ) )f         (4.4)

Where amplitude is the amplitude of the sine wave 
(10.8 m/s); p is the number of time samples/sine wave period 
(50E-6); k is a repeating integer value in the range of 0 to 
p-1;   is the signal phase; and b is the signal bias.

4.3.1.2.2 Random Noise Wind Model
Variations in wind speeds due to different objects in its flow 
create the noise. The magnitude of the noise changes with 
respect to time in small magnitudes. These noises disturb 
the wind flow pattern. For this model, generated are nor-
mally distributed random numbers. The correlation time of 
the noise is given by:

 Tc 1 100 2 fmax    (4.5)

Where fmax is the bandwidth of the system in rad/sec. 
Figure 4.4 shows the random noise wind model.

4.3.1.2.3 Gusty Wind Model
Another aspect of wind disturbance is gusty wind. The 
property of a gusty wind is wind, over its mean value, sud-
denly and briefly rising in its speed. This is due to uneven 
solar heating of the ground. The impact of the gust sud-
denly changes the wind profile, speed, and direction.
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Figure 4.5 shows the built gust wind model.
An aggregate wind model or the wind profile of fluctuat-

ing wind model, random noise wind model, and gusty wind 
model is shown in Figure 4.6.

4.3.2  PMsg-baseD electrical generator

For the conversion of mechanical energy to electrical 
energy at the high-speed shaft end, an electrical device 
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gases in the transportation sector [18]. It is triggering the 
building of a number of charging stations. In building 
charging stations, nonconventional energy sources will play 
a major role. Fuel cell technology is one of the promising 
technologies in building electrical vehicle charging sta-
tions. A number of fuel cells have been developed by many 
researchers to date. Out of all the different types of fuel cells, 
the solid oxide fuel cell is used to generate electrical power 
as an independent source and as a combined source [19–22]. 
Figure 4.7 shows the basic components of solid oxide fuel 
cell (SOFC) and its working principle. The corresponding 
chemical equations are shown in the following.

d Chemical reaction at cathode:

 

 O e2   4 2O2   (4.8)
is 
or Chemical reaction at anode:
re 
ny  

 H O2
2    H O  2e   (4.9)cy 2

G 
orue 

p-
 

a-  CO   O C2 O e2  2   (4.10)

Overall equation:

.7)
 H O2 2  CO   H O2 2CO   (4.11)

The expression for stack output voltage V according to [21, 

el 23, 24] is represented by:

nd 
of  RT  ln pH 0 5.  
ng  V N  E 2 2p

0 0 o
 
   (4.12)   

 2F  pH2O   ng  
of 
gy For this work, build a 100 kW dynamic model of a solid 
or oxide fuel cell, as shown in Figure 4.8. The SOFC model 
se parameters are specified in Table 3.1.
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FIGURE 4.6 An aggregate wind model.

FIGURE 4.7 Solid oxide fuel cell (SOFC) components an
working principle.

called electrical generator is used. Induction generator 
used to operate at other-than-synchronous speeds. F
nearly synchronous speeds, synchronous generators a
used. The concept of direct-driven PMSG is used in ma
industrial manufactures [15–17] due to its better efficien
and reliability. In this work, simulation models of PMS
are built to generate 21.6 MW (0.6 MW × 36). The torq
for the machine is represented with the rotational dam
ing factor (D), equivalent inertia (Jeq), and mechanical rot
tional speed ( m):

d 
 T J  m

e eq D T m       (4
dt

4.3.3 F uel Cell SyStem: SOFC

The modern power system is the combination of fossil fu
systems, nonconventional energy systems, microgrids, a
energy storage systems to meet the electrical demands 
commercial, industrial, and residential requirements, alo
with the recent addition of eco-friendly electrical chargi
stations. With the recent developments in infrastructures 
gas and biofuel systems, future electrical vehicle technolo
and hybrid electrical vehicle technology are playing a maj
role around the world in reducing the impact of greenhou
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TABLE 4.1
SOFC Model Parameters
SOFC: Vdc rated fuel cell terminal voltage 690 V KH2O- water valve molar constant 0.281 mol/(s.atm)

T, the operating temperature 1273 k KO2 oxygen valve molar constant 2.25 mol/(s.atm)

Eo, the ideal standard potential- 1.18 V  H2 hydrogen flow response time 26.1 sec

No, number of series connected cells in SOFC stack 723  H O2
 water flow response time 78.3 sec

K  modeling constant 0.993 × 10e3 oxygen flow response time 2.91 sec

Fuel utilization factor setting 0.8 r ohmic losses 0.126 ohms

KH2, hydrogen valve molar constant 0.843 mol/(s.atm)

PCC

Series
transformer

I to load

Shunt
Transformer

VSI VSIC

Control

3 ph voltages
and currents
from grid side

3 ph currents
from load side

I from Grid

I (shunt)

E (shunt)

V (series)

E (series)
DC(UPQC)V 

FIGURE 4.9 Block diagram representation of UPQC.)
) called an artificial neural network (ANN), is best suited as 

it could be trained to predict when it comes across a new 
situation without any restrictions on input variables. It may 

) be single-layer, as show in Figure 4.10, or multilayer per-
ceptions, as shown in Figure 4.11. Each node uses nonlin-
ear activation function and is trained by backpropagation 
technique.

In this work, an ANN-based shunt controller of a )
UPQC is modeled. The input data is the simulation input 
parameters of PI controller used in an ANN controller. 
The ANN controller’s fundamental flow diagram is shown 
in Figure 4.12.

The built Simulink model of shunt controller is shown 
in Figure 4.13, with the three phase of voltages, currents, 
and the DC-link voltage as inputs to generate the input )
pulses to the shunt converter to operate in different operat-
ing conditions. The number of hidden layers in the system 
is considered: 3, number of epochs; 500, number of inputs 

) and outputs; 1, number of the error voltages of PCC- and 
DC-link voltage. The output of ANN is given as input to 
the PWM generator.

)

4.4 SIMULATION STUDIES
 

- The distributed network presented in [25] is used in a 
- hybrid system as shown in Figure  4.14, with the follow-
, ing notations used to represent the bus numbers: BB(i), Zij, 

4.3.4  ANN-BAsed CoNtroller for UPQC

Day by day, power quality issues in the power sector are 
increasing due to generating sources, especially green 
energy systems and nonlinear loads. The main responsi-
bility of the suppliers is to maintain the quality of power 
in the system with the specified magnitudes and frequen-
cies to the consumers. But maintaining the quality of the 
power under different operating conditions is a difficult 
task. Researchers have proposed different custom power 
devices, as discussed in the introductory part. The block 
diagram representation of UPQC shown in Figure 4.9 con-
sists of series and shunt controller with a common stor-
age device [22]. Initially simulated is the network with 
instantaneous power theory-based PI controller circuit. 
Instantaneous active power (p) and reactive power (q) are 
used to determine voltage and current quantities:
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In real-time world, many of the practical problems are
very much complex, nonlinear, with complex relation
ships between the variables. To solve these kinds of prob
lems, the brain processing concept of training of neurons
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and ZTR – bus bar numbers, buses, and line numbers – are 
represented by i and j. UPQC is connected at BB6 in the 
loads with switch (SW). Studied are the power quality issues 
generated by wind energy systems with the impacts of sag 
and swells.

4.4.1  iMPacts oF Fluctuating WinD

An aggregate wind model, shown in Figure 4.6, clearly dem-
onstrates that the wind generally does not flow constantly 
during the span of a few seconds, minutes, hours, and days. 
But it continuously fluctuates due to atmospheric weather 
conditions. Equation 4.1 shows the directly proportional rela-
tionship between the mechanical power out of a wind turbine 
and the v3. This, in turn, creates voltage and power fluctua-
tions on the electrical generator, which in turn impacts the 
connected equipment and other generating sources. These 
wind fluctuations create the fluctuating output voltages and 
power of the wind generator. These fluctuations have an 
impact on consumers, like industries and domestic appli-
ances, but the major impact is on electronics-based equip-
ment and IT equipment. This is one of the power quality 
issues that arises in the power system due to wind energy 
systems. Figures  4.15(a), (b), (c), and (d) show the impact 
of voltage fluctuations. The simulation outputs shown in 
Figure 4.16, Figure 4.17, and Figure 4.18 are P and Q fluc-
tuations at grid, wind terminal, and fuel cell system due to 
fluctuating wind. This is one of the power quality issues 
related to wind energy system injecting into the grid. Custom 

power devices like UPQC are the best solutions to mitigate 
these kinds of power quality issues at distribution level. In 
this work, an ANN controller–based UPQC started its con-
trolling operation at 2.5 sec. Figure 4.18(a), (b), (c), and (d) 
and Figure 4.19, Figure 4.20, and Figure 4.21 demonstrate 
the effectiveness of the built ANN controller–based UPQC.

4.4.2  iMProveMent oF PoWer quality issue: sag

The electrical network, either in the transmission or dis-
tribution, is continuously subjected to variations in loads; 
switching the lines and disconnecting the lines and abnor-
mal operating conditions are the causes of power quality 
issues like sag and swell and harmonics into the system. 
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FIGURE 4.14 SOFC- and PMSG-based modern power system.

In this work, these power quality disturbances are studied. 
The first case study, sag, is generated by connecting differ-
ent loads at different switching time periods, as presented 
in Table 4.2.

Figure  4.18(a) demonstrates the voltage fluctuations at 
PCC are effectively nullified within the IEEE 1159–1995 
international standards by ANN-based UPQC.

4.4.3  iMProveMent oF PoWer quality issue: sWell

As the power system is complex and dynamic in nature, 
when it is subjected to a sudden opening of any line and 
any unsymmetrical fault, there is a possibility of system 

voltages rising. This change in the voltage has an impact on 
the life span of the devices connected to the system, failure 
of insulations, etc. Initially, the system is loaded with two 
loads which are similar to the previous case study, then after 
that, a swell is created for a time period of 4.6 to 4.8 sec by 
creating a three-phase fault with a resistance of 0.001 ohms 
and a ground resistance of 0.001 ohms on the secondary 
side of the transformer, as shown in Figure 4.19(b). In a sim-
ilar manner, created are two swells at different instances of 
time with L–L fault with 9 ohms, 0.001 ground resistance, 
as show in Figure 4.19(c), and L–G fault with 0.001 ohms, 
as shown in Figure 4.19(d). The built ANN-based UPQC 
effectively mitigated the swells in the system to improve 
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TABLE 4.2
Switching Time Periods for Loads
Load Switching Time in Seconds

15 MW + j 6.31 MVAr 3.6

12 MW – j 2.4 MVAr 4.2

9.2 MW + j 1.85 MVAr 4.6

20 MW + j 150 MVAr 5.2

FIGURE 4.19 Voltage swells due to Rg:0.001   (a) 3-phase fault, (b) 3-phase fault with Rf, (c) L–L fault with Rf, and (d) L–G fault.

the power quality of the system, as shown in Figure 4.19(a), 
within IEEE 1159–1995 standards [26].

4.5 CONCLUSION

This chapter discussed the importance of minimizing global 
carbon emissions and the solutions for fossil fuel–based 
electrical generating systems: hybrid generating systems – 
SOFC- and PMSG-based WES. The mathematical model 
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the causes of power quality issues due to wind green energy 
system for variations in wind models and their impacts. 
Further, to mitigate power quality issues in the network for 
different operating conditions. At the end, an ANN control-
ler–based UPQC was built to bring power quality issues 
within IEC 61000–4–15 and IEEE 1159–1995 standards.
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to Track Down the Maximum 
Power Under Partial Shadings
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5.1 INTRODUCTION

Solar energy is a freely accessible asset excessively sig-
nificant for decreasing the reliance on regular sources. 
Photovoltaic (PV) frameworks produce electricity by chang-
ing the limitless energy into power. Generally significant 
expense, low transformation efficiency of electric power, 
reliance on ecological conditions, and nonlinearity of the 
P–V and I–V quality of PV (as shown in Figure 5.1) exhibits 
are the fundamental difficulties in PV cluster usage.

Following worldwide pinnacle of a PV, it is altogether 
essential to ensure the maximum power transformation. 
Numerous extreme power extraction techniques are pro-
posed in the literature [1–3], with mainstream MPPT strate-
gies like P&O, hill climbing (HC) (as shown in Figure 5.2), 
and IC techniques, which are compelling under irradiance 
condition of PV modules. Since the following turns out to 
be more muddled under fractional shading condition, that is, 
when all the modules don’t get uniformity in radiation, these 
techniques simply neglect to follow the max power extrac-
tions. In uniform based conditions, the P–V plots of PV 
cluster has only one global peak, yet under PSCs, the P–V 
trademark shows various peaks. Henceforth, a few MPPT 
techniques are proposed which are material in PSCs. These 
strategies can be classified into two gatherings: equipment-
based strategies and programming-based strategies [4].

The investigation and evaluation of interconnected PV 
cells under various concealing conditions and different con-
cealing examples are considered. The incomplete conceal-
ing conditions because of the different elements diminish 
the power yield of PV clusters, and its attributes have vari-
ous tops because of the crisscrossing misfortunes between 
PV boards. The chief target is to demonstrate, examine, 
mimic, and assess the presentation of PV cluster topologies 
[5], for example, series parallel (SP), honeycomb (HC), total 
cross-tied [6] (TCT), ladder (LD), and bridge-linked (BL) 
under various concealing conditions, to deliver the power 
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by decreasing the crisscrossing misfortunes. Alongside the 
ordinary PV clusters, the exploration manages the cross-
over PV exhibits, for example, bridge-linked honeycomb 
(BLHC), bridge-linked total cross-tied (BLTCT), and series 
parallel total cross-tied (SPTCT), as shown in Figure 5.3. 
The present investigation of the customary PV exhibit 
topologies alongside the mixture is done during static and 
dynamic concealing examples by contrasting the different 
boundaries, for example, the global peak (GP), local peaks 
(LPs), comparing voltage and current at GP and LPs, fill 
factor (FF), and ML. Furthermore, the voltage and current 
conditions of the HC setup under two concealing conditions 
are determined. The different boundaries of the PV module 

and its conditions are utilized for PV displaying and rec-
reation in MATLAB software. Consequently, the derived 
results give valuable data to the exploration for solid activ-
ity and power amplification [5] of PV framework.

5.2 LITERATURE SURVEY

Renewable energy sector growth in India has been signifi-
cant, even for electricity generation. Renewable energy is 
energy generated from natural resources, such as sunlight, 
wind, rain, tides, and geothermal heat, which are naturally 
replenished. Even for the decentralized systems, the growth 
for solar power deployment capacity has increased by 

a) Block diagram b) The flow chart of MPPT Control System
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11 times in the last five years, standing in fifth position, 
crossing Italy, with 30 GW generation in July  2019. The 
installation of solar home lighting systems has been 300%, 
solar lanterns 99%, and solar photovoltaic water pumps 
196%. The smart lighting market at 14.23 billion USD in 
2019 is expected to peak to 58.57 billion USD at the end of 
2025, as per CAGR of 29.30% in forecast period 2020–2025.

This is a phenomenal growth in the renewable energy sec-
tor mainly for applications that were supplied only through 
major electricity utilities. Some large projects have been 
proposed, and an area of 35,000 km2 in the Thar Desert has 
been set for solar power projects to generate 700 to 2,100 
GW. Renewable energy systems are also being looked upon 
as a major application for electrification of 20,000 remote 
and unelectrified villages and hamlets in the upcoming five-
year plans of India. Our country has put fourth an interna-
tional solar alliance with 121 countries in 2015, with motive 
of “One Sun, One World, One Grid” and “World Solar 
Bank,” to harness adequate power on a global scale.

The following chart presents an idea of installed solar 
capacity as of March 31, 2020.

Year Cumulative Capacity (in MW)

2010 161

461

1,205

2,319

2,632

3,744

6,763

12,289

21,651

28,181

34,627

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

The preceding bars indicate the revolutionary increment 
in the solar power generation in the world’s green energy 
revolution. However, even if there have been many tech-
nological advancements in the solar power sector, it still 
lacks the touch of efficient usage of resources and electri-
cal elements, such as the solar PV modules and materials 
used in the cell configuration, maximum power generation 
techniques, MPPT strategies, efficient chopper conversions 
for power transmission, and switching technologies in the 
power converters.

The great amount of research manuscripts from IEEE, 
Springer, Elsevier, and a web of science journals has been 
surveyed to assess the scenario of solar power generation 
right from its past roots to choices in the future. The chap-
ter here depicts the modeling of the solar harnessing power 
with the PV system incorporated with the PV reconfigu-
ration techniques, PV generation adopting various MPPT 
algorithms, various switching sequences and algorithms in 
the power converter operations, energy storage elements, etc.

The characteristics of a PV module are nonlinear, 
affected by the irradiance and temperature solar patterns. 
For PV array even under irradiance, there is a unique peak 

point on the PV curve. Some traditional MPPT techniques 
include VK tracking, Voc tracking, Isc tracking, P&O, 
IC, FLC, and other intelligent controllers. However, a PV 
installation can encounter many environmental factors, 
such as dust, clouds, bird droppings, leaves, buildings, etc., 
which cast nonuniform shadows on solar surfaces. Under 
these partial shading conditions, many peaks occur on PV 
plots where the conventional MPPT methods may fail to 
distinguish local peaks from global peaks. Hence, it is of 
great deal to study control algorithms of PV systems under 
PSCs for enhancing their efficiency and reliability.

The first of all the PV array reconfiguration techniques 
was introduced in 1990, experimenting the MPPT strate-
gies under PSCs; thereafter, many more researchers have 
introduced reconfiguration structures, such as SS, PS, TCT, 
SP, BL, HC, etc. Similarly, many such control techniques 
are being studied to switch relays quickly during reconfig-
uring the PV modules. AI algorithms are also developed 
and can be classified as bionic and evolutionary algorithms. 
In contrast to evolutionary algorithms that are genetic algo 
and differential evolution, next-level bionic algorithms are 
investigated by researchers, which include PSO, ACO, 
ABC, SSA, GWO, etc. However, many prefer to com-
bine AI algorithms with multiple intelligent algorithms to 
achieve MPPT.

In the following sections, the main MPPT methods are 
reviewed and classified in terms of their control theory and 
their adaptations in the solar PV systems. Comparisons of 
existing methods are classified into three categories, as follows:

 i. Conventional MPPT techniques
 ii. Intelligent control–based MPPT strategies
 iii. MPPT strategies under PSCs

The chapter is organized into the following sections:

 1. MPPT control methods are reviewed under nor-
mal irradiation conditions, including traditional 
and AI methods.

 2. Secondly, a comparison of different categories of 
MPPT control methods under PSCs is presented.

 3. Finally, conclusions are drawn.

5.3  MPPT CONTROL METHODS 
FOR PV SYSTEM

5.3.1  conventional MPPt strategies

Conventional MPPT methods are of the following two types:

 a. Parameter selection–based controllers
 b. Sampled data–based direct MPPT controllers

5.3.1.1  Parameter Selection–Based Controllers
The control technique is achevied by defining the PV panel 
parameters by tracking down the maximum power [7, 8] from 
the VI, PV plots measured under different operating conditions.
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The intrinsic boundaries of a PV board with estima-
tions of the solar temperatures make the foundation of an 
upgraded numerical model. Such models empower the P–V 
and I–V benchmarks of the board under given working con-
ditions and thus decide the MPP. The control techniques in 
this classification principally incorporate Vk tracking, Voc 
tracking, Isc tracking, and so on, and delegate models are 
summed up beneath. Vk tracking, which is the least-com-
plex boundary-selective MPPT strategy, directs the mod-
ule terminal voltage dependent on its open-circuit esteem, 
although the technique cannot adequately accomplish 
MPPT perfectly, especially under enormous temperature 
variations.

Voc tracking is similar to Vk tracking, but in contrast, it 
tracks a constant voltage; this method starts from an open 
circuit to steps of varying voltage. It is clear from the PV 
array output that when the open-circuit voltage Voc changes 
under different operating conditions, the MPP voltage Vm 
will also change proportionally. An approximate linear 
relationship between Vm and Voc is calculated by Vm = Kv 
× Voc, where Kv is proportionality constant (<1) and Voc 
can be known by disconnecting PV array from load. In [9], 
Voc tracking was used for irradiation factor less than 350 W/m2.

The results obtained from [10] are directed by sweep-
ing the array current and determining the peak power point 
voltage. In contrast to all other methods, the main downfall 
of current scanning method is, its tracking speed is lesser 
than actually required in reality.

5.3.1.2  Sampled Data–Based Direct 
MPPT Controllers

This category of methods tracks the MPP by sampling data 
such as voltage, current, and power from PV array. These 
direct methods do not rely on any model of the PV and are 
simple to implement in practice and hence are widely used 
[11, 12]. These methods include P&O, IC, PC, RCC, PAC, 
AM, VF, PF, etc., which are often combined to further 
improve accuracy and speed of tracking the power. Some 
of these methods are summarized as follows. The principle 
of P&O [13], one of the most commonly used implement-
ing MPPT in a PV system, is to increment or decrement the 
voltage or the duty cycle of the PV array at regular intervals 
and observe power deviation to determine the next control 
signal. P&O is solid and simple to execute. The calculation 
tracks the MPP by continually changing the terminal volt-
age of the PV cluster, which can undoubtedly yield power 
swaying. Moreover, with the difference in the natural con-
ditions, the technique can bring about power loss of the PV 
framework. To beat this issue, numerous alterations of this 
technique [14–17] are introduced.

IC [18, 19] is another normally utilized for calculations 
of MPPT control which works by observation of conduc-
tance I/V with the negation of the -dI/dV. At the point when 
the natural conditions change, the technique can easily fol-
low the changes in MPP, paying little attention to attributes 
and boundaries of the PV module. The control cycle of IC is 
unpredictable, and precision will influence the presentation 

of the following partially. Simultaneously, the progression 
size of the voltage augmentation is additionally relative to 
the following mistake. An improved IC strategy has been 
proposed (i), in which the reasonable mistake is taken 
inside a specific precision range that fulfills the MPPT. 
When contrasted with conventional strategy, the altered 
technique can rapidly recognize an expansion or abatement 
in illumination and settle on the correct choice, the con-
sistent state wavering is disregarded, and the deficiency of 
power is decreased.

PC [20] is comparable to IC, which considers the parasitic 
capacitance of the PN crossing points in the cell and stray 
inductance between PV cells. The introduction of parasitic 
capacitance can diminish the slipup sign when not at MPP 
value; besides, it improves the counterimpedance of the 
PV system. The accuracy of PC is in helpful applications. 
Anyway, the technique is difficult to realize. PC procedure 
resembles P&O preserves trading factor with converter to 
trouble the voltage and current of the PV cluster for empow-
ering MPPT. The trouble occurs in the PV structure, as 
there is no convincing motivation to pester the voltage and 
current. Moreover, the procedure makes it pointless to get 
the limits of the PV show early. Thusly, some fundamental 
circuits can be used to execute relevant limits. By using this 
technique, it requires the converter to work in CCM [21]. 
ASP [22] is a procedure which changes the game of PV 
groups, as demonstrated by different weights, so the PV can 
meet assorted weight requirements and work at the MPP.

Regardless of all the aforementioned merits, this tech-
nique has insufficiency in that its progressing introduction 
is poor, as it can’t change the working reason for the PV 
group quickly enough as the external atmosphere changes. 
AM [23] uses a hoax PV group module to develop a refer-
ence model of the working PV to depict a comparison. This 
strategy can avoid the insufficiency of light in developing 
the PV cell; the issue of different most prominent charac-
teristics furthermore should be considered for a powerful 
structure. PF [24] learns current to yield power in program-
ming, by yielding voltage and currents of the PV. It changes 
the voltage, as demonstrated by the power relation between 
the current and past cycles. The realized voltage may not be 
exceptional at a comparative generated power; the control-
ler should be arranged as a single-value control mode, that 
is, only one side of the P–V curve is used.

5.3.2  sMart MPPt control techniques

The P–V plot of a PV module is a curvy plot and will 
change with respect to the temperature and illumination 
patterns, which will then display various plotting patterns. 
Consequently, the traditional MPPT strategies may fail. To 
counter this issue, MPPT strategies dependent on astute cal-
culations are proposed and effectively applied; these tech-
niques incorporate FLC, NN, SMC, and so on. Some normal 
astute MPPT control techniques are dissected as follows.

FLC is a conscious calculation, with a bunch of fuzzy 
principles. Its usage can be partitioned into the three stages 
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of fuzzification, control rule assessment, and defuzzifica-
tion. The vital component of FLC is consolidating expe-
riences and information into language rules to control the 
framework. Also, FLC can follow the MPP rapidly to arrive 
to the MPP, that is, it has better, powerful, and consistent 
execution. But the fundamental drawbacks of FLC are that 
various irradiance patterns can cause float and the execu-
tion is intricate. A few specialists have attempted to join the 
conventional MPPT calculation with FLC to improve the 
intermingling speed and decrease consistent state wavering 
and usage intricacy. In [3], the beta halfway factor was pre-
sented as the third channel, which streamlines the work and 
diminishes the reliance on the experience. [25] proposed 
a PV board–sourced support converter, with FLC, under 
25–60ºC temperature and 700–1,000 W/m2 irradiance. 
This framework was associated with a buck converter with 
PI control to work as a battery charging regulator. What’s 
more, FLC has likewise been proposed for an MPPT con-
spire in which four advancement calculations are intro-
duced for streamlining fuzzy and producing the legitimate 
duty cycle.

[26–28] is another sort of data handling innovation. The 
mostly utilized neural organization structure has three lay-
ers: input layer, concealed layer, and yield layer. At the point 
when applied in a PV framework, numerous examples of 
information and yield information are utilized to prepare 
factors of variation. As of now, numerous scientists have 
consolidated NN with other keen calculations to acquire 
better outcomes. One model proposed is the consolidated 
PSO-RBFNN calculations in [26] to decrease preparing 
time; the PSO is utilized to improve the RBFNN boundar-
ies, change the weight boundaries and speed to accomplish 
the impact of actualizing. In [28], the regulator boundar-
ies are enhanced and tuned utilizing a prescient neural 
organization regulator. It predicts the control boundaries 
by matrix flow and DC-transport voltage and killing these 
blunders in a short time.

5.3.3  orDer anD outline For MPPt 
control strategies

Summarizing the preceding conversation, some MPPT 
control strategies are assessed from the perspective of 
unpredictability level, velocity, productivity, and so on. 
From Table 5.1, it very well may be seen that the different 
MPPT control strategies have their own points of interest 
and inescapable deficiencies. These MPPT control tech-
niques are not great and have wide exploration possibilities 
and advancement space, particularly on account of PSCs.

5.4 MPPT CONTROL STRATEGIES UNDER PSCS

To beat the issue of the yield power drop due to the multi-
top property of the trademark bend of the PV framework 
under PSCs, a few analysts have proposed strategies which 
have indicated expanded precision of the MPPT and thus 
expanded the yield intensity of the PV exhibit under PSCs. 

As current control hypothesis and AI consciousness grow, 
some more reasonable techniques following have opened 
up. These arising keen control strategies give more alter-
natives to MPPT control of PV frameworks under PSCs. 
Following a survey of current writings [29–34], the current 
GMPPT strategies under PSCs can be gathered into two 
classes, as follows:

 i. Array reconfiguration–based hardware control 
methods

 ii. Artificial intelligence algorithms–based control 
methods

5.4.1  array reconFiguration–baseD 
harDWare control MethoDs

These methods are based on PV array reconfiguration using 
switches and sensors to dynamically change the array con-
nections to increase the system efficiency under PSCs. The 
PV array reconfiguration concept was first proposed in 1990 
by Salameh and Dagher [35], which were widely developed 
and applied [36, 37]. As shown in Figure 5.4, the PV array 
interconnection structures [38] include SS, SP, BL, TCT, 
HC, etc. The output characteristics of all these connec-
tions have been analyzed through simulation and experi-
ment [39]. Moreover, the performance of common PV array 
joint structures under PSCs has been evaluated [38, 40]. It 
can be seen that changing the exhibit association structure 
properly can reduce the concealing impact and improve the 
power output somewhat. Moreover, lately, a few strategies 
joining smart control with equipment exhibit reconfigura-
tion have been proposed to upgrade the resistance of PV 
frameworks under PSCs.

In [39], the PV exhibit utilizes the TCT association struc-
ture, and another riddle-based actual reconfiguration con-
spire is proposed. This is named the predominant square 
strategy and prompts actual migration of the modules 
inside the TCT interconnection. This assists accomplishing 
uniform current in each line of the PV exhibit. In contrast 
to this, another diverse zigzag strategy was proposed by [41] 
which exhibits its viability just for 3 × 3 PV cluster.

Another actual game plan conspire for the PV exhibit 
has been introduced [42], which is primarily founded on 
expanding the mathematical distance between modules 
that are topologically neighboring inside the PV cluster. 
Furthermore, an advanced exchanging set (SWS) geogra-
phy for PV modules is created in [43]. Numerous PV exhibit 
setups have been accounted for until this point, and the 
regularly utilized arrangements depend on the TCT and SP 
designs. The SS, parallel, BL, and HC designs are seldom 
utilized because of low proficiency, muddled wiring, and so 
forth. For the TCT design, the most testing part is to inter-
face PV modules with comparable irradiance levels in each 
column, which is known as irradiance adjustment.

For SP association, the point of reconfiguration is to 
fabricate a series of arrangement-associated modules with 
comparative irradiance levels. A rundown of dynamic PV 
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exhibit reconfiguration techniques detailed in the writing 
is introduced in Table 5.1. These techniques are summed 
up in terms of system, required switches, and other dis-
tinctive boundaries. A  basic assessment of the favorable 
circumstances of these techniques is given. In the table, 
DPST, SPDT, and SPST signify twofold-shaft single-toss, 
single-post double toss, and single-shaft single-toss sorts 
of switches individually. NFST is the quantity of adaptable 
strings, and NFMIM is the quantity of adaptable miniature 
inverter modules in the PV framework.

The pick of rightful arrangement of PV configuration 
under PSCs is essential since the power loss is dependent 
upon PV concealing state by PV cluster design. Among the 
previously mentioned, PV cluster arrangement assumes an 
essential part in deriving maximum power output. There 
are numerous PV exhibit arrangements noted in the writing 
to cut down the inability to relate losses brought by conceal-
ing, for example, “series arrangement, parallel, series par-
allel (SP) arrangement, total-cross-tied (TCT), bridgelink 
(BL), and honeycomb (HC)” [5, 44]. Among all, PV clus-
ter arrangements SP, TCT, and BL are respected for their 
unwavering quality utilizing probabilistic methodology, 
which will cut down the inability to relate impacts because 
of production. The survey expressed that over SP-designed 
PV exhibit, TCT and BL PV setups are more dependable. In 
[8], distinctive PV exhibit arrangements, for example, “SS, 
SP, TCT, BL, and HC,” with halfway concealing examina-
tion are introduced. The results show TCT PV cluster has 
cut down the losses just as that TCT PV exhibit is indicating 
less weakness to PSCs and creating the maximum power 

over different arrangements [11, 12]. The significant issue 
with the TCT cluster design is, if the quantity of PV mod-
ules are concealed in succession, the output is restricted in 
the exhibit [9]. All things considered, numerous researchers 
have proposed reconfiguration methods to settle this issue 
for TCT PV cluster to disperse concealing impacts from 
one column to various lines to cut down confound losses 
under PSCs [10, 45].

These strategies are ordered into dynamic and static 
reconfigurations. As of survey, a unique method of recon-
figured PV modules helps in getting maximized power out-
put under PSCs. A strategy in [13, 14] is created to change 
the associations between the PV modules, where fuzzy reg-
ulator is applied to pick the electrical array reconfiguration 
(EAR) to driving position. In [16], another versatile PV cell 
exhibit comprises of fixed part, versatile part, and exchang-
ing network to diminish PSCs. Here framework assumes 
a fundamental job to associate versatile PV cells into the 
set cells to take care of any issues with irradiance drop in 
each column. The modules are changed progressively, as 
indicated by a changing framework to the flow to the most 
extreme degree of the single string in case of concealing by 
an electrical reconfiguration method [18], where power loss 
is brought somewhere near a few concealed conditions yet 
the strategy is cost-inadequate. So to make savvy, even now 
different papers [16, 19, 45] manage dynamic reconfigura-
tion which deals with most extreme power under fractional 
concealing. Writing expressed that the dynamic reconfigu-
ration procedure requires an observing framework, recon-
figuration calculation, and exchanging grid, which results 

TABLE 5.1
Dynamic PV Array Reconfiguration Methods

Structure Strategy Required Switches
Acquired 

Parameters Advantage Disadvantage

SS Series - 0 High applicability Low efficiency and high power 

losses

parallel Parallel - 0 High applicability and high 

output current

Low efficiency and low output 

voltage

TCT z-z - Irradiance High efficiency and high 

reliability

Limited to 3 × 3 array

IE 24 DPST V, I, irradiance High applicability and high 

efficiency

High complexity and acquired three 

parameters

Dynamic PV array 15-SPST, 5-DPDT V, irradiance High reliability Complexity and low reliability

SP RPV 6-SPDT, 5-DPST, 4-DPDT V, irradiance High applicability Poor versatility

SWS 6-switches for each SWS I, irradiance High convergence Only two transition modes of 

connection

Adaptive 6NFST + 3NFMIM + (NFST 

− 1) + (NFMIM − 1)

I, irradiance High compatibility Complexity and many switches

IE - Irradiance High convergence High randomness

BL IE - Irradiance High applicability and low cost High complexity and not widely 

used

HC IE - Irradiance High stability High complexity and not widely 

used
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in the expense that the dynamic reconfiguration strategy 
would increment.

In static reconfigurations, as the name itself demon-
strates, the module position is fixed for all concealing con-
ditions with fixed interconnection plot, which will help the 
power output under fractional concealing condition, since 
this method even doesn’t need any sensors, reconfiguration 
calculation, and switch grid. However, the issue with this 
procedure is, reconfigurable example for remastering the PV 
modules to appropriate concealing impacts over the cluster 
should be viable. The novel interconnection plot [21] is pro-
posed, where the electrical association between PV mod-
ules are made subsequent to renumbering, which assumes 
an imperative part than SP-, TCT-, and BL-designed PV 
clusters by executing them in 3 × 3 exhibit. Similarly for 
4 × 4 TCT PV exhibit to disperse PSCs, an enchantment 
square [23] PV cluster plan is created, which makes the 
proposed course of action, boosting the output power and 
cutting down the power loss as contrasted and existing PV 
cluster configurations. Meanwhile [26, 36, 46], dependent 
on the numerical methodology, they stretched out differ-
ent example courses of action to disseminate PSCs, which 
made them across a onetime physical arrangement [37] 
of PV modules associated in a TCT PV exhibit, which is 
proposed to support the power age under PSCs. The mod-
ules are truly positioned without changing their electrical 
association, dependent on the 9 × 9 SuDoKu puzzle design, 
which was made to help the PV energy generated. The 
cluster design depends on arbitrary riddle design, and the 
improvement in power output is drawn for different shading 
conditions, for example, line losses which are relying upon 
the length of the wire needed for the association of SuDoKu 
game plan and the scattering of shade haven’t been con-
sidered for the investigation. The proportion of concealing 
scattering relies upon the capacity of the example to scatter 
any shade to the most extreme conceivable number of lines 
to limit the concealing impact.

Ideal SuDoKu [37] example will chop down the line 
losses and lift conceal scattering for improved energy cre-
ation without changing their electrical associations, depen-
dent on ideal SuDoKu. The actual area of PV modules in the 
TCT cluster is revamped; the proposed course of action will 
be additionally reviewed with TCT and SuDoKu PV exhibit 
plans by over the worldwide greatest power point (GMPP), 
befuddle losses, efficiency ( ), fillfactor (FF) under differ-
ent concealing conditions utilizing MATLAB-Simulink.

SuDoKu course of action utilized in [37] appears in 
Figure 5.1. For instance, keeping the electrical association 
stay unaltered module 42 (fourth line, second section) is 
genuinely migrated to the first column, in the fourth line, 
according to this game plan. Concealing scattering is by 
moving the PV modules to particular columns according 
to the SuDoKu structure, which diminishes the probability 
of concealed modules in a similar line and, in this manner, 
disperses them all through the cluster. It is to be noticed that 
this design is a fixed one; it stays as before for all conceal-
ing examples.

5.4.2  control MethoDs baseD on artiFicial 
intelligence algorithMs

AI control–based calculations are well-known because of 
their main techniques, including PSO [47], ABC [48], ACO 
[49], SSA [50], GA [51], DE [52], so on numerous applica-
tions to PV, clusters have been proposed and have indicated 
their viability for MPPT in PV framework under PSCs. 
PSO calculation is a multiextraordinary capacity worldwide 
streamlining strategy created by reproducing winged crea-
tures’ scavenging conduct [47].

The exhibition for taking care of multi-issues in multi-
variable framework has been generally recognized by spe-
cialists in various fields. The goal of the PSO is to locate 
the best framework which speaks to ideal arrangement 
GMPP of the PV cluster. As of now, PSO calculations have 
been improved and applied to PSCs by numerous special-
ists. Ishaque in [53] utilized procedures to actualize the 
PSO calculation even under various irradiance patterns, 
which improved the execution. Hamdi in [26] incorpo-
rated a PSO with ANN and RBF to improve the calcula-
tions. In [29], Li proposed another general dispersion PSO 
calculation which sets the conceivable pinnacle guide 
voltage toward the underlying situation by OD-MPPT, 
along these lines guaranteeing that the PSO calculation 
just necessitates discovering MPP rapidly and proficiently 
in an exceptionally little pursuit zone. Saad [54] proposed 
a novel crossbreed control of environmentally friendly 
framework. An improved PSO, which goes about as a 
regulator, is utilized to control the power of the sources 
depending on interlinking control. Contrasted with the 
standard PSO calculation, numerous arbitrary and med-
dling factors are taken out, thus making the structure 
more fundamentally improved. The ideal position is that it 
can adjust to the ongoing changes and run ceaselessly [55–
58]. Socha and Dorigo in [56] introduced an expansion of 
ACO to persistent domains. Another biomotivated MPPT 
regulator depends on the subterranean insect province 
improvement calculation with another system, saving cal-
culation time with high exactness, zero motions, and high 
strength [57]. Even though the ACO calculation shows 
incredible execution in managing power control issues, 
there aren’t many papers on MPPTs utilizing the ACO cal-
culation; rather, it mainly upgrades different regulators to 
improve MPPT execution. Lekshmi and Umamaheswari 
[58] zeroed in on the acknowledgment of a productive-
based power taking care of DC–DC single-finished essen-
tial inductor converter (SEPIC). Another proposition by 
Karaboga (2005) [48] in light of the honeybee’s search-
ing attributes recreates the pioneer to search for the nectar 
source, while a cycle of ceaseless emphasis is utilized to 
locate the ideal source. This is appropriate for ideal esti-
mation of dynamic boundaries. When contrasted with the 
other traditional calculations, ABC is better in gathering 
participation measure and thus gives quicker assembly 
and better results. In [59], Belhaouas, ABC joined with 
P&O to improve calculation dependability. Padmanaban 



54 Wind and Solar Energy Applications

in [60] presented a novel controlled MPPT for a lattice PV 
framework. A crossover with neuro-fuzzy framework and 
ABC calculation was utilized to improve the overall work.

Also, Yang in [61] proposed a bio-enlivened technique 
named swarm calculation, creating the first of its type with 
various free salp chains; in this manner, it can carry out more 
extensive investigation. The presentation of SSA, GWO, 
and different calculations was broken down by Mohamed 
[28]. GA is an arbitrary pursuit calculation that re-enacts 
the choice of the organic world, and the ideal arrangement 
of the issue is developed through hereditary qualities and 
replication. Particularly for nonlinear and multimodular tar-
get work issues, it has high relevance; in any case, GA isn’t 
entirely steady and thus still finds the nearby ideal arrange-
ment. In [62], Huang proposed calculation of GA with the 
FA and its computation cycle, which additionally improved 
calculation. Among them, the transformation cycle and the 
assimilation cycle consolidate to mitigate aftereffects of the 
hereditary calculation. The genuine coded improved hered-
itary calculation and controls the DC-interface voltage, 
as indicated by a reference DC-constant voltage, thereby 
improving the dynamic conduct of framework. Differential 

evolution (DE) calculation is a transformative calculation 
utilized for worldwide streamlining [52]. The calculations 
are utilized for tackling these issues that are nonceaseless, 
nonlinear, or having numerous neighborhood minima and 
constraints. In contrast to PSO, there are just two boundar-
ies that are needed to be set in DE; along these lines, it is 
necessary to accomplish precise MPPT. The standard DE 
calculation is utilized to perform MPPT under PSCs [63]. 
The different classification of MPPT control algorithms is 
as shown in Figure 5.4.

By adopting the preceding algorithms, the MPPT strat-
egies have been designed to extract the maximum power 
from the solar PV systems. Even though they are efficient 
in their own way, they have their respective pros and cons, 
whose data are as follows:

According to the preceding summary of MPPT tech-
niques, it is evident that research on MPPT methods for 
PV system has been an active topic, but further extensive 
research is needed on the balance of rapidity and stability of 
MPPT, especially under complex, fast-changing irradiation 
conditions. Based on this, possible future research direc-
tions in MPPT methods can be laid.

MPPT under PSCs

Intelligent

Tradition

MPPT Techniques

Other methods

Modified direct control

Array reconfiguration

Nonlinear

Direct control

Parameter selection control

SS

AI

PSO

SS

SMC
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IC
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RCC
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TCT
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ANN-IC
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SSA
GWO
GA
DE

FWA
0.8Uoc
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FIGURE 5.4 Different classification of MPPT control algorithms.
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5.5  RESEARCH CHALLENGES, 
GAPS, AND LIMITATIONS

To break down the power improvement among various cal-
culations, a near report was performed. According to the 
studies and analysis presented, the following are the gaps 
and limitations for future research:

 1. The reconfiguration methods developed must be 
incorporated for high-rated PV plants.

 2. Array-level switching is to be implemented instead 
of module-level, because module-level will not 
exhibit much improvement in power in a high-
rated plant.

   More examination on working of exchang-
ing grid is required, which works effectively 
significantly under quick concealing conditions. 
Furthermore, the fractional concealing conditions 
are unusual and dynamic; in a brief period, there is 
an extension to acquaint effective reconfiguration 
strategies with fulfilling the states of concealing.

 3. Investigating the adjustment of MPPT is another 
significant component which needs to be executed.

 4. Temperature having effect on power production, it 
is critical to consider while shaping the conditions 
for the reconfiguration.

5.6  PROBLEM IDENTIFICATION 
AND STATEMENT

Although the literature stated that the different connection 
structures reduced the impact of PSCs and improved the 

power output of the array, TCT has one major drawback of 
limiting the output array current based on the number of 
modules shaded in a row.

From the scripts, it is seen that, for the reconfiguration 
of 4 × 4 PV cluster, it’s necessary to have 48 double-pole 
double-throw (DPDT) switches. By presenting the twofold 
post double-pole four-throw (DP4T) switches, the switch 
number can be diminished to 16.

Along these lines, reconfiguration with DP4T switches 
has extraordinary effect on diminishing exchanging losses 
and its center subject to work for future improvement.

In the vast majority of the static techniques, the first 
section of the exhibit will be the equivalent. Accordingly, 
the framework can’t work effectively under a quick change 
in the illumination conditions. Along these lines, future 
research can counter this issue.

Dynamic reconfiguration approaches are considered as 
ongoing choices for the static reconfiguration methods. In 
this way, it is normal to present new and effective meta heu-
ristic procedures to give more efficient method of exchang-
ing lattice under a few shading conditions.

Solar PV power enhancement strategies with most effi-
cient AI-based algorithms befit the future scope of PV 
plant–based electrical grids. These are to be implemented 
with cost optimization, power storage elements, efficient 
algorithms in maintenance in both hardware and software 
operating loops.

5.7 OBJECTIVES

The reconfiguration is a significant strategy for giving the 
most extreme execution on a PV framework. In playing out 
the technique, a significant advancement is deciding the 

TABLE 5.2
Performance of Some MPPT Methods under Partial Shading Conditions
Category MPPT MPPT Performance Indicator

Complexity Tracking 
Speed

Cost Efficiency Accuracy Hardware 
implementation

Array  

reconfiguration  

methods

SS, SP, BL TCT.  

etc.

High Slow High <90% Medium–low Difficult

Improve direct ABC-P&O, High Fast High >99% High Difficult

MPPT methods control methods ACO-P&O.

under PSCs PSO-O, etc.

PSO Medium-high Fast High >98% High Medium

ACO Medium-high Fast High >983% High Medium

intelligence

methods

ABC Medium-high Fast High >99% High Medium

FA Medium-high Fast High >98.5% High Medium

S5A Medium Fast High >99% High Medium

CA Medium-high Fast High >98% Medium-high Easy

DE Medium Fast High >98% Medium-high Easy

Other methods SS. RS. FLS, Medium-high Fast High >98% Medium-high Medium

FWA, etc. Bate method Medium Fast High >98% High Easy

0.8Uoc Medium-low Medium Medium <90% Medium-low Easy
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ideal framework. This progression should be exact and as 
fast as under various circumstances, particularly in huge 
PV frameworks.

In this examination, a proficient calculation can be 
applied to continuous research on frameworks. The ideal 
structure is then decided, and the outcome is applied to 
the PV exhibits, which concludes the main objective of the 
research as follows:

 • To reconfigure the best PV array structure for 
maximum power generation and with best cost 
optimization.

 • To develop a better algorithm by assessing the 
cons of the previously introduced strategies for PV 
systems in solar power generation.

 • To validate the developed solar-to-electrical-energy 
conversion system in hardware model to derive the 
actual results as proposed in the research.

5.8 CONCLUSION

From the past to the present, many MPPT strategies have 
been developed to extract maximum power from the PV 
system by adopting new control algorithms and PV recon-
figuring techniques, which are based on the traditional 
MPPT topologies. But for the smart future, the conventional 
structures fail to possess the maximum potential of power 
extraction to meet the exponentially increasing demand. So 
there’s a need for solar PV systems to adopt to new bionic 
technologies, such as genetic algorithms, ANN strategies, 
PSO, etc., which favor continuous research in this segment.

Therefore, this segment is making optimum use of PV 
clusters to extract maximum power under uniform and 
irradiance patterns, though lag at the unwanted elemental 
disturbances from environment. Therefore, there is enough 
research gap to further improve the solar PV system, by 
adopting to ongoing developments in control algorithms, 
which can help control algos and MPPT strategies to extract 
max power from PV system with ease and speed.
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6.1 INTRODUCTION

An electric vehicle (EV) is a road vehicle which runs with 
electric propulsion. With this basic definition, EVs may 
include only battery as a source of power and are called 
battery electric vehicles (BEV). Vehicles involving both 
battery as well as internal combustion engine in the same 
vehicle are called hybrid electric vehicles (HEVs). Vehicles 
that use fuel cells are called fuel cell electric vehicles 
(FCEV). Electric vehicles use electric motor drives as a 
medium of propulsion, compared to internal combustion 
engines used on vehicles, which use fossil fuels such as 
petrol, diesel, etc. Electric vehicles are a multidisciplinary 
subject which covers broad and complex aspects, includ-
ing chassis, body technology, propulsion technology, and 
energy source technology. The characteristics of different 
types of electric vehicle are given in the table that follows.

The concept of electric vehicles is not a twenty-first-
century idea, because electric-powered motors came up at 
the same time when petroleum-driven engines were being 
developed. Almost two centuries ago, in 1828, a Hungarian 
engineer named Anyos Jedlik invented the first prototype 
of the electric motor and used it to power a small model 
car. In 1834, an American blacksmith, Thomas Davenport, 
created a similar device that could be driven for a short 
distance using an electric track. In the Netherlands, 
Professor Sibrandus Stratingh built a tiny electric car pow-
ered by nonrechargeable batteries. The major problem 
faced during this era was that the primary cell batteries 
were required in very large numbers to drive the motor 
for a very short range, making such vehicles nonpractica-
ble for daily use. In 1857, French physicist Gaston Plante 
invented the lead-acid battery, which changed the world 
of electric cars for the next many years. Many countries 
started producing three-wheeled electric cars, until the 
United States made a huge breakthrough. In 1891, they 
created the first electric vehicle for commercial purposes, 

which was a six-passenger wagon with a top speed of 
23 km/hr. After this, the electric car market thrived, and 
the late-1890s’ electric-powered taxis filled the streets of 
London. At that time, electric vehicles had many advan-
tages over gas-guzzling IC engines, because they did not 
vibrate nor did they give out awful “burning gasoline” 
smell, and most importantly, they did not require much 
effort to start. By the early 1900s, almost one-third of cars 
in the United States were electric-powered. However, this 
situation changed in the late 1920s, after infrastructure in 
the United States improved and vehicles needed to go far-
ther more efficiently. So fossil fuel–powered cars took the 
lead because they could cover longer distance with higher 
speed compared to their electric vehicle counterparts. The 
electric vehicle of that era had a maximum speed of 24 to 
32 km/hr, with a maximum range of 50 to 80 km in the 
best possible situation on single charge, which means they 
required frequent charging for many hours. Things were 
about to take a turn for the worse, along with improvement 
in the infrastructure, when the electric starter was invented 
and gasoline cars started using them along with mufflers, 
which reduced the noise of the engine. Electric cars took 
a final hit in 1910, when Henry Ford started mass produc-
tion of gasoline-powered vehicles, which made them very 
cheap compared to electric vehicles of that era. This trend 
continued till 1935, when automobile companies realized 
that there was no future scope for electric vehicle and 
stopped their production completely. The era between 1935 
and 1955 is called the dark age of electric vehicles because 
during this time, IC engines had completely replaced elec-
tric engines and no research was going on for further devel-
opment of electric vehicles anywhere in the world. After 
1955, once again technical interest was revived in electric 
vehicles. By the mid 1960s, solid-state electronics allowed 
the development of new ideas for electric vehicles driven 
by innovative three-phase induction motors. The discovery 
of the induction motor was done independently by Galileo 
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Ferraris, an Italian professor, and Nikola Tesla, who was a 
Serbian American inventor, between 1885 and 1887. A lin-
ear outfit and independent company in the United States 
developed electric vehicles in the mid-1960s along with 
General Motors, which built high-performance electric 
vehicles using silver zinc batteries. This electric vehicle 
from GM was called Electrovire II and was launched in 
1966. During this time, GM launched another vehicle, 
which was a van, called the GM Electrovan, and used a 
hydrogen oxygen fuel cell, thus becoming the first vehicle 
to do so in 1966. The fuel cell was supplied by a company 
called Union Carbide at a cost of $6,000. In the 1970s, geo-
political instability in the Middle East, especially in major 
OPEC countries, such as Iran, Iraq, and Kuwait, led to a 
steep rise in crude oil prices. This created the urgency to 

develop alternate-fuel vehicles. GM converted an IC engine 
vehicle into electric vehicle using nickel zinc batteries in 
1977, and it was called the GM Electrovette. However, for a 
short duration, the crude oil prices fell and interest in elec-
tric vehicles also reduced. Probably the most famous elec-
tric car of the 1970s was the LRV (Lunar Roving Vehicle), 
which was sent to the moon on Apollo missions thrice, and 
it was powered by 36-volt silver zinc potassium hydroxide 
batteries which were nonrechargeable. Each rover had a 
theoretical range of 57 mi. The major focus in 1960s and 
1970s was to use electricity to reduce air pollution. With 
the 1973 oil crisis, which began in October 1973 during the 
Vom Kippur War, Western countries started developing 
an interest in electric vehicles and many prototypes were 
developed, but none of it was practical in nature. This was 

TABLE 6.1
Comparison of Different Types of EVs
Types of EVs Battery EVs Hybrid EVs Fuel Cell EVs

Propulsion •  Electric motor drives •  Electric motor drives

•  Internal combustion engines

•  Electric motor drives

Energy System •  Battery

•  Supercapacitor

•  Battery

•  Supercapacitor

•  ICE generating unit

•  Fuel cells

Energy Source

and Infrastructure

•  Electric grid charging facilities •  Gasoline stations

•  Electric grid charging facilities (optional)

•  Hydrogen

•  Methanol or gasoline

•  Ethanol

Characteristics •  Zero emission

•  Independence from crude oils

•  100–200 km short range

•  High initial cost

•  Commercially available

•  Very low emission

•  Long driving range

•  Dependence on crude oils

•  Complex

•  Commercially available

•  Zero emission or ultralow emission

•  High energy efficiency

•  Independence from crude oils

•  Satisfied driving range

•  High cost now

•  Under development

Major Issues •  Battery and battery management

•  High-performance propulsion

•  Managing multiple energy sources

•  Dependent on driving cycle

•  Fuel cell cost

•  Fuel processor

•  Fueling system

Conventional VehicleHybrid-Electric Vehicle
(HEV)

Increasing Electrification

Battery Electric Vehicle
(Bev)

Battery

Motor/
Generator

Battery Fuel

Engine

Transmission TransmissionTransmission

Motor/
Generator

Fuel

Engine

FIGURE 6.1 Working mechanism of different types of vehicles.
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due to limited range and speed of the electric vehicles of 
that era, because the battery technology hadn’t developed 
much. It was only in 1994 when General Motors decided to 
mass-produce an electric car. This decision was inspired by 
the California Air Resources Board, which passed a man-
date that made the production and sale of zero-emission 
vehicles a requirement for major automakers selling cars 
in the United States. The electric vehicles were made avail-
able through lease-only agreements initially to residents of 
the cities of Los Angeles, California, Phoenix, Tucson, and 
Arizona. While customer reaction to the EV1 was posi-
tive, GM believed that electric cars occupied an unprofit-
able niche of the automobile market and ended up crushing 
most of the cars, regardless of protesting customers. The 
EV1 program was subsequently discontinued in 2002, and 
all cars on the road were taken back by the owner, under 
the terms of the lease. Lessees were not given the option 
to purchase their cars from GM, which cited parts, ser-
vice, and liability regulations. The majority of the EV1s 
taken back were crushed, with about 40 delivered to muse-
ums and educational institutions, with their electric power 
trains deactivated, under the agreement that the cars were 
not to be reactivated and driven on the road. Approximately 
20 units were donated to overseas institutions. The EV1’s 
discontinuation remains controversial, with electric car 
enthusiasts, environmental interest groups, and former 
EV1 lessees accusing GM of self-sabotaging its electric car 
program to avoid potential losses in spare parts sales (sales 
forced by government regulations), while also blaming 
the oil industry for conspiring to keep electric cars off the 
road. The electric vehicles once again made a strong come-
back in the first decade of the 2000s, with many companies 
such as Tesla, General Motors, Toyota, Lucid Motors, etc. 
developing their EVs which are comparable and, in some 
parameters, exceeding the capabilities of their internal 
combustion engine counterparts. This trend is still con-
tinuing with the latest innovations in battery technology, 
and the future of EVs looks pretty bright.

6.2  THE FASCINATING STORY OF THE 
ELECTRIC VEHICLE BATTERY

The present electric vehicles use lithium-ion batteries, and 
the most famous among them is the Tesla battery, such as 
the Tesla 2170 battery. Around 2,976 of these batteries com-
bine together to form the battery pack of the Model 3 Tesla 
car. However, this cell originated through a long evolution 
process to become the highest-energy-density cell in the 
world. These batteries represent the first hopeful steps in 
transitioning the society towards a new standard in practi-
cal and economical transportation through electric vehicles. 
The electrochemical battery has been around for more than 
200  years. Using them practically in the manner compa-
rable with IC engine–based vehicles was very challenging. 
It’s only within the last twenty years of innovation that bat-
teries have developed up to a point where it is feasible to use 
them on a practical purpose in electric vehicles.

Alessandro Volta, an Italian physicist, had developed 
the first electrochemical battery, known as the voltaic 
cell, in 1799. It uses silver and zinc as electrodes, with salt 
water as electrolyte. The zinc plate would react with the 
salt water, producing an accumulation of electrons forming 
an anode. An electrode that resolves in the production of 
electrons is known as an anode. Meanwhile, in the silver 
plate, a simultaneous reaction with the salt water enables 
it to accept electrons, and it is known as the cathode. The 
liquid with which both the anode and the cathode react, 
which in this case is salt water, is called an electrolyte. 
The electrolyte also functions as a pathway for the transfer 
of positively charged ions to balance the flow of electrons 
from the anode to the cathode, keeping the reaction run-
ning. In order to prevent the ions of the more noble metal 
from plating out the other electrode, a semipermeable mem-
brane is sometimes used to divide the reaction happening in 
the electrolyte. This type of chemical reaction is known as 
reduction–oxidation reaction, or redox reaction. The entire 
reaction can be split into two half reactions, where one half 
reaction occurs at the anode, while the other half reaction 
occurs at the cathode. Each of these reactions possesses a 
particular standard potential. The difference in standard 
potential between the electrodes becomes the cell’s over-
all electrochemical potential, or its voltage. The greater the 
difference, the greater will be the voltage. Individual cells 
can be combined into a configuration that can increase both 
the total voltage and the current capacity; this is known 
as a battery. On a primary battery, the electrodes become 
depleted as they release their positive or negative ions into 
the electrolyte, and the buildup of the reaction products on 
the electrodes prevents the reaction from further continu-
ing, which results in a onetime-use battery. In secondary 
batteries, the chemical reaction that occurs during the dis-
charging process can be reversed. However, the process 
isn’t perfect, because during each charge cycle, the battery 
loses performance over time, leading to battery wear.

In 1859, French physicist Gaston Plante invented the lead-
acid battery, which was the truly rechargeable battery. A lead-
acid cell consists of a lead anode and a lead dioxide cathode 
immersed in a sulfuric acid electrolyte. While discharging, 
both electrodes react with the sulfuric acid to produce lead 
sulfate, while the electrolyte loses its dissolved sulfuric acid. 
This chemical reaction could be reversed by passing a reverse 
current through the battery, thus recharging it.

By the 1880s, the the lead-acid battery took on a more prac-
tical aspect that made them easier to mass-produce. Because 
the electrodes and electrolytes are not 100% conductive in 
nature, they all have internal resistance. Lead-acid batteries 
have low internal resistance, making them ideal for producing 
large surge current. This property makes them ideal for pow-
ering large current-intensive load, such as in electric motors. 
By the end of 1880s, the lead-acid battery brought the rise of 
the first practically viable electric vehicles in Europe.

Before the IC engines took over, electric vehicles held 
many speed and range records. Among the most notable of 
these records was the breaking of the 100 km/hr speed on 
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April 29, 1899. In the early 1900, electric vehicles began to 
gain popularity in the United States after thriving in Europe 
for over 15  years. By 1905, in the United States 40% of 
automobiles were powered by steam, 38% by battery, and 
the rest, 22%, by gasoline. However, the golden age of 
electric vehicles soon ended, as gasoline-powered vehicles 
could travel at higher speed for longer distances. The lack 
of sufficient infrastructure for recharging batteries, as well 
as very long charging duration, also hindered the adoption 
of electric vehicles. Henry Ford’s mass-produced Model T 
IC engine–based vehicles were the final blow for electric 
vehicles. Introduced in 1908, the Model T made gasoline-
powered vehicles widely available as well as affordable. 
These cars could be purchased for as low as $650, which 
was half the price of most electric vehicles of that era.

As a result, most electric vehicle manufacturers ceased 
production of their EV models. Most electric vehicles of 
that era had a top speed well below 30 km/hr and generally 
had a range of about 40 km. Despite these limitations, lead-
acid batteries would still remain a part of the automotive 
industry, as their high current capacity makes them ideal for 
powering electric starters on gasoline vehicles. The pead-
acid batteries would evolve over the next century, becom-
ing a key part of electromechanical and electronic systems 
in cars. The energy storage characteristics of a battery’s 
chemistry can be compared to a handful of key parameters 
which are very essential design parameters. Specific energy 
is the amount of energy which can be stored per mass unit 
(Wh/kg). Energy density (Wh/L) is the specified amount of 
energy that can be stored per unit of volume. Specific power 
(W/kg) is the quantity of power it can generate per unit of 
mass. The parameters that determine a battery’s suitability 
for application are:

 1. Self-discharge rate (% per month)
 2. Cycle durability (number of charge cycles)
 3. Energy efficiency (%)
 4. Nominal cell voltage (volts)
 5. Cost per unit of energy (Wh/USD)

A typical modern AA alkaline primary battery, when com-
pared to lead-acid battery, has four and a half times spe-
cific energy, five and half times the energy density, but only 
one-third of the specific power. They also have very low 
self-discharge rate, losing 0.17% per month, compared to 
3–20% for lead-acid batteries. Lead-acid batteries have a 
huge advantage in cost per watt-hour compared to alkaline 
batteries, and lead-acid batteries can store 40% more en-
ergy at a reduced cost compared to alkaline batteries. Over 
the next 60 years, electric vehicles entered a dark age, and 
there was not much development in battery technology due 
to the availability of cheap, abundant gasoline. During the 
oil crisis of 1973, enthusiasm in EVs once again developed, 
but it was short-lived. It should be noted that during this 
period in history, the most famous EV of today, that is, LRV 
(Lunar Roving Vehicle), made its first drive on the moon 
in 1971. Though it helped to raise the profile of EVs, from 

a technical point of view, it did not contribute much to the 
development of electric vehicles.

Fundamentally, very little had changed on battery tech-
nology from the golden age of electric vehicles because, 
still, lead-acid batteries were the only available option, 
seriously limiting their speed and range. In the late 1960s, 
research had begun in the global community, such as by 
COMSAT Laboratories, to develop a new battery technol-
ogy based on nickel hydrogen, designed specifically for use 
on satellite and spacecraft. These batteries use hydrogen 
stored at about 82 bars, with nickel oxide hydroxide as cath-
ode and platinum catalyst as anode, with potassium hydrox-
ide as electrolyte. As the battery discharges, hydrogen is 
consumed by the anode, producing water, which is simul-
taneously consumed in the nickel oxide hydroxide reaction. 
The pressure of the hydrogen would decrease as the cell 
discharges, indicating the charge status of the cell. These 
batteries offered slightly better energy storage capability 
than lead-acid batteries, as well as service life, exceeding 
15 years, and had cycle durability exceeding 20,000 cycles; 
as well, they were resilient to overcharging and overheating. 
By the early 1980s, the batteries were used on many famous 
space missions, such as with the Hubble Space Telescope 
and the International Space Station (ISS).

Nickel hydrogen cell chemistry was based on nickel 
cadmium, which was one of the first rechargeable alkaline 
cells ever developed. First created by Waldemar Junger of 
Sweden in 1897, nickel cadmium cells also use a nickel 
oxide hydroxide cathode with potassium hydroxide electro-
lyte. They use the toxic metal cadmium as an anode.

They offer slightly better energy density and specific 
power than lead-acid batteries. They offer more than six 
times cycle durability, making them ideal for consumer 
products and portable electronic tools such as cameras, 
flashlights, cordless phones, etc. However, they are less 
ideal for use in electric vehicles because of their complex 
charging requirements, lack of a lustier energy capacity, and 
high cost. They also suffer from a problem called memory 
effect, wherein a battery loses its maximum charge capacity 
over a period of time if they are recharged after being only 
partially discharged. Simultaneously, other methods were 
also being developed for achieving better results, includ-
ing the nickel metal hydride. This new chemistry relied on 
metal hydrides, which are a class of material containing 
metal or metalloid bonded to hydrogen to function as an 
anode. Over the next two decades, research took place in 
nickel metal hydrides and was funded by companies such 
as Volkswagen and the Audi Group, resulting in batteries 
having storage capability similar to nickel hydrogen though 
with a fivefold increase in specific power. However, these 
batteries suffered from electrode alloy instability within the 
alkaline electrolyte, thus suffering from low-charge-cycle 
durability, typically around 500 charge cycles. Finally, in 
1987, a breakthrough in research led to an anode material 
consisting of a mixture of neodymium, lanthanum, nickel, 
cobalt, and silicon that allowed the cell to retain 84% 
charge capacity after 4,000 charge–recharge cycles. This 
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breakthrough led to the first consumer-grade nickel metal 
hydride batteries to be commercially available in 1989. In 
the nineties, more alloys, such as titanium and nickel modi-
fied with chromium, cobalt, and manganese, would result in 
batteries with specific energy almost two and a half times 
higher than that of lead-acid cells. This new anode mate-
rial offered energy density five and half times greater than 
that of lead-acid batteries. Thus, new battery technology 
had evolved as a viable successor to the lead-acid tech-
nology in electric vehicles. Nickel metal hydride batteries 
did suffer from some drawbacks, such as having a higher 
self-discharge rate than lead-acid batteries, memory effect 
issues, as well as cost, which was two to three times higher 
than that of lead-acid batteries. With the advancement of 
microprocessor, advanced charging and battery monitoring 
technology could be developed, which could negate many 
of the problems faced by these batteries. These batteries 
became quite famous in the consumer market, replacing 
nickel cadmium batteries; almost 100 years after the first 
golden age of electric vehicles had come to an end, a new 
era for electric vehicles was about to begin. In the 1990s, 
the California Air Resource Board began to push major 
automakers to produce zero-emission vehicles to minimize 
the level of air pollution. This, along with the recent devel-
opment of nickel metal hydride battery technology, made 
practical electric vehicles possible.

By the late 1900s, mass production of electric vehicles 
had once again been started by major automakers based 
on available battery technology. Some notable all-electric 
vehicles include the Honda EV hatchback, Ford Ranger EV, 
S10 EV pickup, and the controversial EV1 from General 
Motors. While other battery technologies were explored, 
these first-generation electric vehicles all used nickel metal 
hydride batteries. Due to the limitation of vehicle size and 
target price, most of these vehicle had battery pack of around 
26.4 kWh, with range of around 160 kilometers, and could 
be charged using 6.6 Kw Magne Charge inductive converter 
with a curb weight of 1,319 kg. For the first time, electric 
vehicles were now a practical option outside the city as well. 
These vehicles, however, lacked mass appeal because they 
were still slow, low powered, expensive, and range-limited, 
with very few charging stations available. In the United 
States, companies such as General Motors leased their 
electric vehicles to common people and started collecting 
daily data from customers to bring further improvement in 
their EVs. However, it would still take more than a decade 
for the electric vehicles to finally arrive in the market and 
compete comprehensively with their internal combustion 
engine counterparts.

During the mid-1970s, Exxon Mobil started back-
ing a breakthrough made by British scientist Stanley 
Whittinghan, who had discovered a way to make electrode 
from a layer material that could store lithium ions within 
sheets titanium sulfur and could be moved from one elec-
trode to other, creating a battery from the highly reactive 
property of lithium. In lithium-based cells, the electrolyte 
doesn’t take part in the reaction but only mediates in the 

movement of lithium ions, controlling the cell’s characteris-
tics. This method was known as intercalation, and it permit-
ted the addition of lithium ions into a post material without 
significantly changing its structure.

Because lithium was used in these batteries, they were 
initially called lithium metal batteries. Compared to other 
battery chemistry, they have higher energy density, with 
some as high as ten times that of lead-acid battery, and have 
less self-discharge rate. However, these batteries were very 
expensive because of costly synthesis process. They were 
also very dangerous, as pure lithium would instantly react 
with water, releasing flammable hydrogen gas. By the late 
1970s, new cathode materials were developed, which made 
commercial production of lithium batteries possible, and 
they found use in a variety of electronic equipment, such 
as pacemakers, and computer equipment, such as mother-
board, where long life of battery was essential. These new 
lithium cells found in consumer applications use manga-
nese dioxide as the cathode, with a salt of lithium dissolved 
in organic solvent as the electrolyte. Despite the advantages 
offered by lithium, a practical rechargeable lithium-ion 
battery remained a challenge. The electrochemical reac-
tion that allowed the lithium cells to function so efficiently 
also made them prone to explosion when overcharged. The 
cathode would also quickly erode from repeated charge and 
discharge cycles. The problems of Whittinghan’s lithium 
cells would be solved by American material scientist John 
B Goodenough. He had become very much familiar with 
the family of materials known as metal oxides.

These compounds combined oxygen and metal to 
form metal oxides. He proposed that metal oxide would 
allow charging and discharging a higher voltage than 
Whittinghan’s lithium cells, which would result in greater 
energy storage. His team experimented various metal oxides 
and had concluded that cobalt was the most stable, allow-
ing lithium ions to be extracted at 04 volts without eroding 
the electrodes. Completed in 1980, the lithium cobalt oxide 
cathode–based lithium ion cell became a massive break-
through in the field of rechargeable batteries. The world’s 
first lithium ion battery had energy density unmatched by 
anything else ever developed, offering a specific energy and 
energy density almost seven times that of lead-acid batter-
ies, because lithium cobalt oxide was such a stable mate-
rial which could be used with a negative electrode material 
other than lithium metal. In the same year, Moroccan engi-
neer Rachid Yazami demonstrated the reversible chemical 
interpolation of lithium in graphite, inventing the far safer 
and more stable lithium graphite anode, eliminating the 
need for purer metallic lithium. During recharging, when a 
voltage is applied, positively charged lithium ions from the 
cathodes migrate to the graphite anode and become lithium 
metal.

Because lithium has a strong electrochemical driving 
force to be oxidized upon discharging, it moves back to the 
cathode, becoming lithium ions while giving up its elec-
trons to the cobalt. In 1991, Sony combined Goodenough’s 
cathode and carbon anode for its commercial lithium-ion 
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battery. The result was a huge commercial success, as these 
batteries found wide use in consumer goods like cameras 
and handheld video cameras.

However, these batteries had a major problem of thermal 
runaway due to overcharging. This made them unsuitable for 
large-capacity mobile use. By the late 1990s, Goodenough 
once again made a huge leap in battery technology by intro-
ducing a far more stable lithium-ion cathode–based lithium 
iron phosphate battery. The cathode material was thermally 
stable, and it allowed the formation of crystalline LiFePO4 
(phospho-olivine) that allowed the ions a better pathway 
to move through them. This phospho-olivine cathode has 
similar structure to mineral olivines.

Lithium ferro phosphates came as a successor to a simi-
lar group of cathodes made from manganese spinel, which 
also utilized the crystal structure to get thermal stability. 
However, manganese spinel suffers from poor cyclic sta-
bility due to the tendency of manganese to dissolve in the 
electrolyte, and they are thermally less stable compared to 
lithium ferro phosphate. However, they were very cheap to 
construct due to the low cost of manganese. Lithium-ion 
cells can now be made safe into a large format that can 
undergo rapid charge and discharge cycles. This new cath-
ode material finally opened up lithium batteries to new 
high-demand applications, such as in electric vehicles. In 
December 1997, Nissan introduced the Nissan Ultra EV. It 
was the first commercial vehicle to use lithium-ion batter-
ies in its power train. It had a 33 kWh battery and weighed 
360 kg, with a range of 200 km. Despite the success of the 
lithium-ion battery, the later part of 1990s and early part of 
2000s saw EVs powered by nickel metal hydride batteries 
partly because of the high cost of lithium-ion batteries.

It would take a small Silicon Valley start-up, Tesla 
Motors, starting with their announcement of producing a 
luxury electric vehicle that could go more than 200 mi on 
a single charge, to ignite interest in lithium-ion batteries–
powered electric vehicles by 2010. Tesla Motors established 
a manufacturing plant in California and became the largest 
automobile industry in California. Tesla Motors is unique, 
because unlike other car manufacturers, it produces only 
electric vehicles. The success of Tesla Motors inspired other 
major car manufacturers as well as start-ups to venture in 
the field of electric vehicles. By 2020, virtually every major 
automaker has started manufacturing electric vehicles, with 
vast majority of them using lithium-ion battery technology 
with ranges between 200 km to 450 km, with recharge time 
between half an hour and ten hours based on the method 
of recharging. Countries such as Denmark and Netherlands 
have set up a complete network of charging stations both 
in rural and urban areas, eliminating the concern of range 
anxiety among electric vehicle owners. In 2010, cathode 
materials of lithium-ion battery would once again evolve 
with the use of lithium nickel manganese cobalt oxide 
(NMC) cells. These cells have the lowest self-heating rate 
among lithium cells and have been used by almost every 
major electric vehicle makers, with the only exception being 
Tesla Motors, who uses lithium nickel cobalt aluminum 

oxide (NCA) cells. These cells have been in use since 1999 
for mobile applications such as cellphone, offering high 
specific energy and specific power with longer lifetime. 
NCA batteries are not safe and require a cooling material 
to be circulated through the outer body of the cell to reduce 
heating. However, Tesla claims that these cells are much 
cheaper for mass production. These batteries all rely on two 
key materials, namely, lithium and cobalt, both of which are 
rare elements, with estimates suggesting that their supply 
could become critical by 2050. So research is being car-
ried out to develop better battery technology compared to 
lithium-ion battery technology.

6.3  THE TESLA MOTOR – AN INNOVATION  
THAT CHANGED THE PERCEPTION 
OF EVS FOREVER

There are many but mainly five different types of electric 
motors which are being used in the current generation of 
electric vehicles. They are:

 1. Brushless DC motors (BLDCM)
 2. Permanent magnet synchronous motor (PMSM)
 3. AC induction motor (ACIM)
 4. Interior permanent magnet motor (IPMM)
 5. Permanent magnet switched reluctance motor 

(PMSRM)

However, before the type of motor is chosen, software 
simulation is very much necessary. MATLAB simulation is 
commonly preferred for research in this field. This is pre-
ferred because of the following reasons:

 1. Explore electric power train architecture
 2. Tune regenerative braking algorithms
 3. Modify a suspension design
 4. Optimize vehicle performance
 5. Develop active chassis control
 6. Validate ADAS (advanced driver-assistance system) 

algorithms
 7. Test using hardware-in-the-loop (HIL)

Using software simulation, around 95% accuracy can be ob-
tained in comparison with the physical model. The power re-
quired to move the vehicle depends on four forces, which are:

 1. Push force, which is generated by the motor
 2. Aerodynamic drag force generated in opposite 

direction to the push force due to the friction 
offered by the body of the vehicle

 3. Frictional force due to the friction of wheels with 
the road surface

 4. Gravitational force, which is simply the gravita-
tional pull of the Earth

It is obvious that the power generated by the motor is the 
product of total tractive force and velocity of the vehicle.
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The rolling resistance force (Frr) is one of the forces 
that act to oppose the motion of the vehicle. The coefficient 
is a function of the tire material, structure, temperature, 
pressure, thread geometry, road roughness, material, and 
presence and absence of liquids on the road. Its value var-
ies with the speed of the vehicle, and as the tire pressure 
increases, its vale decreases.

 Rolling Resistance Force Frr m.g Newtonrr    µ   (6.1)

Where µrr is rolling resistance constant, m is the mass of 
the vehicle, and g is the gravitational acceleration constant.

The value of rolling resistance force (Frr) is around 
0.013 for car tires on concrete/asphalt roads, while on rolled 
gravel, its value is 0.02, and on unpaved roads, the value 
becomes 0.05. This means in Earth gravity, a car of 1,000 
kg on asphalt will need a force of around 130 Newton for 
rolling (1,000 kg × 9.81 m/s2 × 0.013 = 127.53 N).

The aerodynamic drag force (Faero) is another force that 
acts on the vehicle, and it resists the motion of the vehicle 
through the air, which is also called as drag. Drag is a force 
which acts parallel to and in the same direction as the air-
flow. Aerodynamic drag increases with the square of the 
speed.

Aerodynamic Drag Force F 0.5 C Av Newtonaero d
2     (6.2)

Where   is the air density kg/m3, A is the frontal area m2, 
Cd is the drag coefficient, and V is the velocity of the vehicle 
in m/s.

The value of drag coefficient (Cd) varies between 0.3 
and 0.7, depending on the type of vehicle, as shown in 
Figure 6.3.

The hill climbing force (Fhc) is another force acting on 
a vehicle in motion and is due to the ups and downs in the 

road surface. This force acting on a vehicle is given as 
follows:

 Hill Climbing Force F m.g.Sinhc      (6.3)

Where m is the mass of the vehicle, g is the gravitational 
acceleration constant, and Sinϴ is the angle between sur-
face plane and rise plane.

So the total power required for the vehicle from the 
motor is given by:

 Total Power P F Vte .=   (6.4)

Where Fte is the total tractive force and V is the velocity of 
the vehicle in m/s.

The Total Tractive force F Frr + F + F + F + Fte aero hc la wa    (6.5)

Where Frr is the rolling resistance force, Faero is the aerody-
namic drag force, Fhc is the hill climbing force, Fla is the lin-
ear acceleration force, Fwa is the angular acceleration force.

 The Linear Acceleration Force  F m. ala     (6.6)

Where m is the mass of the vehicle and a is the acceleration, 
which is simply the change in velocity (Δv) over the change 
in time (Δt), given by the formula a = Δv/Δt.

 The Angular Acceleration Force F IG a rwa
2

q   2   (6.7)

Where I is the moment of inertia, G is the gear ratio, A is 
the acceleration, r is the radius of the tire, and դ q is the 
efficiency of the gear.

For ease in calculations during software simulation, we 
can use the values given in Table 6.2. The standard speed of 
the vehicle has been set at 40.0 kmph as a safe limit.

FIGURE 6.2 Various forces on a vehicle.
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Based on these formulas, if we calculate the power 
required to run a vehicle at 40 kmph, the value comes to 
around 2,563.580 watts. The same value reaches 11,472.00 
watts for the vehicle running at the speed of 100 kmph. 
Figure 6.4 shows the graph between vehicle speed and power 
consumption, which clearly indicates that as the speed of the 
vehicle increases, its power consumption also increases, and 
accordingly, the motor as well as the battery for EVs have to 
be chosen. Based on these calculation and formulas, we can 
choose the power of the motor and its type.

Brushless DC motors (BLDCM) are being used in most 
lightweight two-wheeler and three-wheeler EVs, like elec-
tric scooters and electric motorcycles. Permanent magnet 
synchronous motors (PMSMs) are used by EV manufactur-
ers for their high-performance electric motorcycles, elec-
tric cars, and electric buses. AC induction motor (ACIM) 
is being used by some EV manufacturers in two-wheelers 
and four-wheelers and are also found in Indian EVs, like 
Mahindra e-Verito, Mahindra e2o, Mahindra e-Supro, 

TATA Tigor (EV), and TATA Tiago (EV). Interior per-
manent magnet motors (IPMMs) are also used by some 
two-wheeler EV manufacturers for their high-performance 
electric motorcycles. Permanent magnet switched reluc-
tance motors (PMSRMs) are used by Tesla Motors for 
their EVs. Most EV manufacturers modify and combine 
the characteristics of two different motors to get superior 
results. Tesla Motors engineers made a stunning design 
choice when they developed the Tesla Model 3. They aban-
doned the conventionally used and well-proven induction 
motors and replaced them with a new kind of motor, that is, 
IPMSynRM. These motors have a totally different design, 
making use of both magnetic and reluctance action. The big 
news is that Tesla Motors has started replacing induction 
motors in the Model S with these new models as well. How 
does it work, and what is so special about IPMSynRM? We 
first need to understand the Model S electric motor, which 
is an induction motor. Clearly, as you can see, the rotating 
party here is an arrangement of conducting bars.

FIGURE 6.3 Drag coefficient values of vehicle body.

TABLE 6.2
Values of Various Parameters for Simulation
Parameters Notations Value Units

Weight M 1,000 kg

Width W 1.7 m

Height H 1.5 m

Rolling resistance µrr 0.013

Air density  1.225 kg/m3

Drag coefficient Cd 0.4

Gravitational force G 9.8 m/s2

Speed of vehicle 40 kmph

Frontal area A 2.55 m2

Velocity V 11.11 m/sec
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Alternating currents from the battery pack into the 
motor windings would create a rotating magnetic field; 
the fluctuating field interacts with the rotor bars and gen-
erates electromotive force on them, which in turn gener-
ates currents in the rotor bars. The interaction between 
these induced currents and the RMS imposes force on the 
rotor bars, and the rotor starts to spin. These motors are 
more efficient, but not up to the mark. For instance, long 
drives at cruise speeds lose 3% to 4% of energy to generate 
currents in the rotor bars, which is definitely not efficient. 
For the most crucial performance parameter is its starting 
torque even though the induction motor has a better start-
ing torque than IC engines, there is a motor technology that 
provides even better starting torque from the same volume 
of motor technology based on permanent magnets. The per-
manent motors work on the basis of the attraction between 
two magnetic fields and produce a good starting torque 
when you operate them using a controller, and they do not 
experience energy loss in the rotor. An efficient permanent 
magnet motor can be made by placing permanent magnets 
around the solid iron cylinder, so why not replace the screw 
gauge–type rotor with a permanent magnet one? These four 
permanent magnets produce a combined magnetic field, 
and the shape of this combined field is quite important for 
further analysis.

Now, we need to analyze the interaction between the 
RMF and the combined magnetic field. Analyzing the 
force interaction between two magnetic fields is simple. 
Just observe how the cells in the north poles interact with 
each other. For simplification, let’s hide the magnetic field 

produced by the permanent magnet and keep only the north 
and south poles.

At this angle, the RMF definitely produces a torque on 
the rotor. Now, let’s rotate the RMF to 45°. Interestingly, at 
this angle the rotor experiences maximum torque because 
the attractive and repulsive forces are passing almost tan-
gentially to the rotor and they are producing the torques in 
the same direction.

Thus, this is the perfect and go-to start for your electric 
car; maintaining this angle or another angle regulation is 
the smart controller’s job. In this design, the rotor has no 
induced current, which reduces the input energy required 
and its higher efficiency than those of induction motors. 
Along with higher starting torque, the permanent motor 
also runs at a synchronous speed, but search for the perfect 
electric motor is not over yet. A permanent magnet motor 
produces good torque when you start the car or ride up the 
hill; however, when the car cruises down the road at high 
speeds, permanent magnet motors have terrible perfor-
mance. The villain here is the back EMF. The magnetic 
field lines produced by the permanent magnet link with the 
stator windings and generate an EMF there. This EMF is 
called back EMF, which is clearly reverse voltage to the 
stators; supply voltage. The higher the speed, the more it 
produces back EMF. This phenomenon is why permanent 
magnet motors performed terribly in high-speed applica-
tions. Moreover, these high-strength magnets of the resul-
tant magnetic eddy current loses, which increases the heat 
in the machine. How can we modify this design so that it 
would work efficiently even at high-speed operation? For 

FIGURE 6.4 Graph between vehicle speed and power consumption.
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FIGURE 6.5 Maximum torque at permanent magnet.

high-speed operations, Tesla’s engineers made use of iron’s 
reluctance property. The ability to oppose magnetic fields 
is known as reluctance. Iron is a good keeper of magnetic 
field lines, but air is not. If the rotor was turned by 45º, 
it will face a very low reluctance. The rotor always has a 
tendency to attain a low reluctance state, and therefore, if 
the magnetic field rotates, the rotor will rotate along with 
it so that the rotor can always be in a low reluctance state. 
The rotor’s rotation speed will be the same as the RMF 
speed. The torque produced by this phenomenon is known 
as reluctance torque, and such motors are called synchro-
nous reluctance motors. Synchronous reluctance motors 
(SynRM) are highly efficient, and they don’t have back 
EMF issues. The permanent magnet motor is good for low 
speed, while SynRM are quite good for high-speed opera-
tions, if we can integrate the SynRM technology into the 
permanent magnet motor technology. We can easily achieve 
this design integration by placing the permanent magnets 
into the slotted cuts of the SynRM deep within the iron 
core. This placement further reduces the magnetic effect 
on stator winding and thus reduces back EMF. This design 
is the internal permanent magnet synchronous reluctance 
motor (IPMSynRM) used in the Tesla Model 3 electric car 
to achieve superior performance.

The relative permeability of the magnet is almost the same 
as that of the air, so they will oppose the field to pass through 
it just as the air did earlier, thereby generating the reluctance 
torque. To analyze this motor properly, we first need to observe 
the resultant magnetic field that permanent magnet arrange-
ment producers. The FEA simulation software EMWorks is 
used to study this in detail. The resultant magnetic field pro-
duced by this arrangement would be shown.

Using this, let’s do further analysis. The interesting thing 
about this design is that the permanent magnet and reluctance 

part of this motor have totally different behavior in regard 
to the position of the RMF. Let’s analyze them separately 
from latest IPSynRM design. Let us remove the iron core and 
keep only the permanent magnets. At this RMF position, the 
permanent magnets do not experience torque as there is no 
tangential component for these four forces and the torque; the 
remaining forces produced cancel each other out. If the RMF 
is rotated by 45º, a torque acts upon the magnets in a clock-
wise direction due to the effect of the RMF. At this angle, we 
get maximum torque at a permanent magnet.

Let’s see what happens when we turn by another 45º. 
The torque the rotor produces goes to zero again, allowing 
us to obtain the permanent magnet’s torque curve.

The iron part of the rotor has an opposite effect on the 
same technique. At the initial angle, torque production 
would be zero because it is a perfectly misaligned and 
symmetrical case. When we slightly offset the RMF in a 
clockwise direction, the rotor will experience negative 
and maximum torque. As the RMF reaches 45°, the torque 
becomes zero again. Since this is a perfectly symmetrical 
case, again as we further rotate the RMF, the reluctance 
torque produced will be positive. Now, let’s analyze the 
Tesla Model 3’s motor or the combined permanent mag-
netic and reluctance effect together on the motor. It is clear 
from the total torque graph that if RMF angle is around 50º, 
we’ll get maximum torque from the motor. So Tesla Motors 
engineers made sure that when you start the car, the RMF 
angle is around 50º, which will guarantee maximum torque 
production. We know that as the motor speed increases, the 
permanent magnets induce a back EMF on the stator coils. 
To overcome this issue, Tesla engineers used a solution that 
is quite simple for turning at high speeds. They aligned 
the RMF opposite to the permanent magnetic field, thus 
weakening or canceling the permanent magnetic field. This 
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way, even at high speed, such motors won’t produce much 
back EMF. Obviously, at this stage, torque production work 
mostly comes from the reluctance effect. The Tesla Model 3 
uses a six-pole design which is no different from a four-pole 
design apart from getting higher torque.

The latest models of Tesla Model 3 have IPSynRM 
motors in the front of the car. They have efficiencies in the 
range of 96% compared to the traditional induction motors 
having efficiency up to 94%. These motors have set a new 
performance standard in the world of electric vehicles.

6.4  THE ELECTRIC VEHICLE 
CHARGING PROBLEMS

The largest problem towards mass adoption of EVs pres-
ently is battery technology used, which has range concerns 
as well as the time required to recharge these batteries, 
which is called the charging problem. The alternatives to 
Li-ion battery are being developed but still in experimental 
stage and will be discussed in the next section, but the prob-
lem of recharging the batteries can be solved to some extent 
by fast charging. However, the infrastructure to establish 
fast chargers is not cheap, and large-scale installation of fast 
chargers isn’t a feasible solution, given the fact that EVs are 
still used only in very small numbers throughout the world 
when compared with internal combustion vehicles.

As we can see from the previous figure, the EVs are 
much simpler in their construction compared to their IC 
engine counterparts. The only source of power to run the 
motor comes from the batteries, and since batteries provide 
direct current, an inverter is required to convert direct cur-
rent to alternating current. All EVs, regardless of the bat-
tery technology used, have a limited source of power and 

need their battery to be recharged in due course. The major 
components of EVs are:

 1. Electric traction motor
 2. DC/DC converter
 3. Battery pack
 4. Onboard charger
 5. Power electronics controller
 6. Battery (auxiliary)
 7. Transmission channel or drive train
 8. Charging port
 9. Thermal system of cooling

The electric traction motor is the engine of the EV, and we have 
already seen the various types of motors used in EVs in the pre-
vious section. The DC/DC converter is present along with the 
battery pack, which has the rechargeable batteries, about which 
we have already discussed in the previous sections. Onboard 
chargers are present, and we will discuss them in this section. 
An auxiliary battery, which is a lead-acid battery, is also used 
for meeting the requirements of the electrical systems, such 
as for headlights and taillights. The drive train is the group of 
components which deliver power to the driving wheels and 
excludes the engine or motor that generates the power. The 
charge port is used for charging the battery pack, which can be 
done by different types of chargers, which we will discuss in 
this section. A thermal cooling system is used which circulates 
coolant through the battery pack as well as other parts which 
helps in reducing the heat buildup within the system. The gen-
eral EV configuration has three subsystems, which are:

 1. Electric propulsion subsystem
 2. Energy source subsystem
 3. Auxiliary subsystem

FIGURE 6.6 Minimum torque at permanent magnet.
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The electric propulsion subsystem consists of the vehi-
cle controller, which controls the power flow to the elec-
tric motor. The electronic power converter is connected 
to the electric motor and receives power from the battery 
pack. The electric motor is connected to the mechanical 
transmission, which drives the wheels by transferring 
power to them. The energy source subsystem consists of 

the energy source, which in this case is the battery pack 
and is mostly lithium-ion-based rechargeable batteries. 
The energy refueling unit consists of onboard chargers 
which are used to charge the battery pack. The energy 
management unit is the most important part of this sub-
system and helps in efficient energy management, which 
plays a critical role in determining the range of the EV. 
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FIGURE 6.8 Conceptual illustration of general EV configuration.
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Software-based solutions are also used in EVs, such as in 
the Tesla Model S.

The auxiliary subsystem consists of the auxiliary power 
supply for fulfilling the electrical requirements of the EV, 
such as in headlights, taillights, power windows, etc. The 
hotel climate control unit is responsible for meeting the air-
conditioning requirement of the EV. It also has the power 
steering unit at the driver end. Figure 6.8 shows the con-
ceptual illustration of general EV configuration in which 
the three subsystems, along with their parts, are shown. 
The mechanical links are shown with double solid lines, 
while electric links are shown with thick solid lines. The 
control link is shown with thin arrows. The electric motor 
and the electronic power converter have the bidirectional 
electric link, which means that whenever there is regenera-
tive braking applied, the electric motor becomes a genera-
tor and provides power, which is fed back to the battery 
pack. Brake and accelerator are connected to the vehicle 
controller, which helps in controlling the EV.

Since the present generation of EVs use lithium-ion bat-
tery technology, let’s first compare the energy storage char-
acteristics of these batteries. Here we have compared the 

lithium cobalt oxide (LiCoO2), lithium nickel manganese 
cobalt oxide (LiNiMnCoO2), lithium manganese oxide 
(LiMn2O4), lithium iron phosphate (LiFePO4), and lithium 
titanate (Li2TiO3).

We observe that among the present Li-ion battery tech-
nology, the lithium cobalt oxide (LiCoO2) and lithium 
nickel manganese cobalt oxide (LiNiMnCoO2) appear to 
be the most promising due to their higher energy density 
and longer life cycle, with lithium nickel manganese cobalt 
oxide (LiNiMnCoO2) appearing to be the best available 
option with the present technology. However, the problem 
of charging these batteries is a big concern. A typical Tesla 
Model S has an 85 kWh battery pack which weights around 
540 kg and contains 7,104 AA lithium-ion battery cells 
in 16 modules wired in a series. Each module contains 6 
groups of 74 cells wired in parallel, and then the 6 groups 
are wired in a series within the module. The charging of 
these battery packs can be done in three ways:

 1. Level 1 charging
 2. Level 2 charging
 3. DC fast charging

TABLE 6.3
Comparison of Various Lithium-Ion Battery Technologies
Li Technology LiCoO2 LiNiMnCoO2 LiMn2O4 LiFePO4 Li2TiO3

Parameters NCA NMC LMO LFP LTO NMC

Nominal Voltage 3.6 V 3.6 V 3.7 V 3.2–3.3 V 2.4 V

Operating Range 3.0–4.2 V 3.0–4.2 V 3.0–4.2 V 2.5–3.65 V 1.8–2.85 V

Charge Rate 0.7 C–1 C/3Hr 0.7 C–1 C/3Hr 0.7 C–1 C/3Hr 1 C/3Hr 1 C/3Hr

Discharge Rate 1 C, 2.5 C 1 C, 2 C 1 C, 10 C 1 C, 25 C 10 C

Life Cycle 500–1,000 1,000–2,000 300–700 1,000–2,000 3,000–7,000

Thermal Runaway 150 C full promote 

runaway

210 C 250 C 270 C Safest

Energy Density 150–200 Wh/Kg 150–200 Wh/Kg 110–130 Wh/Kg 95–130 Wh/Kg 70–80 Wh/Kg

Characteristics Risky when damaged, 

low discharge rates, 

high specific energy 

and power, long life

Longer life and inherent 

safety, less prone to 

heating, low cost, high 

specific energy

Longer life and inherent 

safety, used in hybrid 

vehicles, high 

discharge rates

Reduced risk of heating/

fire, much less 

volumetric capacity, 

higher self-discharge, 

long life span

Operates at low 

temperature (-40ºC), 

rapid charge and 

discharge, high cost, 

long cycle life

Supplier Panasonic Samsung, Litech AESC, LGChem, 

LiEnergy Jpn

A123, ATL, Calb, Lishen 

Tianjin, Saft, BYD

Toshiba, Altaimano, 

Tiankang

Applications Tesla Model S German EV, BMW i3, 

Fiat

US + Japan EV, Nissan 

Leaf, Renault

Chevrolet Spark, Coda, 

eBus China

Grid Storage, EV buses 

and ferries

TABLE 6.4
Electric Vehicle Charging Levels
Charging Type Level 1 Level 2 DC Fast

Charging Time (Hours) 20–22 06–08 0.2–0.5

Charger Location Onboard (1-phase) Onboard (1- or 3-phase) Off-board (3-phase)

Voltage Supply (Volts) 120 240 208–600

Range Added to the Battery Pack 2–5 miles per hour of charging 10–20 miles per hour of charging 80–100 miles per hour of charging

Primary Residential charging Residential and public charging Public charging
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FIGURE 6.9 Level 1 and level 2 use onboard charger of EV.

Level 1 and level 2 charging can be done at home with 
compatible chargers supplied by the manufacturer, while DC 
fast charging is done in charging stations. Level 1 chargers 
use standard 120 V connection, which is the same as a stan-
dard household outlet in the United States. While most of the 
EV manufacturers refer to them as chargers, the reality is that 
they are mere extension cords, because in level 1 and level 2 
charging, the AC-to-DC conversion is done on board the car. 
So these two levels of charging are very slow and are best 
useful for short-distance uses and overnight charging of EVs.

The most important thing to remember about EV charg-
ing is the charging standards. The following charging stan-
dards are used worldwide.

Level 2 uses a much higher charging voltage, and like 
level 1 it, uses onboard charger of EV to charge the battery 
pack. Normally, a 240 V 80 amp circuit is used in level 2 
charging. These types of chargers are also called destina-
tion chargers. They deliver around 10–20 kWh of charge 
and are used in homes, hotels, and even parking lots and 
follow the same charging standards as level 1 chargers.

The DC chargers are the fastest and most convenient 
means of charging EVs and are also the most expensive 
to build. They can charge up a battery pack up to 80% in 
20–25 min using fast charging, and they don’t rely on the 
onboard charger of EV.

DC chargers are off-board chargers designed to charge 
the battery of the EVs with an electrical output between 
50 Kw and 350 Kw. With higher-power operation, the 
AC-to-DC converter, DC-to-DC converter, and power con-
trol circuits become larger and more expensive. This is 
the reason these types of chargers are implemented as off-
board chargers rather than as onboard chargers, so that it 
doesn’t take up place within the EV and the fast charger can 
be shared between many vehicles. Let us now analyze the 
power flow of the DC charger from the charger to the bat-
tery pack using the block diagram that follows.

In the first step, the alternating current is first converted 
into DC using a rectifier inside the DC charging station. 
Then the power control unit appropriately adjusts the volt-
age and current of a DC converter to control the variable 

FIGURE 6.10 Different EV charging standards.
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DC power delivered to charge the battery. There are safety 
interlocks and protection circuits used to de-energize the 
EV connector and to stop the charging process whenever 
there is a fault condition or improper connection between 
the EV and the charger. The battery management system 
(BMS) plays the important role of communicating between 
the charging station and controlling the voltage and current 
delivered to the battery and operating the protection circuits 
in case of unsafe situation. The block diagram of BMS is 
given in the following along with its functions.

Control area network (CAN) and power line communi-
cation (PLC) are used for communication between the EV 
and the charger. There are five types of DC chargers used 
globally, which are shown here:

First is the CCS (combined charging system), called the 
combo 1 system, which is used mainly in the United States. 
Second is the CCS (combined charging system), called the 
combo 2 system, which is used mainly in Europe. Third 
is the CHAdeMO system, used globally for EVs built by 
Japanese manufacturers. Fourth is the Tesla DC connector, 
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used by Tesla Motors, which can be used for AC charging 
as well and are used globally. Fifth is the Chinese GB/T 
standard, which is used by Chinese EV manufacturers. Let 
us now look at these chargers in detail.

The CCS (combined charging system) or the combo 1 
system is an integrated system used for both DC and AC 
charging. They are derived from type 1 and type 2 connec-
tors for AC charging by adding two extra pins at the bottom 

FIGURE 6.13 DC charger types.

FIGURE 6.14 CCS (combined charging system) or combo 1 system with plug and inlet.

FIGURE 6.15 CCS (combined charging system) or combo 2 system with plug and inlet.
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for high-current DC charging. The connectors derived from 
type 1 and type 2 are respectively called combo 1 and combo 
2. In the previous figure, the connector is shown on the left 
side, while the vehicle inlet is shown on the right side. This 
charger pin is derived from the AC charging level 1 and 
retains the two signal pins, which are the proximity pilot 
and the control pilot. The proximity pilot is used by the EV 
to detect when the charging cable is connected, to prevent 
driving away until it is removed. In addition, communication 
(analog or digital, baseband or modulated) is carried over 
the control pilot for charging control. It has two DC power 
pins added for fast charging at the bottom of the connector.

The CCS (combined charging system) or the combo 2 
system is derived from type 2 AC chargers and retains the 
earth pin and the two signal pins, namely, the proximity 
pilot and the control pilot. Two DC power pins are added on 
the bottom of the connector for high-power DC charging. 
On the vehicle inlet side, the upper side facilitates the AC 
charging from three-phase AC, and at the bottom part, we 
have the DC charging. Unlike type 1 and type 2 chargers, 
which use pulse width modulation (PWM) signaling on the 
control pilot, the power line communication of both the 

CCS (combined charging system) uses the power line com-
munication (PLC) on the control pilot. PLC is a technol-
ogy that carries data for communication on existing power 
lines and is used for simultaneous transfer of both signal 
and power. These chargers both can deliver up to 350A of 
maximum current with voltages between 200 and 1,000 V 
and maximum power of up to 350 kW.

The CHAdeMO chargers have three power pins and 
seven signal pins and use the control area network (CAN) 
protocol for communication between the charger and the 
battery pack of the EV. CAN is a robust vehicle communi-
cation standard which allows microcontrollers to commu-
nicate with each other in real time without a host computer. 
This charger supports voltages in the range between 50 and 
500 V, with a maximum current up to 400 A and maximum 
power up to 200 kW.

Tesla uses their own propriety chargers with the unique 
aspect being that same connector can be used for both AC 
as well as DC charging. Tesla offers DC charging up to 120 
Kw, and this is expected to increase in the future.

China uses its own charging standard, called the China 
GB/T (Guobiao), and uses control area network (CAN) for 

FIGURE 6.16 CHAdeMO DC charger plug.

FIGURE 6.17 Tesla DC charging system with plug and inlet.
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communication. It has five power pins, in which two pins 
are for high-voltage DC, two pins are for auxiliary power, 
and one pin is for ground. It has four signal pins, where two 
pins are for the proximity pilot and two pins are for the con-
trol area network (CAN). The nominal voltage used here is 
750 V or 1,000 V, with maximum current of 250 A.

DC fast charging looks to be very attractive because of 
the very fast charging supported by it, but these chargers 
have their own limitations. Fast charging power cannot be 
increased infinitely. The three major technical limitations 
of fast charging are:

 1. Higher losses in charger and battery (I2R).
 2. Battery pack can be charged up to only 70–80% 

with fast charging, and lifetime of the battery 
reduces at a very fast rate if repeatedly charged on 
fast chargers.

 3. The charging cable has limitation for maximum 
current it can carry, and if the charging power is 
further increased, the cables will become very 
thick; else, it will heat up due to the losses, and 
the thicker cable will make it difficult for people 
to carry the cable and connect it to their EVs.

6.5  ALTERNATIVES TO THE LITHIUM-
ION BATTERY AND EMERGING 
BATTERY TECHNOLOGIES

Lithium has emerged as one of the most important elements 
driving the electric vehicle revolution ever since the devel-
opment of rechargeable lithium-ion battery. These batteries 
are used extensively in a wide variety of electronic gadgets, 
ranging from smartphones to laptops, and even are used in 
the battery pack of almost all modern EVs, which we have 
already discussed in the previous sections. However, one 
major problem in the wide-range adoption of the lithium-
ion battery apart from its capability of limited energy stor-
age and long charging time is the availability of lithium. 
Lithium is a rare element, and around 39.5 million tons of 
lithium reserves have been found to date.

A vast majority of the lithium reserves are found in 
South America between the borders of Argentina, Bolivia, 
and Chile, forming a triangle known as lithium triangle. 
The lithium in this triangle is concentrated in various salt 
pans that exist along the Atacama Desert and neighbor-
ing arid areas. This area is thought to hold around 54% of 
the world’s lithium reserves. Countries such as Australia, 
China, and the United States are the other major suppli-
ers of lithium. India has very limited reserves of lithium, 
and recently, 14,100 tons were discovered in Mandya near 
Bengaluru, Karnataka. The government of India decided to 
set up India’s first lithium refinery in Gujarat (Sanand or 
Dholera), which will process lithium ore to produce battery-
grade material. However, even after all these efforts, it is 
estimated that by 2050, the currently known reserves of lith-
ium will be insufficient to cater to the needs of the society. 
So alternate battery technologies are under research to find 
a feasible solution to what is known as the “lithium crisis.” 
Today, just about every electric car uses lithium-ion batter-
ies, and their performance is pretty good, but they are heavy 
and have long charging times for the amount of energy they 
can store. When we compare fossil fuels with lithium-ion 
battery, we find that 1 kg of gasoline contains about 48 MJ 
of energy, while 1 kg of lithium-ion battery pack contains 
only 0.3 MJ of energy, and these batteries degrade with each 
charging cycle, gradually losing capacity over the batteries’ 
lifetime. Researchers often compare batteries by the num-
ber of full cycles until the battery has only 80% of its origi-
nal charge capacity. The five new battery technologies that 
could change this present situation are:

 1. Lithium air
 2. Nanotechnology
 3. Lithium sulfur
 4. Solid-state
 5. Dual-carbon

Metal air batteries, such as zinc air button cell, have been 
around for a while and have been extensively used in bio-
medical devices, such as hearing aids. Scaled-up aluminum 

FIGURE 6.18 China GB/T DC charging plug.
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and lithium air chemistries are also promising for the au-
tomotive and aerospace industries. The potential for light-
weight batteries with high energy storage makes this bat-
tery technology promising. Lithium air batteries could have 
a maximum theoretical specific energy of 3,460 Wh/kg, 
which is ten times more than lithium-ion batteries. Realis-
tic battery packs will be closer to 1,000 Wh/kg, which will 
still be three to five times more than Li-ion technology. As 
usual, this technology is not without its drawbacks. Current 
electrodes of lithium air batteries tend to clog with lithium 
salts after only a few tens of cycles. Most researchers are 
using porous forms of carbon to transmit air to the liquid 
electrolytes. Feeding pure oxygen to the batteries is a solu-
tion, but it is a potential safety hazard in the automotive en-
vironment. Researchers at the University of Illinoi, United 
States, have found that they can prevent this clogging by 
using molybdenum disulfide nanoflakes used to catalyze 
the formation of a thin coating of lithium peroxide on the 
electrodes. Their test batteries ran for 700 cycles compared 
to just 11 cycles of an equivalent with an uncoated elec-
trode. While this isn’t an enough lifetime for a car battery, 
it is a promising hint of things to come. NASA (National 
Aeronautics and Space Administration) is also working on 
lithium air battery development and expects to get around 
800–900 Wh/kg from these batteries in the near future.

Nanotechnology has been a buzzword for several 
decades but is now finding applications in everything from 
nanoelectronics to biomedical engineering. Nanomaterials 
make use of particles between 1 and 100 nm in size, essen-
tially one size up from the molecular scale. The magic is 
that they behave in unusual ways because their small size 
ridges the gap between that which operates under the rules 
of quantum physics and those of our familiar macroworld. 
As we have seen, one of our major challenges in the physical 
expansion of lithium electrodes as they charge. Researchers 
at Purdue University, United States, made use of antimony 
nanochain electrodes last year to enable this material to 
replace graphite or carbon metal composite electrodes.

By structuring the metalloid element in this nanochain 
net shape, extreme expansion can be accommodated within 
the electrode since it leaves a web of empty pores. The 
battery appears to charge rapidly and shows no detrition 
over the 100 charge cycles tested. Carbon nanostructures 
also show great promise, with graphene being one of the 
most exciting of these. Graphene is made up of a single 
atomic thickness sheet of graphite and has very interest-
ing electrical properties, being a very thin semiconduc-
tor with high carrier mobility, meaning, that electrons are 
transmitted along it rapidly in the presence of electric field 
as inside an electric battery. It is also thermally conduc-
tive and has exceptional mechanical strength in the range 
of 50,000–60,000 MPa when compared with strength-
ened steel, which has mechanical strength of 2,500 MPa. 
GRABAT, a Spanish nanotechnology company, is perusing 
graphene polymer cathodes with metallic lithium anodes, 
which is a highly potent combination if their electrolyte 
can protect the metallic anode and prevent dendrite growth. 

This battery promises to be capable of charging and dis-
charging faster with greater energy capacity and is lighter 
and more robust than the current generation of batteries. 
Samsung Electronics has patented a technology which they 
call as “Graphene Balls.” These are silicon oxide nanopar-
ticles which are coated with graphene sheets which resem-
ble popcorns and are used as cathodes as well as applied 
as a protective layer on the anode. Researchers found an 
increase in the volumetric density of a full cell of 27.6% 
compared to an uncoated equivalent, and the experimental 
cell retains almost 80% capacity after 500 charge cycles. 
Additionally, charging is accelerated and temperature con-
trol is improved. University of California–Irvine has even 
produced electrodes good for 200,000 charge cycles using 
gold nanowires and manganese dioxide polymer gel elec-
trolyte, and many other research efforts are going on with 
other diverse materials.

Lithium sulfur batteries are one emerging technology 
which can offer greater energy density compared to lithium 
ion. The theoretical maximum specific energy capacity of 
this chemistry is 2,567 Wh/kg, compared to lithium ion’s 
maximum specific energy capacity of 350 Wh/kg. This is a 
huge improvement, and a lithium sulfur battery could be up 
to 7.5 times lighter than a lithium-ion battery. Presently, lith-
ium sulfur batteries are still under development, and ALISE, 
which is a pan-European collaboration, is working towards 
attaining a stable automotive battery of 500 Wh/kg based 
on this technology. In terms of economics, sulfur is much 
cheaper than the cobalt and manganese it would replace and 
can be extracted as by-product of fossil fuel refinement or 
mined from abundant natural deposits. Existing lithium-ion 
batteries are made up of an anode and a cathode, between 
which a liquid electrolyte allows dissolved lithium ions to 
travel. Lithium sulfur batteries are constructed similarly, 
except that the active element in the cathode is sulfur or the 
anode remains lithium-based. Researchers are facing a few 
challenges in bringing this technology to market, because 
sulfur is a poor conductor of electricity. Typically, sulfur 
atoms are embedded within the matrix of carbon atoms in 
graphite, an excellent electrical conductor. This arrange-
ment is vulnerable to a process called as “shuttling,” which 
causes the batteries to drain when not in use, while also 
corroding metallic lithium anodes, reducing capacity as 
the battery is cycled. Electrodes also physically swell up 
as the lithium ions bond to them in lithium sulfur batter-
ies. A sulfur cathode can expand and contract by 78% or 
eight times more than typical lithium-ion batteries, which 
reduces capacity over time. One approach to solving this 
problem is to bind the cathodes with different polymers 
and to reduce their thickness so that the absolute change in 
dimension is not so extreme. Dr. Bimlesh Lochab and her 
team from Shivnadar University, based in Greater Noida, 
India, along with professors from IIT, Bombay, developed a 
sulfur battery recently based on green principle and green 
chemistry, because they used sulfur obtained as by-product 
from petroleum industry along with copolymer like car-
danol from cashew nut processing and eugenol from clove 
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oil. A  new cathode material was also developed, and the 
battery developed had three times more energy storage 
capacity than lithium-ion battery. The battery developed is 
under further testing and evaluation and holds promise for 
the future. Such batteries are very important for countries 
like India which have very limited reserves of lithium and 
depend on exports to meet their lithium demands, which 
further increases the cost of lithium-ion batteries.

Solid-state electrolyte could also offer solution to the 
problems faced in lithium-ion batteries. They will replace 
flammable organic liquids with stable crystalline or glassy-
state solids or a polymer base.

It is hoped that using these solid electrolytes would 
enable the use of metallic lithium electrodes to pro-
vide higher-output voltages and increase energy density. 
Research is going on in this field, and we are hopeful to see 
the use of such batteries in the near future, because com-
panies such as Volkswagen, Toyota, and BMW have been 
investing in this technology. One of the difficulties in solid-
state electrolyte design deals with the expansion of elec-
trodes, which is more difficult to manage in solid materials. 
A  solid electrolyte must be sufficiently flexible to permit 
this yet also tough enough to resist dendrite growth penetra-
tion. Panasonic has also been working in this field and is 
partnering with Tesla Motors. Toyota has also announced 
their collaboration with Panasonic for the development of 
solid-state batteries. Samsung Electronics is also working 
in this field and, in May 2020, described their technology 
based on silver and carbon anode, giving a generic electric 
car 500 mi range and survive over 1,000 carge cycles.

Two carbon electrodes and a nontoxic electrolyte are the 
basic things needed for dual-carbon batteries. They add the 
ablity to extract more power from conventional lithium-ion 
battery, and they also charge 20 times faster than convential 
batteries. These batteries could be the future for EVs.

PJPEye, an offshoot of Japan Power Plus, and National 
Kyushu University, Fukuoka, Japan, have developed this 
technology and named it Cambrian batteries. They are 
supplying these batteries to an electric bicycle company, 
Maruishi Cycles. Currently, these are single-carbon elec-
trode batteries, and their details are kept secret. However, 
research is going on for fully dual-carbon battery with two 
carbon electrodes, eventually to be manufactured from 
natural agricultural products such as cotton fibers. They 
are anticipated to achieve a performance similar to gra-
phene-based batteries. These batteries boast higher specific 

power for the same mass as compared to lithium-ion bat-
teries. These batteries can also be discharged fully, getting 
a 40% improvement in range over lithium-ion batteries of 
the same capacity. They also claim that the battery runs 
cool, doesn’t require the heavy cooling systems found in 
current electric vehicles. They also claim that their battery 
degraded 10% after 8,000 charge cycles. This technology 
holds promise for the future and might power the EVs of 
the next generation.

6.6 CONCLUSION

So much diverse research is undergone in battery technol-
ogy that it is just impossible to pick up five technologies. 
Lithium-ion batteries are found in almost any modern bat-
tery packs of products such as computers, phones, and vehi-
cles. Even drones and quadcopters have been developed due 
to advancement in battery technology. Better batteries are 
also important for the advancement of stationary storage 
from renewable sources such as solar power. Recently, cost 
reduction is the main objective in most EV manufacturers’ 
design strategy. Hence, new traction motor technologies 
such as synchronous reluctance machine, in which the rotor 
anisotropic geometry can eliminate expensive magnet, and 
aluminum or copper bar from the rotor structure became 
more attractive for automotive applications. Research is 
also going on for the development of alternate technologies, 
such as solar energy–powered vehicles and hydrogen-pow-
ered vehicles, but they are far from commercial implemen-
tation. As further research takes place, newer technologies 
might develop which will ultimately reduce our dependence 
on lithium and cobalt and propel a new revolution in electric 
vehicle industry. EVs hold promise for the future but need a 
few more years to reach their full potential, and companies 
like Tesla, Toyota, BMW, Hyundai, Mahindra, TATA, and 
Pravaig Dynamics are developing their EVs which have the 
capability to compete with their internal combustion coun-
terparts. Pravaig Dynamics, which is a Bengaluru-based 
EV start-up, claims that its two-door, four-seater electric 
car Extinction MKI can run 504  km on a single charge 
powered by a 96 kWh lithium-ion battery pack using 200 
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bhp engine and a top speed of 100 kmph, which are all 
promising figures. By 2025, EVs will become a common 
sight on Indian roads due to the push given by government 
agencies to reduce pollution and our dependence on fossil 
fuels. A ban on petrol and diesel cars is likely to be adopted 
in Britain in 2030; Norway and various European countries 
are aiming for 2025, while India, Israel, France, and the 
Netherlands are aiming for 2030, with Germany, Taiwan, 
the United States, and China aiming for 2040 or earlier. 
The potential research areas in the field of e-mobility are:

 • Motor design for EVs
 • Control system for electrical drive system
 • Development of better battery technology
 • Other energy storage systems
 • Better battery management system (BMS)
 • Efficient energy management system (EMS)
 • Integrated vehicular communication for driverless 

vehicles
 • Better charging infrastructure
 • DC fast charging converter
 • Indigenous measuring and instruments development
 • Data acquisition system
 • Smart grid development
 • Regulatory support, communications, and supply 

chain in EV adoption
 • Electrified, shared, and autonomous vehicles
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7.1  INTRODUCTION: BACKGROUND 
AND DRIVING FORCES

Research and development of electric vehicles (EV) and 
vehicle charging stations are increasing day by day due to the 
high efficiency, clean, and safe transportation offered by the 
EVs [1]. HEV (hybrid electric vehicles), BEV (battery elec-
tric vehicles), and PHEV (plug-in hybrid electric vehicles) are 
the types of electric vehicles available in the literature. In 
HEV, the internal combustion engine (ICE) is combined with 
battery-driven electric motor (BEM). The PHEV consists of 
ICE with BEM. The battery can be recharged by plugging 
a charging cable with an external source of power supply. 
BEV, also termed electric vehicle (EV), consists of a battery-
driven electric motor. The battery plays an important role in 
an EV. There are various types of batteries available for an 
EV. Lead-acid, nickel-cadmium, and lithium-ion batteries 
are the prominent ones. The most commonly used batteries 
for EVs are Li-ion (lithium-ion) batteries; these batteries have 
good discharging capabilities, high specific energy, good life 
span with less maintenance, and low environmental impact.

Detailed information about the type and capacity of vari-
ous EV batteries and chargers, along with the manufactur-
ers, ˆs presented for readers’ information in Table  9.1. EV 
chargers are classified as onboard and off-board, with unidi-
rectional or bidirectional flow of power. The electric vehicle 
consists of three main parts, namely, bidirectional AC/DC 
converter, bidirectional DC/DC converter, and a battery [2]. 
Unidirectional charger refers to power flow from grid to bat-
tery, and in a bidirectional charger, the power flow is vice 
versa, that is, from grid to battery and battery to grid, follow-
ing the demand of the convenience of the EV owner and the 
grid. Onboard chargers are referred as slow chargers, which 
are used in houses, parking places, and off-board chargers 
are fast chargers, which are utilized at charging stations. This 
chapter focuses on implementation of the controllers for EV 
to operate in charging and discharging modes using bidirec-
tional converters. The bidirectional converter considered is an 
AC/DC H-bridge converter consisting of IGBT switches with 
their antiparallel diodes for bidirectional power flow. A bidi-
rectional DC-to-DC converter is also used in the operation of 
the system. Onboard charging unit is considered for the EV. 

https://doi.org/10.1201/9781003321897-7
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A 2.5 kW to 5 kW battery charger with 100 Ah capacity is 
considered in this work. A total capacity of 20 kWh which 
requires 12–15 hours is used in this work. It is found in the 
literature; most of the researchers have concentrated on the 
controller for EV charging for vehicle to grid (V2G) or grid 
to vehicle (G2V) using the conventional PI controllers. In this 
work, advanced controllers like proportional plus resonant 
controller (PR) and variable structure systems like sliding 
mode controller (SMC) are designed for G2V and V2G oper-
ation, which provide operation in charging and discharging 
modes. During charging mode, AC-to-DC converter works 
as a rectifier, and bidirectional DC-to-DC converter acts as a 
buck converter to charge the battery to its full capacity. The 
reverse happens during discharging. The DC voltage and 
grid current are the control parameters, which are controlled 
effectively for smooth operation of the EV. The design of the 
passive components present in the EV circuit configuration is 
discussed in Section 7.2, EV with PI (proportional plus inte-
gral controller) in Section 7.3, EV with PR (proportional plus 
resonant controller) in Section 7.4, and EV with the sliding 
mode controller (SMC) in Section 7.5, respectively. A com-
parative analysis is performed among PI, PR, and SMC, and 
the results are tabulated. It is found that grid current wave-
form and its tracking performance and THD levels are as 
per IEEE 519 standards in SMC compared to PI and PR 
controllers for EVs in both charging and discharging modes 
of operation. A solar PV–based electric vehicle charging is 
presented in Section 7.6. Section 7.7 presents the conclusions 
and scope of the work for the readers.

7.2  ELECTRIC VEHICLE CHARGING 
CIRCUIT CONFIGURATION

Figure  7.1 shows the electric vehicle circuit configuration 
consisting of two stages. The AC-to-DC converter will act as 
either converter/inverter in the first stage of operation, and the 
second stage consists of a DC-to-DC converter, which operates 

as buck converter in charging mode and as boost converter in 
discharging mode of operation. The battery serves the purpose 
of storing the electrical energy during charging operation and 
supplying the energy to the load during discharging phenom-
enon [3, 4]. The input side is fed with an LC filter consisting 
of Ls and Cs, which improves the grid current waveform from 
harmonic pollution. On the output side, an additional Lo, Co 
filter is used to remove the ripple content in the DC voltage [5, 
6]. Hence, the life span of the battery increases. Alternatively, 
one can use an LCL filter on the input side.

7.2.1  Passive coMPonents Design

An effective design of the passive filters is very much nec-
essary for an efficient working of the EV [7].

7.2.1.1  DC Bus Capacitor Design (Cdc)
In single-phase converters, the second-order harmonics are 
present in the output DC voltage; hence, a large value of 
DC capacitor on the DC side is very much essential. The 
DC capacitor acts as an energy buffer between the input 
and output. The capacitor value is selected based on energy 
storage requirement. Assuming input power factor to be 
unity, the input power is given by (7.1):
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Power stored in the input inductor is given by (9.2):
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The energy flows from the source-side inductor to the H-
bridge converter, and it charges the DC capacitor. Assuming 
the device power losses are negligible, energy stored in the 
DC capacitor is equal to the comparison between the input 

TABLE 7.1
EV Chargers with Manufacturers
Model Battery Capacity Charger Time
Toyota Prius PHEV 4.4 kWh Li-ion, all-electric range 18 km 3 h at 115 V AC, 15 A

1.5 h at 230 V AC, 15 A

Mitsubishi iMiEV 16 kWh Li-ion, range 128 km 13 h at 115 V AC, 15 A

7 h at 230 V AC, 15 A

BMW i3 42 kWh Li-manganese, range 246 km 4 h with 11 kW onboard AC charger 30 min with 50 kW DC charger

Nissan Leaf 30 kWh Li-manganese, range 250 km 8 h at 230 V AC, 15 A

4 h at 230 V AC, 30 A

Tesla S 70 kWh Li-ion, range 424 km 9 h with 10kW charger

30 min with 120 kWh supercharger for 80% charge

Tesla 3 75 kWh Li-ion, range 496 km 30 min at 11.5 kW, 48 A

Chevy Bolt 60 kWh Li-ion, range 383 km 40 h at 115 V AC, 15 A

10 h at 230 V AC, 30 A

Source: https://batteryuniversity.com/learn/article/bu-1003-electric-vehicle-ev.

https://batteryuniversity.com
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energy and energy stored in inductor. Equation 7.3 gives the 
flow of power through the capacitor.
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In (7.3) the second-order components flow through the 
capacitor, which causes ripple in output DC voltage. 
By simplifying and taking the integration, the instanta-
neous power for a half cycle, the ripple energy is given 
by (7.4):
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From (7.4), a correlation exists between the DC capaci-
tor Cdc, input inductor current, and DC voltage Vdc as 
(9.5):
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From the configuration variables shown in Table  7.2 and 
using (7.5), Cdc is derived as 2 mF.

7.2.1.2  Input-Side Filter (Ls and Cs)
Based on the amount of ripple current present in the current 
through the inductor (Ls), Ls is designed using (7.6).
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Vdc is the DC voltage with ripple, and V sinωt is the in-
stantaneous value of AC input voltage. ΔI is the ripple cur-
rent and is taken as 10% of the input current, and fsw is the 
switching frequency. A filter capacitor Cs is used to reduce 
the harmonics and provide a well-regulated output voltage. 
It is obtained from (7.7) as 20 µF. The filter inductor is 
obtained as 0.75 μH.
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7.2.1.3  Output Filter Design (Lo and Co)
Equations 7.8 and 7.9 are used to calculate output filter induc-
tor Lo and capacitor Co and are obtained as 41 µH and 600 μF.
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A very large value of output capacitor is required to obtain a 
well-stable regulated output voltage. D is the duty ratio, r is 
the internal resistance, and Vo is the output voltage; switching 
frequency of the buck/boost converters is fsw, and ΔVo is volt-
age ripple, which is assumed as 5% of the output voltage. All 
the obtained parameters are tabulated in Table 7.2. A 120 V, 
60 Hz single-phase system is presented in this work.
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FIGURE 7.1 Circuit configuration of an electric vehicle.
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7.3 OPERATION OF EV WITH A PI CONTROLLER

7.3.1  charging MoDe oF oPeration (g2v)

Figure  7.2 shows a PI controller used for a single-phase, 
bidirectional converter in discharging and charging modes. 
Voltage across the DC capacitor Vdc is sensed using a volt-
age sensor and taken as a feedback and compared with a 
reference voltage Vdc

*. Using a PI controller, the grid current 
is generated Ig

* for the current loop. Hysteresis logic is used 
to generate the switching pulses to the IGBT switches of the 
single-phase converter circuit. The upper-level and lower-
level control mechanisms are shown in Figure  7.3(a) and 
Figure 7.3(b) for the bidirectional DC–DC converter circuit. 
SOCout is derived using the upper-level control mechanism 
according to the battery state of charge (SOC) between 5% 
and 100% and mode of operation, that is, charging or dis-
charging mode. Now, SOCout, Charger ON/OFF, and mode 
of operation are applied to produce/enable signal to buck or 
boost converter. Similar operation is performed in lower-
level control for obtaining gating pulses using the voltage 
error and buck/boost converter on-signal.

The switching pulses obtained during the EV charging 
mode are shown in Figure 7.4, and Figure 7.5 reveals the 
switching pulses produced to the buck converter circuit. 
Figure  7.6 shows the grid current and voltage waveforms 

in charging mode of operation using a PI controller. The 
grid current and voltage are said to be in-phase. Figure 7.7 
shows the tracking characteristics of DC voltage. It is clear 
that there exists a DC voltage steady-state error of 2.5%. 
The time taken to track the reference DC voltage is around 
0.5 sec. Figure 7.9 shows the harmonic spectrum of the DC 
voltage. It is found to be high during charging phenomenon. 
The battery voltage and current waveforms during battery 
charging mode are shown in Figure 7.10. It is observed that 
voltage waveform has a slight increment at 1.02 sec, with a 
magnitude of 220 V, whereas the current is said to be con-
stant at 10 A. The battery SOC waveform when battery is in 
charging mode is shown in Figure 7.10.

Table 7.3 shows the percentage of odd-ordered harmonic 
components present in the grid current and voltage. The 
grid voltage THD and grid current THD are 0.054% and 
4.447%, respectively, and are within the IEEE-519 stan-
dards. The third harmonic component is more due to mag-
netic saturation of the transformer.
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FIGURE 7.2 PI controller diagram for G2V and V2G operation.
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FIGURE 7.3 (a) Upper-level control and (b) lower-level control 
for a DC–DC converter.
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TABLE 7.2
Circuit Configuration Parameters
Parameters Values

Grid voltage Vg 120 Vrms

System frequency fs 60 Hz

AC filter inductor Ls 0.75 mH

AC filter capacitor Cs 20 µF

DC capacitor Cdc 2 mF

Inductor Lo 41 µH

Capacitor Co 600 µF

Battery capacity 100 Ah

Hysteresis band h ±0.5 A

PI parameters kp, τi 50, 10 ms

PR parameters

SMC parameters (k1, k2)

100, 0.1 ms

10, 20,000
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7.3.2  Discharging MoDe oF oPeration (v2g)

The grid current is controlled during discharging mode of 
operation, and the bidirectional AC–DC converter operates 

as an inverter. In this mode, bidirectional DC–DC converter 
operates as a boost converter. In this mode, the battery sup-
plies power to the grid. Figure  7.11 shows the switching 
pulse given to the DC–DC boost converter. Figure 7.12(a) 
shows the grid voltage and current waveforms during dis-
charging operation. In charging mode, the grid current 
and voltage are said to be in-phase, but during discharging 
operation, the grid current is found to be in phase opposi-
tion with grid voltage. It indicates the flow of power from 
EV battery to the power grid. Figure  7.12(b) shows the 
grid current tracking, and the error during steady state is 
found to be 19.06%. Figure 7.12(c) shows the battery current 
and voltage plots during battery discharging. The voltage 
decreases with a constant current at 10 A. Hence, the EV 
during discharging mode of operation is said to perform 
well using a PI controller. Figure 7.12(d) shows the battery 
SOC during discharging.

It is found through simulations that the PI controller is 
not able to track sinusoidal grid current reference without 
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FIGURE 7.10 Battery state of charge (SOC).

TABLE 7.3
Individual Harmonic Content Present in Grid Current 
and Voltage Using PI Controller

Harmonic  
Number

Individual  
Current  

THD (%)

Individual  
Voltage  

THD (%)

3 2.244 0.026

5 1.404 0.019

7 1.597 0.016

9 1.510 0.009

11 1.287 0.011

13 1.015 0.009
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steady-state error in both discharging and charging modes 
of operation. The settling time to track the DC voltage is 
found to be large. The grid current THD is more (4.447%), 
the second-order component in the DC voltage is more 
(300%), and hence, the life of the battery is said to degrade. 
Hence, to overcome the aforementioned disadvantages, a 
proportional plus integral (PR) controller–based EV is pro-
posed by the authors and is discussed in Section 7.4.

7.4  ELECTRIC VEHICLE OPERATION 
USING A PR CONTROLLER

Using a PR controller, the shortcomings of a PI control-
ler are overcome in an EV. Figure 7.14(a) shows the con-
trol block diagram of the PR controller. The PR controller 
introduces an infinite gain at the fundamental frequency, 
and it has the ability to track the sinusoidal current [8]. The 
transfer function TPR(s) for a PR controller is given by (7.10):

 T s k k
s

s sPR p i
c

c o

( ) .  
  2   

  
  

2
2 2

 
  

  (7.10)

In (7.10), the cutoff frequency is given by ωc, which is 
far less than the resonant frequency ωo. The value of the 

resonant frequency is 376.8 rad/s in this work. The dynamic 
response of the system is obtained by controlling kp and the 
phase shift between the output, and the reference is con-
trolled by ki. The value of ki = k/ ωc is taken as unity for 
understanding the effect of ωc [9]. Figure  7.14(b) shows 
the frequency response characteristics obtained for various 
values of ωc ranging from 0 to 25 rad/sec. kp is taken as 1. 
For any value of ωc, Bode plots converge to 20 db/dec. The 
peak magnitude of gain margin increases at lower values 
of ωc. Hence, it is understood that the infinite gain occurs 
only at resonant frequency ωo. Hence, the controller is very 
much sensitive between resonant frequency and fundamen-
tal frequency of the converter circuit. A small value of ωc is 
sufficient for a stable operating system. Therefore, the value 
of ωc is taken as 10 rad/sec. For proper selection, a trade-off 
should be made between k and ωc.

7.4.1  charging MoDe oF oPeration (g2v)

Figure  7.15(a) shows the grid voltage and current wave-
forms. The grid voltage is in phase with the grid current. 
Figure 7.15(b) shows effective tracking of DC voltage with 
the reference voltage. The steady-state error is found to 
be 1%, and the time taken to track the reference voltage is 
around 0.16 sec. These are comparatively less than that of a 
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PI controller. Figure 7.15(c) shows the harmonic spectrum 
of the DC voltage. It consists of 63% compared to 300% 
harmonic content in the DC voltage in case of PI controller. 
Figure 7.15(d) shows the battery current and voltage wave-
forms during battery charging. A small increase in voltage 
waveform is observed, with current waveform remaining 
constant. During charging of the battery, the SOC is as 
shown in Figure 7.15(e).

Table 7.4 shows the percentage of odd-ordered harmonic 
components present in the grid current and voltage. Grid 
voltage THD and THD in grid current are 0.039% and 
3.66%, respectively, and are said to be within the IEEE-519 
standards.

7.4.2  Discharging MoDe oF oPeration (v2g)

Figure  7.15(a) shows the gird current and voltage wave-
forms during discharging operation. Figure 7.15(b) shows 
the grid current tracking, and the grid current steady-state 
error is found to be 3.1%.

Figure  7.15(c) shows the battery current and voltage 
waveforms during battery discharging. Figure 7.15(d) shows 
the battery SOC during discharging. Hence, it is very clear 
that the performance of the PR controller is better than that 
of the PI controller in both the modes of operation in terms 
of steady-state error, tracking characteristics, and settling 
time.

7.5  OPERATION OF AN ELECTRIC 
VEHICLE USING VARIABLE 
STRUCTURE SYSTEMS – SMC

The sliding mode controller (SMC) is widely used for sta-
ble tracking of voltage and current in a power electronic 
circuit. Its insensitivity to parametric variations and a 
power converter, owing to its variable structure systems, 
has influenced researchers to use this control mechanism. 
Its robustness is far better than those of conventional con-
trollers presented in the literature so far [10]. Here, a linear 
sliding surface is considered, comprising of DC voltage 
error and the grid current error. The sliding coefficients 
are taken as k1 and k2. The time response of the system is 
obtained by taking τ = k1/k2. For a desired time, response 
τ, and value of k1, k2 is derived [11]. The sliding surface s 
expression is given by (7.11):

 s k v v k i idc dc g g       
1 2( ) ( )   (7.11)

The charging and discharging modes are discussed in 
this section using SMC. The control block diagram of the 
SMC controller is shown in Figure 7.16.

7.5.1  charging MoDe oF oPeration (g2v)

Figure  7.17(a) represents the variable switching fre-
quency waveform with a maximum switching frequency 
of 11 kHz. Figure 7.17(b) shows the grid current and volt-
age waveforms during charging with the SMC control-
ler; the grid current is in-phase with grid voltage [12, 
13]. Figure  7.18(c) shows the DC voltage tracking; the 
steady-state error is 1%, and settling time is 0.1 sec. 
Figure 7.18(d) shows the THD spectrum of the DC volt-
age waveform.

The % THD obtained is 27% and is less compared to 
PI, PR controllers. Figure 7.18(a) shows the battery voltage 
and current in charging mode, and Figure  7.18(b) shows 
the battery SOC. Table  7.5 shows the percentage of odd-
ordered harmonic components present in the grid current 

TABLE 7.4
Individual Harmonic Content of the Grid Voltage and 
Current Using PR Controller
Harmonic Number Current THD (%) Voltage THD (%)

3 1.804 0.0220

5 1.604 0.0072

7 0.708 0.0203

9 0.192 0.0052

11 0.590 0.0078

13 1.235 0.0133
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and voltage. Grid voltage THD and grid current THD are 
0.038% and 3.28%, respectively, and are within the IEEE-
519 standards. Gird current harmonic spectrum is shown in 
Figure 7.18(c).

7.5.2  Discharging MoDe oF oPeration (v2g)

Figure  7.19(a) shows the grid current and voltage wave-
forms obtained during discharging. Figure  7.19(b) shows 
the tracking of grid current with steady-state error obtained 
as 1.52%.

Figure 7.19(c) shows the battery current and voltage wave-
forms during battery discharging. Figure 7.19(d) reflects the 
battery state of charge during discharging. Figure  7.19(e) 
shows the phase plot of SMC for convergence. It is seen 
that the system is stable, that is, reaching the origin within 
a small settling time.

Table  7.6 shows the comparison of the three control-
lers, namely, PI, PR, and SMC controllers, used for elec-
tric vehicle charging (G2V) and discharging modes (V2G). 
SMC is found to be better than PI and PR in both modes of 
operation. Hence, onboard electrical vehicle charging and 
discharging operations can be well obtained using an SMC.

TABLE 7.5
Individual Harmonic Components of the Grid 
Current and Voltage Using SMC
Harmonic Number Current THD (%) Voltage THD (%)

3 0.798 0.0206

5 2.190 0.0138

7 1.399 0.0101

9 1.035 0.0228

11 0.950 0.0142

13 0.948 0.0086
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TABLE 7.6
Comparison of PI, PR, SMC Controllers for G2V and V2G Operation

Controller
Current  

THD (%)

Voltage  
THD
(%)

Current  
Steady-State  

Error (%)

Voltage  
Steady-State  

Error (%)

Voltage  
Settling  
Time (s)

PI 4.447 0.054 19.06 2.5 0.50

PR 3.665 0.039  3.10 1.0 0.16

SMC 3.289 0.038  1.52 1.0 0.10
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7.6  SOLAR-BASED ELECTRIC 
VEHICLE CHARGING

Due to the development of solar technology worldwide, uti-
lizing solar energy for EV applications is the topical issue of 
interest. When EVs are directly integrated to the solar charg-
ing stations, there is very less burden on the main power grid. 
This work presents a solar PV array–based electric vehicle 

charging which can be developed in urban areas [14–19]. It 
is depicted in Figure 7.20(a). Simulation results are shown 
in Figure 7.20(b) of MPPT tracking, and Figure 7.20(c), the 
SOC of the battery. It shows that during normal operation, 
the power grid charges the battery and it takes a changeover 
period when supply is not available. Now the charging is 
done through the solar PV system connected in parallel.
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7.7 CONCLUSIONS AND FUTURE SCOPE

A 2.5 kW–5 kW battery charger with 100 Ah capacity is 
used in a single-phase 120 V, 60 Hz EV configuration sys-
tem. A  bidirectional AC/DC and a bidirectional DC/DC 
converters are used as the power modulators between the 
source and the battery. Both V2G and G2V modes of opera-
tion are obtained in a single-stage conversion from the pro-
posed EV circuit configuration. Onboard electric vehicle 
charging (G2V) and discharging (V2G) with three different 
controllers – conventional PI, PR, and the SMC – is pre-
sented in this work. Passive filter components used in the 
input side and output side are derived using the mathemati-
cal expressions and appropriately taken for simulation. Using 
a PI controller, it is found that the grid current sinusoid is 
unable to track properly. The THD present in DC voltage is 
more. This causes the battery to drain away and affects the 
life span of the battery. These drawbacks are overcome by 
using a PR controller. Due to its infinite gain at fundamen-
tal frequency, it is able to track the grid current effectively. 
Frequency response characteristics are presented to under-
stand the effect of crossover frequency with the assumption 
of unity gain. Accordingly, the cutoff frequency is fixed at 
10 rad/sec. The PR controller reduces the grid current THD 
by 18%, and the second-order harmonic component in DC 
voltage by 80%, with respect to a PI controller. It tracks the 
grid current with small steady-state error. The SMC control-
ler has more tracking capabilities compared to PR and PI 
controllers. A linear sliding surface is used, with DC volt-
age error and grid current error as state variables. It is real-
ized that the SMC is effective in generating pure sinusoidal 
grid current waveform with very less steady-state error of 
1.52%. A phase plane plot of the grid current error and its 
derivative are presented to understand the convergence of 
the controller in reaching the origin. Settling time is also 
reduced. A  reduction in the second harmonic components 
(27%) in the DC voltage in SMC as compared to PI and PR 
controller is realized. It is found to be better than PI and PR 
controllers during electric vehicle charging and discharging 
modes. The authors have presented also a solar-based EV 
charging circuit as an extension to the work. The simulation 
results obtained are found to be good in charging the battery 
with its rated voltage within a short period of time. Hence, 
future work lies in using a solar-based onboard charger at 
homes, which gives more flexibility to the user for charging 
and during time of power failures. The future scope lies in 
connecting a large number of EVs to grid during V2G mode 
for reactive power compensation. Application of machine 
learning concepts to an EV has a high potential in research 
work which the readers can carry out.
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8.1 INTRODUCTION

Energy plays a crucial role in the development of any coun-
try in the world. India is in the third position in the world 
both in production and consumption of electrical energy, 
with an installed capacity of 373 GW as of 2020 (Source: 
Ministry of Power, government of India). Indisputably, all 
kinds of energy on Earth are obtained directly or indirectly 
from the sun. However, conventional fossil fuels derive solar 
energy in a much-concentrated form. Current fossil fuels are 
environmentally hazardous and will be depleted in the near 
future. Unconventional solar energy is a possible solution to 
this problem. Solar power occupies nearly 8% of the total 
generation in the national grid, and it can be generated by 
using both light and heat. The farmer is called photovoltaic 
(PV) energy, and later is thermal energy. These solar cells 
can be manufactured as a single-crystalline and polycrystal-
line structure. Single-crystalline solar cells are more effec-
tive than polycrystalline cells. The parameters that affect 
the solar photovoltaic cell’s efficiency are ambient tempera-
ture, dust on the solar panel, and other environmental con-
ditions. Over the past decade, focus has been on reducing 
the proliferation of temperature effects [1], present errors, 
and order of accuracy of a hybrid PV/T system. Energy and 
exergy analysis of a photovoltaic–thermal collector with and 
without glass cover is discussed by [2]. An evaluation of a 

hybrid (PV/T) air collector’s thermal performance is studied 
by [3]. In this performance, comparison of PV module with 
glass-to-Tedlar and glass-to-glass is studied. The experi-
mental and theoretical evaluation of design, development, 
and performance prediction of a hybrid PV/T air collector 
by a simulation model was carried out by Niccolo Aste et al. 
[4]. Exergetic analysis and study of sustainable renewable 
energy resources were discussed by [5]. Electrical, thermal, 
and exergy studies on hybrid PV/T air collector for differ-
ent Indian climatic conditions are evaluated [6]. Testing and 
analyzing a bifacial PV/T module with a set of reflecting 
planes for the water heating system were carried out [7]. 
In the research study “Integration of hybrid photovoltaic’s/
thermal collectors in buildings” [8], the maximization of 
solar energy for electricity and thermal generation by using 
the hybrid solar collectors is presented. Exergy studies of 
a parallel plate hybrid (PV/T) air collector at the Srinagar 
location are evaluated [9]. A  dual heat extraction system 
of PV/T collector with water/air circulation to be used in 
residential buildings for thermal comfort is presented [10]. 
Performance of different PV panels fabricated with crystal-
line (c-) Si,  -Si, and CuInSe2 for thermal contact analysis 
between the panel and collector was carried by [11]. The PV 
panel in the PV/T system installed is smaller than the solar 
collector. Cogeneration of preheated air, hot water, and elec-
tricity using an advanced PV/T collector was presented by 
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Y. B. Assoa et  al. [12]. Industrial heat processing at 60ºC 
and 80ºC with polycrystalline and amorphous solar cells 
is studied, and the former shows more electricity produc-
tion [13]. Performance studies on a finned double-pass PV/T 
solar collector using the mathematical model were carried 
out by [14]. It is reported that 65% of energy saving can be 
achieved using PV/T collector with cell covering factor of 
0.63 and glazing transmissivity of 0.83 when the ratio of 
heating-load-to-collector-area exceeds 80 kg/m2 [15]. T. T. 
Chow et al. [16, 17] conducted experimental investigations 
for different seasonal operating conditions on PV and hot 
water collectors mounted on the exterior face. The devel-
opment and validation of a computational model of the 
PV/T collector system have been presented. It will be used 
to predict the installed system’s energy output and the pay-
back period. Parameters affecting a wall-mounted hybrid 
PV/T collector’s performance are studied [18]. Simulation 
of hybrid PV/T solar systems for domestic hot water applica-
tions, both passive (thermosyphon) and active, with the help 
of TRANSYS, was carried out. Theoretical estimation of a 
PV/T system for residential heating and cooling applications 
can reduce the thermal load. Nevertheless, the PV/T collec-
tor’s performance was estimated at different geographical 
locations and the system’s total surface area [19]. However, 
even though several research studies have been carried out, 
developing energy-efficient cooling technique is still an 
advance. Therefore, there is a need for cooling the solar 
cell with the most energy-conservative techniques. One of 
the best possible cooling methods of PV modules is using 
photovoltaic–thermal (PV/T) collector. In this chapter, it 
is proposed to study the improvement of the PV/T system 
performance thermally and electrically by using additional 
glazing and a booster diffuse reflector individually, or both, 
by giving flexibility in system design.

8.2 SOLAR CELL

A solar photovoltaic cell is a device that generates electri-
cal energy with the excitation of the photons by receiving 
sunlight. This cell is made of different semiconductors, like 

single-crystalline, polycrystalline, ribbon, and amorphous 
silicon materials. Among the mentioned, the single-crystal-
line cell material has more efficiency compared to others. 
Photovoltaic (PV) systems have different components. They 
are solar panels, inverters, charge controllers, batteries, panel 
mounts, and tracking system, as shown in Figure 8.1. A single 
solar cell can generate about half of the voltage. So a group of 
solar cells, termed as a module and its array, will increase the 
system’s output. The arrays will be arranged in series, paral-
lel connections to maximize the voltage or current.

PV arrays are installed depending on the metering sys-
tem, either in off-grid, on-grid, or hybrid system. In the 
off-grid system, the energy generated with the PV system 
will not be supplied to the electrical grid, and it will be 
stored in the batteries. It is also called as stand-alone sys-
tem. Whereas on-grid or grid-connected systems are cou-
pled to the electrical grid and operated simultaneously with 
the utility grid. The solar cell’s performance mainly varies 
depending on the ambient temperature. Though it is impos-
sible to control the ambient air temperature, there is a possi-
bility to monitor the cell’s surface temperature by installing 
a hybrid solar thermal collector management technique. 
The PV cell specifications considered for the present study 
are shown in the Table 8.1.

8.3 SOLAR THERMAL COLLECTOR

It is a device to collect radiation energy from the sun to 
raise the working fluid’s temperature for daily needs. The 
heat energy can be generated using highly reflective mir-
rors and absorber plates. There are various types of thermal 
collectors, like a flat plate, evacuated tube, point focus, and 
line focus. These collectors are generally used to generate 
steam for cooking or process or space heating or used in 
solar thermal power plants to generate electricity. Building 
an energy-efficient system is a big task in any solar devices.

As the thermal management of a solar PV module plays 
a crucial role in improving its performance, it has been 
attempted to build a hybrid solar photovoltaic/thermal col-
lector system. The system utilizes the excess temperature 
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FIGURE 8.1 Solar PV system.
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on the PV module with thermal collectors using the ther-
mosyphon cooling technique.

8.4  THEORETICAL HEAT 
TRANSFER ASSESSMENT

Heat is transferred from the module by conduction, convec-
tion, and radiation modes of heat transfer. One has to cal-
culate the amount of heat transferred through three modes, 
converted into power, and retained in the solar cells. The 
mass flow rate of water circulated to remove the heat from 
the solar cell can be calculated by knowing the amount of 
heat retained in the solar cell.

In this study, the solar photovoltaic cell can be consid-
ered as a composite plane wall, and heat transfer analysis 
has been carried out on this wall. The PV cell specifications 
for the calculations are taken from Table 8.1.

Measured values of temperature (at 1:00 p.m. on a typi-
cal day) are:
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8.4.1  heat transFer by conDuction
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Final heat conduction equation for the solar cell is:
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Taking all the resistances into account, conduction heat 
transfer is calculated as 1.892 W (2.59% of input radiation 
falling on solar cell).

8.4.2  heat transFer by convection

According to Newton’s law of cooling:

 Q hA T Tconv w a      (8.6)

Here, the heat transfer coefficient is calculated by natural 
convection correlations by calculating the Grashof number.
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The fluid properties are taken for the mean temperature of 
40°C.

The heat lost due to convection is 3.54% of input radia-
tion falling on solar cell.

8.4.3  heat transFer by raDiation

According to Stefan–Boltzmann law, the heat transferred 
by radiation is directly proportional to the difference 
between the fourth power of the absolute temperature and 
is given by:

 Q T Tradiation glazing a      4 4   (8.9)

TABLE 8.1
Specifications of PV Module Components

Part in PV Module Material
Thickness  
( ) (mm)

Thermal  
Conductivity  
(k) (W/mk)

Area (A)  
(sq.m)

Glazing Ceria-doped glass 3 1.4 0.083

Adhesive Ethyl vinyl acetate 0.15 0.585 0.083

Solar cell Silicon 0.1 50 0.0014

Solder Tinned lead 0.1 50 0.0014

Substrate Polyvinyl 0.2 0.711 0.083
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Qradiation is 18.41% of input radiation falling on solar cell.

 I A Q Q Q P Qcond conv radiation el cooling        (8.10)

Where I is the solar heat flux, which is measured to be 
880 W/m2.

Energy required to cool the solar panel is calculated as 
Q WCooling = 42 108.  .

From previous calculations, it is noted that, from the 
received solar radiation falling on the solar PV panel,

 • Only 15% can be converted to power;
 • 26% is transferred by conduction, convection, and 

radiation; and
 • 59% is retained in the solar PV cell so that its tem-

perature rises to 80°C.

From the preveding conclusion, it is required to design a 
thermosyphon cooling system. This cools the photovoltaic 
cell and retains the efficiency of the solar cells

8.5  DESIGN OF THERMOSYPHON 
COOLING SYSTEM

Thermosyphon is a heat exchange method in which the fluid 
circulates in the system without using any external device. 
It works on a gravity-based principle. In the thermosyphon 
cooling system, the fluid circulates in the system without any 
pump, therefore natural convection. In this context, it is to 
calculate the mass of water required to be flown on the pho-
tovoltaic cell in a day by assuming the heat removal capac-
ity and the heat gained by water should be dissipated to the 
atmosphere by choosing a suitable material for the chamber.

Mass of water to be circulated in a day can be calculated 
as given by:

 m
P H

C Tp
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Where m  is the mass of water to be circulated in a day in kg/
day, P is the percentage of heat removal capacity of the sys-
tem, H is the solar radiation falling on solar cell in a day (mea-
sured value on a typical day 11.56 MJ/m2), A is the area of 
solar cell (0.76 m2), Cp  is the specific heat of water (4.2 kJ/ kg 
K), and  T  is the temperature difference of water = T Tf i− .

The heat gained by the water is 580.860 kJ/day.
The material used for thermosyphon should have high ther-

mal conductivity; here, copper and aluminum are used. Design 
of the thermosyphon consists of determining the following:

 • Length of the tube and surface area of the sheet 
required

 • Heat transfer coefficient for both the materials
 • Heat transfer coefficient of aluminum can be cal-

culated as:
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Pr and other properties are taken for the mean temperature 
of 310.5 K.

Grashof number is given by Gr
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From the properties, Nu  is calculated as 65.58, and heat 
transfer coefficient as 22406.5 W/m2K.

Heat transferred by aluminum per square meter area is 
calculated as:

 
q

A
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Heat transfer coefficient of copper tube is determined by 
using:

 Nu Gr   0 53
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The Nu  number is calculated as 3.15, and the heat transfer 
coefficient of copper tube is:

h W m Kcu = 121590 2 

The heat transferred by copper tube per meter length is 
given by:
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By taking the length of copper tubes as 5 m, the surface area 
required for a copper is calculated as Acu = 2m2.

Hence, the surface area required is obtained, and ther-
mosyphon cooling system is fabricated.

8.6  DESIGN AND DEVELOPMENT 
OF PVT SYSTEM

8.6.1  hybriD Photovoltaic/therMal  
solar systeMs

Solar energy comprises both light and radiation. PV pan-
els convert some of the light energy falling on them into 
electrical energy. The radiation energy and remaining light 
energy increase the PV panel’s surface temperature and 
reduce electrical efficiency. Reducing the panel’s tempera-
ture by heat extraction mechanism with a proper natural or 
forced convection can improve the PV panel’s efficiency. 
Solar hybrid PV/T system is a technology that integrates PV 
cells and thermal collector to improve electrical efficiency 
by simultaneously cooling it. The combined electrical and 
thermal energy output of the PV/T system depends on 
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parameters like solar energy input, the surrounding temper-
ature, the air velocity, the system parts’ operating tempera-
ture, and the heat extraction mode. The thermal system unit 
is operated to maximize the electrical output. Past research 
studies reported that employing air gap with glazing and 
reducing thermal losses in PV/T collector raise the thermal 
efficiencies up to 65%. The theoretical models estimated 
the thermal efficiencies up to 55% for maximum airflow 
rate, minimum air duct depth, and lengthy PVT system.

8.6.2  hybriD systeM Design consiDerations

The photovoltaic system should be operated at optimum 
lower temperatures to maximize the efficiency for the input 
radiation, surrounding air temperature, and wind velocities. 
This can be achieved by reducing the temperature of the 
system using fluid flow convection. The rise in temperature 
of the fluid will be used for air and water heating system 
and space heating applications. The heat removal from the 
bottom surface of the PV system by fluid circulation is an 
efficient cooling method.

8.6.3  collector Design

The principal requirement of the photovoltaic/thermal col-
lector is the incorporation of high thermal conductive and 
better electrical insulating material betwixt the PV cells 
and the thermal absorber plate. The substrate of this collec-
tor is manufactured with copper alloy battens which con-
sist of male and female connecting members on either side, 
as shown in Figure  8.2. Enhanced heat transfer has been 
ensured with the large heat transfer area between the absorb-
ing surface and circulating fluid. The absorber’s leveled top 
surface facilitates the lamination between PV cells and the 
absorber. Depending on the requirement of the collector 
size, numerous amounts of battens can be assembled easily.

Black silicon cells with single-crystalline are made to 
cover the absorber surface owing to their improved elec-
trical conversion efficiency along with thermal absorption 
despite having higher thermal emissivity than blue sili-
con cells with polycrystalline structure. The arrangement 
involves transparent TPT, EVA, single-crystalline silicon 
cells, and silica gel on the absorber plate, with an insu-
lation thickness of 30 mm at a depth of 25 mm from the 
front glazing. The transparent TPT, with a thickness not 
exceeding 0.2 mm, has a better performance in electrical 
insulation and thermal conduction. EVA with a thickness 
of 0.4–0.6 mm acts as an adhesive. As EVA and TPT are 
high-transmissive materials, these two are laminated to the 
PV module and absorber.

8.6.4  exPeriMental setuP anD analysis

The collector with an aperture area of 2 m2 is connected to a 
well-insulated 100 L water tank. Single-crystalline silicon-
based solar cells with a conversion efficiency of 14.5% are 
used. The PV module is attached to the top surface of the 
copper absorber. The laminated peak power is 75 W. The 
closed enclosure absorber is fabricated with the assembly 
of multiple extruded round tube copper modules with their 
ends connected with headers. The incoming and outgoing 
circulation of the working fluid is carried through the upper 
transverse header with an inserted stopper placed after the 
first longitudinal module. By this, the inlet fluid flows down 
from the first module to the lower traverse header, then 
afterwards flows upwards to all the other modules, employ-
ing the thermosyphon effect. The tank can be emptied with 
the help of a drain cork and refilled with a working fluid to 
a fixed quantity. The overall experimental setup contains 
the data-logging device, the equipment to monitor and 
record solar conditions, and the collector operating tem-
peratures for an interval of 15 min. There is an insulating 

Connection among cu alloy barrels

Cu alloy pipe

Construction of the cu alloy flat box aborber plate

CU ALLOY PIPE

FIGURE 8.2 Copper alloy absorber plate.
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air layer between the front glazing and the PV encapsula-
tion. The enclosure is equipped with encapsulated materi-
als; the transparent TPT (Tedlar polyester Tedlar) and the 
EVA (ethylene-vinyl acetate) layers on the upper surface, 
the EVA and opaque TPT layers at the bottom surface, and 
even below that, the thermal insulation layer have been cre-
ated. The previously mentioned arrangement is assembled 
in an aluminum-frame back cover.

The experimental analysis of the hybrid PV/T system has 
been carried out using the setup as shown in Figure 8.3(a). 
The present setup was fabricated using nine battens with a 
heat collection area (Ac) of 1.86 m2. The system comprises 
one thermal collector, one storage tank for working fluid 
with pipelines and valves. The storage tank was fixed with 
30  mm thick polyurethane foam to an Al-alloy bracket. 
Thermocouples have been placed at the upper surface of 

the tank. The PV/T module consists of black silicon sin-
gle-crystalline cells arranged in series, batteries of four 
number. The single solar cell has a conversion efficiency of 
14.5% at a standard irradiance condition of 1,000 W/m2 and 
a temperature of 25ºC. PV/T collector is facing south, with 
a tilt angle of 350 all over the testing period. The operating 
temperature, weather conditions like solar radiation, and 
mass glow rate of the fluid are the parameters considered 
for the analysis.

8.7 RESULTS AND DISCUSSIONS

Experimental analysis of a hybrid solar PV panel incorpo-
rating a thermal collector was performed. The tests are con-
ducted from morning, at 8:00 a.m., to evening, at 5:00 p.m. 
The irradiance received from the sun, the temperature at 
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various locations of the panel, inlet and outlet cooling fluid, 
and performance parameters are calculated.

Irradiance received by the solar collector on a typical day 
is shown in Figure 8.4(a). The maximum irradiance of 1.204 
kW/m2 was observed at 1300 hr. Figure  8.4(b) shows the 
inlet and outlet temperature of water flowing inside the tube 
placed in the thermal collector. The temperature of the fluid 
rises linearly with time to reduce the panel temperatures.

Figure 8.5 illustrates the temperatures recorded at vari-
ous locations of the hybrid PVT collector. In the total sys-
tem, the least temperatures are accorded at the water inlet 
and the highest temperatures at top of the PV panel. In each 
case, the maximum temperatures were recorded between 
1200 and 1300 hrs. The tests are carried out to estimate 
the thermal efficiency for the thermal collector with and 
without the panel. It has been observed that the thermal 
collector embodied with a PV panel on the top side has a 
maximum efficiency of 66.97% at 1300 hrs. An improve-
ment of 4% electrical efficiency and 6% thermal efficiency 
is observed compared to the collector without panel.

8.8 CONCLUSIONS

The experimental design and analysis of closed-box cop-
per alloy solar PV/T collector are carried out and compared 
with the normal flat-box collectors.

The PV/T water heater has been organized for the free 
circulation of a working fluid. The PV/T collector employed 
with the cell cowling factor of 0.63 and front-glazing trans-
missivity of 0.83 can work for a heating load of 80 kg/m2 
with an electrical efficiency of 10.15% and the thermal effi-
ciency of 45% – in turn, the daily total efficiency of 52%. 
An energy saving of about 65% has been recorded. An 
improvement of 4% electrical and 6% thermal efficiency is 
observed while using a hybrid PV/T system than consider-
ing a normal collector.

With the incorporation of shared front glazing, back 
cover, and fixed frame, the PV/T collector can achieve 
high energy yield with less investment than the typical 
series-operated solar PV and thermal systems per unit 
surface area. PV/T systems will be a possible solution 
when more PV panels are to be installed in small facade 
areas.
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9.1  INTRODUCTION: BACKGROUND 
AND DRIVING FORCES

Energy demands are continually increasing, with increased 
concerns for climate change. Fuels used commonly to provide 
power and aid in transportation and daily requirements are gas-
oline, diesel, coal, natural gas, liquid petroleum gas, uranium, 
and biomass. Out of these fuels, major consumption is of fossil 
fuels in the form of gasoline, diesel, coal, natural gas, and LPG, 
which results in fast depletion and poses environmental threats 
in the form of greenhouse gas (GHG) emissions and climate 
change. This scenario is leading to a search for pathways to 
shift the energy consumption towards cleaner options; one such 
field is biomass-based fuels through solar energy processing.

Biomass is a complex mixture of carbohydrates, lignin, 
proteins, and lipids formed with the presence of elements 
carbon, hydrogen, nitrogen, sulfur, and oxygen [1]. Biomass 
has been used as fuel since time immemorial; still, biomass 
is the major fuel for developing countries, with common 
use in cooking, water heating, or space heating applica-
tions. The traditional use of biomass with conventional 
cookstoves is inefficient and polluting, leading to increased 
disease burden and around 4 million deaths per year [2]. In 
order to convert biomass to more efficient biofuels which 
can supplement and take the place of fossil fuels, vari-
ous technologies have been developed. Biofuels obtained 
through biomass feedstock are considered carbon-neutral 
because, upon use, they release almost as much CO2 as these 
consume when biomass is created through photosynthesis.

Biomass feedstock can be classified as dry and wet feed-
stock, as shown in Figure 9.1. Dry feedstock is lignocellu-
lose, which consists of cellulose, hemicellulose, and lignin. 
The wet feedstock is mainly algae, which has fractions in 
form of lipids/fats and proteins/amino acids. Biomass wastes 
and algae have attracted attention due to their potential for 
conversion to biofuels. Management of waste and wastewater 
is a serious issue worldwide. Especially, developing countries 
face a two-way problem, with lack of infrastructure on one 
hand and the increased disease burden on the other hand. 
Among various methods for biofuel production, studies on 
hydrothermal liquefaction (HTL) are gaining momentum and 
can prove to be a promising option for future energy needs. 
HTL has major limitation of being an energy-intensive tech-
nique, so efforts are going on to integrate the process with 
solar thermal energy through solar concentrating collectors.

The chapter discusses the concept of integration of solar 
energy with the hydrothermal liquefaction process and pres-
ents an overview of recent advances and studies conducted 
in this area. This field of research is considerably new and 
promising; it presents ample opportunities for developing 
the technologies for clean fuel in near future. Research in 
this area may offer solutions for efficient energy conver-
sion, waste management, and tackling climate change. This 
chapter provides a brief introduction to biofuel generations 
and biomass conversion processes, provides details on 
hydrothermal liquefaction, presents an overview of studies 
on solar integrated HTL, and discusses the opportunities 
and challenges in this field.

https://doi.org/10.1201/9781003321897-9
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9.2 BIOMASS CONVERSION TO BIOFUELS

Biofuels can be classified in four generations on the basis of 
feedstock source, as shown in Figure 9.2 [3]. First-generation 
biofuels are the conventional biofuels, such as ethanol and 
biodiesel, produced mainly from sugar, starch, or vegetable 
oil obtained from food crops. The processes involved in 
the production of first-generation biofuels are fermentation, 
distillation, and transesterification, which have been in use 
in centuries. The technologies for first-generation biofuels 
are well developed and mature, but there are some disad-
vantages associated with these biofuels, as these require 
food crops, are expensive, require large land and water, and 
need power for processing.

The second-generation biofuels are sourced from wood, 
agricultural waste, food waste, nonedible plants like 
Jatropha, silver grass, switchgrass. The processing is similar 
to the first-generation biofuels, but pretreatment is required 
in the form of biochemical or thermochemical reactions. 
Through biochemical route, ethanol is obtained, whereas 
through thermochemical route, syngas is produced. The 
advantage with second-generation biofuels is that these do 
not require food crops, but still, limitations are there in the 
form of large land requirement, water requirement, high 
cost, and technology still under development for improved 
efficiency.

Third-generation biofuels make use of algae biomass, 
such as macroalgae and microalgae for production of bio-
oil. Algae have high carbon dioxide sequestering capa-
bilities and high photosynthesis levels. Microalgae can be 
easily grown on wastewater, sewage, salt water; hence, it 
does not require as much land and water as in the case of 
the first two generations of biofuels. Using microalgae as 
feedstock has advantages of high growth rate, lesser time 
duration of cultivation (5–6 days), low cultivation cost, and 
high oil content. Algal biomass can be processed through 

fermentation, transesterification, thermochemical meth-
ods, and microbial fuel cells to produce bioethanol, bio-
gas, biohydrogen, biodiesel, jet fuel, syngas, gasoline, jet 
fuel, and bioelectricity [4]. Biofuels obtained from geneti-
cally modified microalgae are known as fourth-generation 
biofuels. Genetic modifications are introduced in micro-
organisms to increase their uptake of carbon dioxide and 
improve biofuel production. In some studies, it is reported 
that the lipid content and triglyceride content are increased 
by 20–30% due to genetic modifications in microalgae, and 
enhanced greenhouse gases (GHG) fixation of around 40% 
is achieved [3].

Biofuels can be obtained through three major routes of 
biochemical, chemical (transesterification), and thermo-
chemical conversion, as shown in Figure 9.3. Biochemical 
methods commonly used are anaerobic digestion and fer-
mentation, which make use of microorganisms, bacteria, 
and enzymes to convert biomass to liquid or gaseous fuels 
such as ethanol and biogas. Transesterification is a chemical 
method which results in the formation of biodiesel from the 
biomass through chemical reactions. The chemical binding 
agents of plant matter are lignin, cellulose, and hemicel-
lulose. These nonfermentable polysaccharide sugars cannot 
readily be broken down by microorganisms for the pro-
duction of alcohol-based biofuels, such as sugarcane. The 
nonfermentable solid residue left after pressing out water 
and dissolvable sugars or oil from oilseed crops has been 
widely studied for both biological and chemical methods 
to release this embedded plant-based biochemical waste 
product energy. Thermochemical conversion of biomass 
involves the use of heat to bring about chemical transfor-
mations to produce energy, fuels, and value-added products 
[5]. Thermochemical processes can further be subdivided 
into combustion, pyrolysis, gasification, and hydrothermal 
processing, as shown in Figure 9.3.

Biomass Feedstock

Dry Feedstock Wet Feedstock

• Cellulose

• Hemicellulose

• Lignin

• Lipids/Fats

• Proteins/Amino 

Acids

FIGURE 9.1 Components of biomass feedstock.
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9.3 ALGAE GROWTH AND POTENTIAL

Microalgae can be grown and produced from solar-based 
photosynthetic radiation, artificial illumination, or het-
erotrophic carbon-based assimilation growth without an 
obligatory requirement for light energy inputs and photo-
synthetic conversion pathways. The commercial focus for 
microalgae fuel production has been open-pond photosyn-
thetic growth systems because of higher overall productiv-
ity and volumetric yields.

Much endeavor has been made into the pursuit of micro-
algae-based fuels over the last couple of decades. Table 9.1 
shows the potential of microalgae in delivering superior 
oil content as compared to the other plant sources, such as 
corn, soybean, canola, Jatropha, coconut, and palm.

From Table 9.1 it can be seen that the oil yield in liters 
per sq. m corresponding to microalgae is almost ten to hun-
dred times more than the other plant sources. Thus, use of 
microalgae will require less land as compared to their ter-
restrial counterparts, if technological microalgae produc-
tion and processing innovation issues might be able to be 
overcome.

The quest for algae-based fuel production is a not new 
phenomenon. In the early 1970s, following a political global 
crude oil supply and distribution problem, the United States 
began its Aquatic Species Program for hydrogen and bio-
diesel from microalgae [7]. The program identified 3,000 

species of microalgae containing high levels of oils, of 
which 300 candidates were highlighted with potential for 
conversion into fuels. Open-pond algal production systems 
as the lowest-cost algae production system were considered 
and experimentally tested for algae production and conver-
sion into fuels. Some visual examples of algae are shown in 
Figure 9.4.

Algae grow quickly, and under correct light, nutrient, 
and temperature conditions, some species can double their 
biomass within four to six hours. Algae also store lipids and 
oils as energy storage compounds that, upon conversion into 

Feedstock for different genera ons of biofuels

First genera on:

Edible crops

Second 

genera on:

l   

Third genera on:

Macro algae, micro 

l

Fourth genera on:

Specially engineered 

l /

FIGURE 9.2 Feedstock for the four generations of biofuels.

Biomass Conversion Processes

Biochemical
Conversion

Thermochemical
Conversion

Chemical
(Transesterifica on)

Direct 
Combus on

Anaerobic
Diges on

Fermenta on Gasifica on Pyrolysis Hydrothermal
Processing

FIGURE 9.3 Different processes for conversion of biomass to biofuels.

TABLE 9.1
Comparison of Biodiesel Feedstock (Data Adopted 
from Chisti, Y. [6])
Source Oil Yield (L/sq.m.)

Corn 0.0172

Soybean 0.0446

Canola 0.119

Jatropha 0.1892

Coconut 0.2689

Palm Oil 0.595

Microalgae (30% oil by weight) 5.87

Microalgae (70% oil by weight) 13.69
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biodiesel fuel, have similar combustion properties to con-
ventional petroleum-based fuels; hence, these have attracted 
attention as biological candidates for fuel generation. There 
has been much-claimed potential for algal biofuels, not 
just in the scientific community, but also in the financial 
and investment community. However, energetically and 

economically, the realization of this desire has not yet been 
achieved because of the high costs of fertilization, produc-
tion, harvesting, drying, and conversion into fuels. Before 
algal biofuels can contribute to energy sustainability and 
security, costs per liter of algal fuels need to come down 
significantly [8–10].

Open ponds are less costly than the photobioreactor 
tubular systems because of a higher volume of algal growth 
medium; however, disadvantageously, open ponds are more 
prone to contamination events. Much of the algal growth 
mass-production technology is borrowed from the open-
pond microalgae species that are known as extremophile 
species because they are tolerant to high temperatures, 
salinities, or pH. Extremophile species include those used 
for the production of antioxidants, whole-cell microalgae 
dried biomass for human consumption, and highly unsatu-
rated long-chain omega-3 oils as vegetarian alternatives to 
fish oils containing DHA and EPA lipids.

Increasing the contribution of biofuels to the energy mix 
can be achieved by one or a combination of four methods, 
namely:

 i. Increase in the overall production of biomass
 ii. Increase in the system efficiency or resilience
 iii. Increase in the yield per unit area or per unit volume
 iv. Exploitation of the waste products

Microalgal nutrient production inputs and harvesting are 
known to be the most expensive components of the pro-
duction system. Phototrophic microalgae photosynthesize 
carbon from dissolved carbon dioxide rather than obtain-
ing energy from dissolved sugars. If microalgae are going 
to provide enough biodiesel or bio-oil, they will need to be 
grown in huge volumes and to be grown phototrophical-
ly. Conversely, heterotrophic growth of microalgae uses 
sugar-based crops, requiring fertilizer production, which 
is energetically fossil fuel expensive. Fermentation facili-
ties are not as scalable as microalgae photobioreactors or 
open ponds due to the high capital expense and the re-
quirement for sterility to maintain axenic monocultures of 
microalgae.

Algae have greater productivity than terrestrial crops and 
can be a nonfood resource [9, 11]. Algae may use seawater or 
fresh water, waste carbon dioxide, and are able to combine 
with wastewater treatment processes. Microalgae can use 
wastewater, including NH4

+, NO3
-, PO4

3- from the aqueous 
waste streams, as nutrient sources; can be grown on areas 
unsuitable for agriculture, therefore do not compete with 
food production; can be used for coproduction of proteins; 
and can remediate gases from industrial processes [12, 13].

Microalgal production costs are the main limiting factor 
for development of markets for microalgae biofuels and food. 
Costs relate to the complexity of the cultivation phase and the 
downstream processes required for extracting the high-value 
products. Energy consumption required for harvesting alone 
is estimated at 90% of the energy input of the life cycle analy-
sis and 25% of the total production costs [14, 15].

FIGURE 9.4 Visual examples of (a) macroalgae drying on a 
desert beach (Laminaria spp.) from Southern Pacific Ocean, (b) 
microalgae Spirulina maxima sp., and (c) microalgae Chlorella 
vulgaris sp., showing cell clustering and adhesion in close prox-
imity to (1) the internal wall of the photobioreactor facing towards 
the illuminated source and (2) internal aeration bubbles

Source: Dr. Matthew Pearce.
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9.4  THERMOCHEMICAL ROUTES FOR 
BIOMASS CONVERSION TO FUELS

Thermochemical conversion processes can be further clas-
sified mainly into direct combustion, pyrolysis, gasification, 
and hydrothermal processing, as shown in Figure 9.3.

Direct combustion is burning of biomass in open air or 
excess of air to convert the chemical energy of biomass to 
heat and gases. The pyrolysis process occurs in the temper-
ature range of 400–700ºC in the absence of oxygen, which 
results in thermal decomposition of biomass. Gasification 
process consists of controlled supply of heat, steam, and 
oxygen for conversion of biomass to gaseous fuels. All the 
three processes, namely, direct combustion, pyrolysis, and 
gasification, work with dry biomass; biomass with water 
content less than 10% is preferred. With wet biomass, these 
techniques require a preliminary drying step, which is 
energy-consuming. Another aspect of a key differentiation 
between combustion and other thermochemical technique 
is the presence or absence of oxygen in the thermochemi-
cal conversion process. Fire or combustion requires heat, 
fuel, and oxygen. Pyrolytic technologies have an absolute 
requirement for an absence of oxygen. In other words, 
although both combustion and pyrolytic processes employ 
heat, combustion uses exothermic heat to expend fuel, 
whereas pyrolysis uses endothermic heat to create fuel.

A key feature of biomass fuels is their high water con-
tent, as plants have high moisture content postharvest. The 
latent heat or specific heat capacity of water is about 2,250 
KJ/kg-1. This means that pretreatment for drying of fuels 
designated for combustion is of paramount importance in 
assessing an optimal energy return on energy investment. 
Species choice, therefore, might depend upon climatic 
conditions, suitability for drying (biochemical structure), 
atmospheric humidity and temperature, particle form and 
size, and chemical composition (carbon, nitrogen, and 
water ratios). Nonorganic chemical composition affects the 
pyrolytic or combustion conversion from biomass-based 
fertilizer remnants of potassium and phosphate into ash, 
known as sintering, tar cracking, or slagging, which has 
implications for the viscous and crystalline deposits within 
the biothermal conversion system. Pyrolytic technologies 
encompassing charcoal flue bed carbonization and gasifi-
cation are widely advocated as potential entrants into the 
biomass-to-fuel sector. Due to the water content of many 
choice species for biomass crops, these require pretreatment 
to increase the energy density and/or reduce the activation 
energy for energy return on energy invested. Low-cost 
drying technologies require high surface area exposure to 
the environment for both solar, heat, and air movement, or 
there is the detrimental, compromised decomposition of 
biomass by microbiological contamination in the form of 
mold, fungus, and bacteria. High-cost drying technologies 
as a pretreatment methodology themselves expend energy; 
hence, overall efficiency is compromised.

Thermochemical conversion processes are relatively 
faster in operation than biological conversion processes. 

For example, biogas generation from anaerobic digestion 
is a cumulative and continuous industrial process that, if 
achieved as a start-to-finish batch process, would endure 
for a few weeks for the entire volumetric yield of biogas. By 
contrast, combustion processes endure for minutes or hours. 
The vast majority of thermochemical conversion processes 
employed within the commercial sector are dependent upon 
combustion technologies, capture of heat, or the conver-
sion of heat into steam to subsequently produce electricity. 
Unfavorably, drying to between 5% and 10% moisture is an 
essential pretreatment process to combustion.

Hydrothermal process can make use of wet biomass with 
water as reaction agent for conversion to fuels in the form of 
char, oil, and gas. Hydrothermal processes can also be fur-
ther subdivided as hydrothermal carbonization, hydrother-
mal liquefaction, and hydrothermal gasification, depending 
on the parameters. Hydrothermal carbonization takes place 
at low temperature (180–250ºC) and pressures in the range 
20–100 bar to produce a solid carbonaceous product known 
as hydrochar. Hydrothermal gasification takes place either 
in subcritical or supercritical water conditions to produce 
gaseous fuel consisting of methane, hydrogen, and carbon 
monoxide, and other products [16].

During hydrothermal liquefaction (HTL), wet biomass 
is depolymerized at moderate temperatures in the range 
around 200–370ºC and high pressures around 50–200 
bar. The water acts as a reactant and catalyst in the HTL 
process. The macromolecules in the presence of water are 
hydrolyzed to produce highly reactive molecules which 
repolymerize to form bio-oil. The advantage of the HTL 
process is that biomass need not be prior dried to produce 
bio-oil, but still, HTL is an energy-intensive process. It 
requires energy for maintaining temperatures and pressures 
for the duration of the reaction, usually for 30–60 min.

9.5 HYDROTHERMAL LIQUEFACTION

Hydrothermal liquefaction is a biomass-to-bioliquid conver-
sion route carried out in water at moderate temperature of 
280–370°C and high pressure (10–25 MPa). It has a liquid bio-
crude as the main product, along with gaseous, aqueous, and 
solid-phase by-products. Unique physiochemical properties of 
subcritical and supercritical, water produce water and bio-oils 
as the main products. The dielectric constant decreases from 
78.5 Fm-1 at 25°C and 0.1 MPa to 14.07 Fm-1 at 350°C and 
25 MPa [17]. There are many sources of waste which can be 
valorized, including plastic, vehicle tires, agricultural waste 
from sugarcane, rice straw, and the deep-rooted Indian inva-
sive plant species, such as Prosopis juliflora.

Energetics of HTL are dominated by the energy required 
to heat the reactor, 6.51 MJ (1 kg microalgae) [17]. Multiple-
carbon-containing feedstock materials can be used in 
HTL; lower feedstock costs, together with solar heat, could 
decrease the minimum fuel sales price more, potentially 
closer to cost parity with conventional fossil fuels. Heating 
rate and optimal processing temperature and pressure are 
essential for product formation.
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A comparison between pyrolysis and hydrothermal liq-
uefaction compares the parameters of interest in Table 9.2.

Table 9.3 compares the fuel composition qualities of two 
thermochemically derived biocrude fuels: pyrolysis bio-
crude without pressure in the absence of water and HTL 
biocrude with pressure [1, 23].

The higher heating value of HTL biocrude in Table 9.3 
of 35.7 MJ/kg is about eight units more than the HHV of 
pyrolysis-based crude oil. Biocrude, like conventional 
crude oil, has the potential for upgrading and with subse-
quent downstream processing into a variety of products.

There are multiple benefits in HTL technology, such as 
that it aids in:

 1. Reducing emissions. Reducing reliance on fos-
sil fuels by developing an integrated approach to 
produce biofuels from waste or biomass, causing 
lower emissions and carbon mitigation. An added 
benefit is the use of wastewater and plastic waste 
as feedstock to produce fuel.

 2. Improving security of energy supply. Use of aque-
ous by-products for secondary additional nutrient 
supplies, reducing fertilizer consumption in agri-
cultural chain feed and food production processes, 
as well as development of non-agriculturally pro-
ductive land for fuel production.

 3. Reducing the costs of energy production. Direct 
solar radiation could provide energy for the heat 
required for the thermoconversion of biomass and 
waste into liquid bio-oil and nutrient-rich aqueous 
waste outputs, resulting in significant cost sav-
ings in the conversion process. The integration of 
waste streams with biomass production processes 
increases the potential to be more cost-effective.

9.6  SOLAR COLLECTORS – FLAT 
AND CONCENTRATING

Major energy sources on Earth can be directly or indirectly 
linked to solar energy, such as biomass, wind, and water. 
Conventionally, solar energy has been used for various 
day-to-day applications. Presently, the use of solar energy 
can be broadly divided into two main areas – solar thermal 
and solar photovoltaics. Solar thermal applications consist 
of the conversion of solar radiation to heat through solar 
collectors for cooking, water heating, space heating, or any 
other heating purposes. Solar photovoltaics involve the con-
version of solar radiation to electrical power through the 
use of photovoltaic cells.

Here in this chapter we will be focusing on the solar 
thermal part. For conversion of solar energy to heat, 
selection of appropriate solar collector is essential. Solar 
collectors can be broadly classified as nonconcentrat-
ing collectors and concentrating collectors, as shown in 
Figure  9.5. Nonconcentrating collectors consisting of flat 
plate collectors and evacuated tube collectors are suitable 
for the temperature range 80–150ºC, whereas concentrating 
collectors are used for higher temperatures. There are dif-
ferent types of concentrating collectors which can be used 
for a wide variety of temperature applications, depending 
on the design and concentration ratio.

Concentrating solar collectors are more suited for 
hydrothermal processes as these achieve high temperature. 
Studies have been reported on solar reactors employing 
parabolic trough, multidish concentrator, and toroidal solar 
concentrator for hydrothermal processing of biomass [16].

9.7  STUDIES ON SOLAR INTEGRATED 
HYDROTHERMAL LIQUEFACTION

In order to reduce the energy consumption involved in the 
hydrothermal liquefaction process, there have been recent 
advances in the field of integration of solar thermal sys-
tems for hydrothermal liquefaction. Solar integrated hydro-
thermal liquefaction offers a new possibility of producing 
biofuels in a cleaner manner and may even provide prom-
ising solutions for treatment of wastes to produce biofuels 
or value-added products. Solar concentrating systems such 
as parabolic troughs are suitable for producing temperature 
and pressure in the required range. Technoeconomic anal-
ysis of integration of concentrating solar collectors with 
hydrothermal liquefaction plant has been studied by Pearce 

TABLE 9.2
Comparison of Hydrothermal Liquefaction and 
Pyrolysis Processes for Biomass Conversion [18–22]

Pyrolysis Hydrothermal Liquefaction

Drying Necessary Unnecessary

Pressure (MPa) 0.1–0.5 5–20

Temperature (ºC) 370–526 200–400

Catalyst No Sometimes

Heating Value Low (~ 17 MJ/kg) High (~ 30 MJ/Kg)

Viscosity Low High

Upgrade Hard Easy

TABLE 9.3
Comparison of Biocrude by HTL and Pyrolysis
Elemental Composition Hydrothermal Liquefaction Pyrolysis

C (wt%) 73 58

H (wt%) 8  6

O (wt%) 16 36

S (ppm) <45 29

Moisture 5.1 24.8

HHV (MJ/kg) 35.7 22.6

Viscosity (cPs) 15,000 59

Source:  From Gollakota et  al. [1] under Creative Commons License, 
adopted from Elliot D.C. [23].
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et al. (2016) [24]. It reported that the nutrient recycling and 
CSP/HTL integration can produce microalgae bio-oil in a 
sustainable manner. Figure 9.6 shows the schematic diagram 
of solar parabolic trough collector with tubular HTL reactor 
at its focal line considered in the previous study. Microalgae 
biomass feedstock is semicontinually pumped into the reac-
tion vessel core of the concentrating solar parabolic trough, 
and the post-HTL products are stored in the storage tank. 
The concentrating solar system size has been considered 
for 1,000 L HTL feedstock. The parabolic troughs are of 

100  m length, with aperture area of each trough as 2.26 
sq.m.; thus, total aperture area has been taken as 226 sq.m. 
It has been proposed that the system can run for three batch 
processes per day at 20% (w/v) microalgae – 160 L HTL 
reaction core volume. Minimum fuel sale price (MFSP) of 
$1.23/kg and a positive cash flow have been demonstrated 
in the study on the basis of the calculations.

Giaconia et.al. [25] reported a conceptual study on com-
bining a concentrating solar power plant to biorefinary pro-
cess for hydrothermal liquefaction of microalgae to meet 
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the high heat demand. They investigated the coupling of 
parabolic troughs to a hydrothermal liquefaction plant. They 
proposed a system configuration which utilizes an indirect 
solar reactor – that is, feed is not directly added to the solar 
collectors; instead, the chemical reactor is provided heat by 
the heat transfer fluids heated by the solar concentrating 
collectors. The schematic diagram is shown in Figure 9.7. 
It has been designed to process 10 kT of microalgae per 
year. From the figure it can be seen that cold molten salts 
are stored at 340ºC, which are heated by solar collectors to 
410ºC. Two input streams are proposed; one is of pure water 
at 25ºC, 1 bar pressure, and flow rate 1.07 kg/s, and the 
other is concentrated microalgae at 30% w/w at 25ºC, 1 bar 
pressure, and mass flow rate of 1.07 kg /s. The two stream-
lines are pressurized at 230 bar by pumps 1 and 2 and con-
nected to heat exchangers to raise the temperature. There 
are three heat exchangers in the proposed system: HX1, 
HX2, and HX3. HX1 uses molten salts heated by solar col-
lectors, and HX2 uses hot effluent from cyclone. Stream 1 
of pure water is heated by the heat exchangers HX1 and 
HX2. The residual effluent from HX2 is sent to HX3, where 
stream 2 of concentrated algae is preheated. Streams 1 and 
2, after being compressed and heated, are allowed to mix 
rapidly, resulting in 15% w/w microalgae slurry at 350ºC. 
This microalgae slurry is sent to the reactor, which has been 

modeled as a single-tube adiabatic reactor. The microalgae 
slurry inside the reactor gets converted to a liquid biocrude, 
an aqueous phase, a gas phase, and a solid residue. This 
hot stream from the reactor is taken to a cyclone, where the 
solid part is removed and the purified stream is cooled in 
HX2 and HX3 to 145ºC and 23 MPa. The dielectric con-
stant of water increases to 46 in these conditions, resulting 
in completion of biocrude liquid phase separation, and a 
two-phase compressed stream is then sent to a separation 
vessel through a flash valve, where the three phases get 
separated by gravity.

Experimental studies on the integration of solar collec-
tors with HTL process have been conducted by collabora-
tive works of Cranfield University, UK; Phycofeeds Ltd. 
UK; and Kota University, India [26–28]. Initially, before 
the development of the prototype system, experiments were 
conducted on a small-size reactor pressure vessel to evalu-
ate HTL process for bio-oil and associated by-products 
[26]. A small-size Swagelok reactor pressure vessel of 10 
ml was placed in a heated sand bath with pressure tube of 
1/2-inch Hoke Gyrolok able to withstand temperatures in 
the range -235ºC to +426ºC. The dimensions of the pres-
sure tube were 170 mm length and 10.28 mm inner diam-
eter. The system was heated through an insulated ceramic 
plate with base heat source. Chlorella vulgaris, Chlorella 
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salina, Nannochloropsis salina, and Tetraselmis chui were 
the microalgae samples used in the experiments. For the 
lab-scale HTL experiments, the reactor was loaded with 
1.8 g of dried biomass and 9 ml of deionized water (20% 
w/v). When the reactor attained 280ºC temperature, it was 
allowed to undergo HTL for 20 min. After that, it was 
quenched in a water bath to arrive at room temperature. 
The gases were vented, and the liquid was tested through 
gas chromatography (GC) and total organic carbon (TOC) 
analysis. During bio-oil evaluation, as shown in Figure 9.8, 
it was found that lipids corresponding to C14, C15, C16–17, 

C20 were present. Lipid fractions and other chemical com-
pounds were also formed, which were grouped in unclassi-
fied lipids.

As a next step for the development of a prototype “proof 
of concept” demonstrator for CSP-HTL integration, solar 
parabolic trough collectors, as shown in Figure  9.9, were 
installed at the University of Kota, India [27]. The parabolic 
trough collectors were supplied by Global CSP Ltd. UK and 
modified by Cranfield University, UK, for the purpose of 
a bioreactor. The dimensions of the parabolic trough are 
690 mm × 1960 mm, with focal length of 120 mm. It has a 
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glass cover on top to prevent heat loss and soiling/scratch-
ing of reflecting surface. It has a manually controlled sin-
gle-axis tracking system.

The receiver tube was redesigned and modified with 
Swagelok pipes and fittings to withstand high pressures in 
the range 15–200 bar and temperatures 250–350ºC for the 
purpose of the bioreactor. The receiver tube is equipped with 
pressure valves and gauges. Four longitudinally orientated, 
matte-black-painted parallel pressure tubes with an inter-
nal diameter of 6 mm and external diameter of 8 mm were 
equidistantly spaced and placed within a borosilicate glass 
sheath of internal diameter of 30 mm for the solar reactor. 
Original Global CSP parabolic trough with stainless steel 
reflecting surface achieves temperatures around 250ºC; to 
achieve higher temperatures, Skyfuel® ReflecTech Plus 
polymer film was added to improve the reflectivity, and 
a secondary aluminum reflector was affixed, as shown in 
Figure 9.10.

Experimental testing at Kota University revealed that 
the temperatures in the HTL range 280ºC–350ºC were 
achieved with the modified solar concentrating collectors. 
With successful testing of the solar concentrating system 
for the HTL temperature range, experiments were per-
formed on the system for processing of waste and micro-
algae samples at Kota University, Rajasthan, India, with 
different raw material mixtures comprising algae, PET 
plastic, sugarcane bagasse, and animal manure [28]. The 
materials were placed in the reactor in the ratio 20% solids 
and 80% water. Tests were performed on clear days, with 
measurement of solar radiation through pyranometer and 
recording of temperatures and pressure through sensors and 
gauges. After the temperatures reached around 320ºC and 
stayed in the range for 30 min., the solar collectors were 
defocused for 10 min. to cool down, and the mixture was 
extracted for gas chromatography mass spectroscopy (GC-
MS) testing. Samples obtained after experiments at Kota 
University were tested by the Indian Institute of Petroleum 
through GC-MS for identifying biocrude composition. On 
analysis, a prominence of C6 to C12 aliphatic and aromatic 

hydrocarbons and derivative of carbonitrile and cyclohex-
ane compounds was found. These experiments, performed 
as initial, early-phase demonstration, seem promising, 
though still there are many technical challenges which need 
to be addressed.

9.8 CHALLENGES AND OPPORTUNITIES

There exist multiple opportunities and challenges in the 
field of integration of solar thermal systems with hydro-
thermal liquefaction processes. Firstly, as these technolo-
gies are still in the development phase for commercial 
exploitation, there is much scope for multiple potential 
manifestations and innovations. Secondly, these technolo-
gies are closely linked to the issues related to energy and 
waste management; their successful development may 
present promising solutions environmental protection 
and remediation. Thirdly, biofuel technologies provide a 
drop-in fuel solution to incumbent transport systems that 
many electrical, gas, and hydrogen alternative transport 
solutions cannot make a smooth transition to fulfill, due to 
the engineering and infrastructure differences that exist 
between these transport propulsion technologies. Thus, 
successful, cost-effective development of the solar-HTL 
integrated technologies may pave a way towards a sustain-
able world in the future, addressing the issues of waste, 
water, and energy.

There are several other challenges and opportunities for 
future work in this area of solar-HTL integration, such as 
[16, 27, 28]:

 • For this technology to attain commercial status, 
it is important to produce biofuels in cost compa-
rable to those of fossil fuels.

 • Integration of solar concentrating collectors with 
HTL requires special technical and engineer-
ing skills, as solar systems are not specifically 
designed for this application.

 • These technologies require high initial investment.

FIGURE 9.10 Modified solar parabolic trough strips of polymer film (left) and the secondary reflector in place (right).

Source: From Almond et al., AIP Conference Proceedings 2019 [27].
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 • Material research is required to develop materi-
als suitable for high-temperature, high-pressure 
applications without corrosion, scaling, and UV 
impacts.

 • In case of direct reactors where load is put directly 
in receiver, problems related to corrosion, scaling, 
plugging of tubes need to be addressed.

 • In case of indirect reactors with thermal storage 
system, careful designing and handling of molten 
salts is required to avoid temperature variations, 
corrosion, and blockages.

 • Optimal use of heat exchange and heat recovery 
systems is needed to enhance the efficiency of 
energy conversion for the process.

Before it becomes possible to ramp up the production of 
HTL-solar biofuels, it will be necessary to demonstrate in-
cremental scalable production at cost-effective price rela-
tive to the conventional fuels and second-generation biofu-
els. This depends upon factors, including:

 • Production throughput optimization of unit vol-
ume per time in terms of liters per hour or tons 
per day.

 • Justification and validation of fuel composition 
and capability for upgrading fuels into suitable 
fuels for direct application to transport vehicles.

 • Valuation of end output products and quantifica-
tion of gases, liquids, and solids and separation 
efficacy for aqueous and organic liquids.

 • Whole life cycle analysis incorporating capital 
expenditure, equipment infrastructure, operational 
running costs, and longevity.

 • Resilience to cyclical temperature fluctuations and 
systems engineering factors, including wear on 
gaskets, flanges, and valves.

This growing field of solar-HTL integration presents ample 
opportunities for scientists, engineers, and researchers to 
develop innovative solutions to take this technology to the 
commercial level.
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10.1 INTRODUCTION

The rapid depletion of fossil fuel reserves, an ever-increas-
ing energy demand, and concerns over climate changes 
motivate power generation from renewable energy sources. 
Out of these, solar photovoltaic and wind have emerged as 
popular energy sources due to their eco-friendly nature and 
cost-effectiveness. However, these sources are intermittent 
in nature. Hence, it is a challenge to supply stable and con-
tinuous power using these sources. This can be addressed 
by efficiently combining with energy storage technologies. 
The interesting complementary behavior of solar insolation 
and wind velocity pattern coupled with the aforementioned 
advantages has led to research on their integration, resulting 
in the hybrid photovoltaic (PV) wind systems. For achieving 
the integration of multiple renewable sources, the traditional 
approach involves using dedicated single-input converters, 
one for each source, which are connected to a common DC 
bus. However, these converters are not effectively utilized 
due to the intermittent nature of the renewable sources. In 
addition, there are multiple power conversion stages which 
reduce the efficiency of the system. Not many attempts are 
made to optimize the circuit configuration of these systems 
that could reduce cost and increase efficiency and reliability.

The use of multi-input converter for hybrid power sys-
tems is attracting increasing attention because of reduced 

component count, enhanced power density, compactness, 
and centralized control. The work presented in this chapter 
pertains to the development of multi-input converter topolo-
gies and their control for effective utilization of integrated 
PV-wind-battery-based systems. It focuses on the hybrid 
PV-wind-battery-based stand-alone and grid-connected 
system. A novel multi-input transformer–coupled DC–DC 
converter, followed by a full-bridge inverter, is proposed. 
The power circuit configuration of the system is shown in 
Figure 10.1. A control strategy is proposed to operate the 
proposed converter in all the possible modes. The control-
ler of a stand-alone system has to perform the following 
tasks: (a) maximum power extraction from both the pho-
tovoltaic and wind power sources; (b) protection of battery 
from overcharging and discharging; (c) DC–AC conversion 
and load voltage regulation. To achieve these functional-
ities, a stand-alone system operates in four modes, namely, 
maximum power point tracking (MPPT) mode, non-MPPT 
mode, battery-only mode, and shutdown mode.

Hybrid PV and wind-based generation of electricity and 
its interface with the power grid are the important research 
areas. In continuation of the work presented previously, 
a control strategy for power flow management of a grid-
connected PV-wind-battery-based system with an efficient 
multi-input transformer–coupled bidirectional DC–DC 
converter is presented. The proposed system aims to satisfy 
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the load demand, manage the power flow from different 
sources, inject surplus power into the grid, and charge the 
battery from grid as and when required. The control philos-
ophy for power flow management of the multisource system 
is developed based on the power balance principle.

10.2 EXISTING STAND-ALONE SYSTEMS

A large number of households in rural areas do not have 
access to electricity, as extension of grid is not economi-
cally viable. To improve the scenario of rural electrifica-
tion, several alternatives are being considered. Majority of 
these are targeted towards deployment of renewable energy 
source–based stand-alone systems. Among various renew-
able energy sources, photovoltaic arrays and wind tur-
bines are widely explored, owing to their sustainable and 
environmental features. However, these sources are influ-
enced by the operating environment, which significantly 
decreases stable and reliable energy to the loads. Hence, 
backup storage elements are incorporated in the system.

Several stand-alone schemes have been reported in the 
literature, which vary in complexity, effectiveness, com-
ponent requirement, etc. In [1–3], stand-alone schemes 
with low voltage requirement at the load terminals are 
specifically designed for household DC appliances. 
Hence, the voltage gain requirement from the intermedi-
ate converter(s) in these schemes is less. Schemes reported 
in literature for feeding AC loads have voltage rating of 
230  V rms and thus require high-voltage gain from the 
intermediate converters.

Based on the number of intermediate converters between 
the input and output, they can be categorized as follows:

10.2.1  Four-stage conFiguration

Schematic block diagram of a four-stage configuration is 
shown in Figure 10.1. Here, three DC–DC converters are 
generally used in addition to a DC–AC inverter [4]. Out of 
these converters, one DC–DC converter is used for maxi-
mum power point tracking (MPPT), second for charge.

Various four-stage configurations are described in 
[6–11]. Generally, nonisolated DC–DC converters are 
used for MPP tracking and battery charge control, while 

a transformer-coupled DC–DC converter is used to real-
ize voltage boosting. An alternative approach utilizing a 
multiport transformer–based scheme is also reported in 
the literature [5, 12], and its schematic block diagram is 
shown in Figure 10.2. Though this configuration is suit-
able for achieving high gain, it requires a complex con-
trol scheme. The phase angles of terminal voltages of the 
transformer windings are varied for controlling the power 
flow.

The higher number of power conversion stages used in 
the previous approaches reduce efficiency and reliability of 
the system as the component count is high. Further, these 
configurations also suffer from low battery charging effi-
ciency as two converter stages exist in the battery charg-
ing path. Furthermore, the converter used for extracting 
maximum power remains idle when there is no PV power, 
thereby reducing the utilization of the system.

10.2.2  three-stage conFiguration

In the literature, schemes having battery placed in the cas-
caded path are proposed. This type of configuration [7, 
8] has the following drawbacks: (a) battery has to negoti-
ate frequent unwanted charging/discharging with sudden 
change in load or PV power, thereby increasing stress, 
and (b) the battery voltage has to be high. Otherwise, the 
step-up DC–DC converter following the battery has to be 
designed for high voltage gain.

In a three-stage configuration, a battery is placed in 
parallel to the converters through a bidirectional converter 
[9–11]. Figure 10.3 shows three-stage configuration topol-
ogy proposed by R. Chattopadhyay et  al. in [13]. In this 
topology, a transformer-coupled boost half-bridge con-
verter is used to harness power from PV, and energy stor-
age element balances the power needs through a buck/boost 
converter.

10.2.3  tWo-stage conFiguration

In order to achieve further reduction in the number of power 
conversion stages, a two-stage configuration is reported in 
[14, 15]. In [14], it is realized by eliminating “high step-up 
DC–DC” converter from the configuration of Figure 10.5. 
This scheme requires high voltage level for the PV array 
and the battery.

PV
DC–DC DC–AC

DC–DC
Bidirectional

DC–DC
Boost

80–100 V 400 V

Load
(1-Phase, 230 V,

50 Hz)
And Filter

36 /72 V

24/36/48 V

Battery

FIGURE 10.1 Block diagram of a conventional stand-alone sys-
tem with four-stage configuration and two controlled DC links [4].

Load
(1-Phase, 230 V,

50 Hz)
And Filter

PV
DC–AC

High
Frequency

DC–AC

High
Frequency

AC–DC

Bidirectional
High

Frequency
DC–AC

400 V36 /72 V

24/36/48 V

Battery

FIGURE 10.2 Three-port high-frequency transformer with four 
converters [5].
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10.2.4  hybriD stanD-alone systeMs

PV and wind have emerged as popular energy sources as 
they are considered to be clean, cost-effective, with no 
extra fuel consumption. An interesting complementary 
behavior of solar insolation and wind velocity pattern has 
led to their integration, resulting in the hybrid PV-wind 
systems. They provide reliable energy and high-quality 
power to consumers. Typically, multiple renewable sources 
combined through a DC bus are more common due to the 

ease of integrated monitoring and control compared to AC 
coupling.

A hybrid PV-wind-battery-based system connected to 
a low-voltage (LV) DC bus is shown in Figure  10.4, and 
that to a high-voltage (HV) DC bus system is shown in 
Figure 10.5. In case of a typical LV bus system, there are 
three power conversion stages from the source to the AC 
load, and two stages in case of an HV bus system. However, 
the battery is connected directly to the DC bus in the LV 
system, while it is connected through a DC–DC converter 
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FIGURE 10.4 Block diagram of a typical low-voltage DC bus stand-alone hybrid PV-wind energy system [16].
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in case of an HV system. Significant amount of literature 
exists on the integration of solar and wind energy as a 
hybrid energy generation system, with focus mainly on its 
sizing and optimization [18, 19]. In [18], the sizing of gen-
erators in a hybrid system is investigated. In this system, the 
sources and storage are interfaced at the DC link through 
their dedicated converters. Other contributions are made on 
their modeling aspects and control techniques for a stand-
alone hybrid energy system in [16, 17, 20–27]. Dynamic 
performance of a stand-alone hybrid PV-wind system with 
battery storage is analyzed in [20]. In [16], a passivity/slid-
ing mode control is presented which controls the operation 
of wind energy system to complement the solar energy 
generating system. In [18–20, 23–27], both PV and wind 
sources have their own power converters. They are not uti-
lized effectively because of the highly intermittent nature of 
these sources. In addition, there are multiple power conver-
sion stages which reduce the efficiency of the system. Not 
many attempts are made to optimize the circuit configura-
tion of these systems that could reduce the cost and increase 
efficiency and reliability. In [28–30], integrated DC–DC 
converters for PV and wind energy systems are presented. 
The PV-wind hybrid system, proposed by Daniel et al. [28], 
has a simple power topology, but it is suitable for stand-
alone applications. An integrated four-port topology based 
on hybrid PV-wind system is proposed in [29]. However, 
despite simple topology, the control scheme used is com-
plex. In [30], to feed the DC loads, a low-capacity multiport 
converter for a hybrid system is presented.

10.3  PROPOSED CONVERTER 
CONFIGURATION

The proposed converter consists of a transformer-cou-
pled boost half-bridge converter fused with bidirectional 
buck-boost converter and a full-bridge DC–AC inverter. 
The schematic diagram of the converter is depicted in 
Figure 10.6(a). It has two sources, one storage element, and 
a total of eight control switches. The boost half-bridge con-
verter has two DC links on both sides of the high-frequency 
transformer. Controlling the voltage of one of the DC links 
ensures controlling the voltage of the other. This makes 
the control strategy simple. Moreover, additional convert-
ers can be integrated with any one of the two DC links. 
A bidirectional buck-boost DC–DC converter is integrated 
with the primary-side DC link, and a full-bridge inverter is 
connected to the DC link of the secondary side. The input 
of the half-bridge converter is formed by connecting the 
PV array and battery in series, thereby incorporating an 
inherent boosting stage for the scheme. In addition to this, 
the high-frequency step-up transformer further increases 
the boosting capability. The transformer also ensures gal-
vanic isolation of the load from the sources and the battery. 
Bidirectional buck-boost converter is used for harnessing 
power from PV along with battery charging/discharging 
control. The unique feature of this converter is that MPP 
tracking, battery charge control, and voltage boosting are 

accomplished through a single converter. Transformer-
coupled boost half-bridge converter is used for harnessing 
power from wind, and a full-bridge inverter is used for feed-
ing AC loads. High boost of PV and wind voltages, battery 
current control, and required DC link voltage of 400 V are 
realized with four controllable switches. Thus, the proposed 
converter has reduced number of power conversion stages, 
reduced component count, and high efficiency compared to 
the existing stand-alone schemes.

The power flow from wind source is controlled through 
a boost half-bridge converter. When switch T3 is turned on, 
the current flowing through the source inductor increases. 
The capacitor C1 discharges through the transformer pri-
mary and T3, as shown in Figure  10.1(b). Capacitor C3 
charges through transformer secondary and diode D1. 
When T3 is turned off and T4 is turned on, initially the 
inductor current flows through antiparallel diode of switch 
T4 and through the capacitor bank. During this interval, 
the current flowing through the diode decreases, and that 
flowing through the transformer primary increases. The 
path of current is shown in Figure  10.1(c). When current 
flowing through the inductor becomes equal to that flow-
ing through transformer primary, the diode turns off. Since 
T4 is gated on during this time, the capacitor C2 now dis-
charges through it and the transformer primary. During the 
on time of T4, D2 conducts to charge the capacitor C4. The 
path of current flow is shown in Figure 10.6(d). During the 
on time of T3, the primary voltage VP = -VC1. The secondary 
voltage VS = nVp =  -nVC1 =  -VC3, or VC3 = nVC1, and volt-
age across primary inductor Lw is Vw. When T4 is turned 
on, the primary voltage VP = VC2. The secondary voltage 
VS = nVP = nVC2 = VC4, and voltage across primary induc-
tor Lw is Vw – (VC1 + VC2). It can be proved that (VC1 + 
VC2)  =  Vw/(1 – Dw), where Dw is the duty ratio of switch 
T3. The capacitor voltages are considered constant in steady 
state, and they settle at VC3 = nVC1, VC4 = nVC2. Hence, the 
output voltage is given by:
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Therefore, the output voltage of the secondary-side DC 
link is a function of the duty cycle of the primary-side 
converter and turns ratio of transformer. The transformer-
coupled bidirectional buck-boost converter charges/dis-
charges the capacitor bank C1–C2 of boost half-bridge 
converter based on the load demand. During battery 
charging mode, when switch T1 is on, the energy is stored 
in the inductor L. When T1 is turned off and T2 is turned 
on, energy stored in L is transferred to the battery. During 
battery discharging mode, inductor current becomes neg-
ative. Here, the stored energy in the inductor increases 
when T2 is turned on and decreases when T1 is turned on. 
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It can be proved that Vb = D/(1-D) Vpv, where D is the duty 
ratio of switch T1. The output voltage of the transformer-
coupled boost half-bridge converter is given by equation 
(10.2). This voltage is n times the voltage at the primary 
side, which can be controlled by the boost half-bridge 

converter or bidirectional buck-boost converter. The aver-
age value of inductor current over a switching cycle is 
IL = Ib + Ipv. It can be seen that Ib and Ipv can be controlled 
by controlling IL. Therefore, the MPP operation is assured 
by controlling IL while maintaining proper battery charge 
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FIGURE 10.6 Operating modes of the proposed multi-input transformer–coupled DC–DC converter for PV-wind-battery-based 
stand-alone system. (a) Proposed converter configuration. (b) Operation when switch T3 is turned on. (c) When switch T4 is on, charg-
ing the capacitor bank. (d) When switch T4 is on, capacitor C2 discharging.
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level. Both the converters are operated in continuous con-
duction mode.

 V n V V n V V
nV

Ddc c c b pv
w

w

         
   1 2 1

  (10.2)

10.3.1  liMitations anD Design issues

The output voltage Vdc of a half-bridge converter depends 
on MPP voltage of PV array VPV mpp, the battery voltage 
Vb, and the transformer turns ratio n. Since the environ-
mental conditions influence PV array voltage and the bat-
tery voltage depends on its charge level, the output DC link 
voltage Vdc is also influenced by these factors. However, the 
PV array voltage exhibits narrow variation in voltage range 
with wide variation in environmental conditions, and the 
battery voltage is generally stiff and remains within a lim-
ited range over its entire charge–discharge cycle. Further, 
the SOC limits the operating range of the batteries used in 
a stand-alone mode (e.g., 30–80%) to avoid overcharge or 
discharge. Therefore, with proper selection of n, PV, and 
battery voltage, the output DC link voltage Vdc can be kept 
within an allowable range, though not fully controllable. 

In addition, when there is no PV power, by controlling the 
PV capacitor voltage, the output DC link voltage Vdc can be 
controlled. At the output stage, the load voltage of the full-
bridge DC–AC inverter is controlled at 230 V by employing 
a closed-loop control. Therefore, despite the variation in the 
DC link voltage Vdc, the desired voltage across the load can 
be maintained at 230 Vac.

10.3.2  control scheMe For PoWer 
FloW ManageMent

The controller of a stand-alone system is required to per-
form the following tasks: (a) maximum power extraction 
from both the photovoltaic and wind power sources; (b) 
protection of battery from overcharging and discharging; 
and (c) DC–AC conversion and load voltage regulation. To 
achieve these functionalities, stand-alone systems operate 
in four modes, namely, MPPT mode, non-MPPT mode, 
battery-only mode, and shutdown mode.

MPPT mode. In this mode, maximum power is tracked 
from both the sources. For operating in MPPT mode, the 
following conditions must be satisfied: (1) available maxi-
mum power is more than the load demand (Pmpp > Pload), 
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and the battery should absorb the surplus power without 
being overcharged; (2) when Pmpp < Pload and battery has the 
ability to provide the deficient power Pload – Pmpp without 
exceeding its minimum discharge limit. The total power in 
MPPT mode is given by Ptotal = Pmpp = Pb + Pl. Here, Pb is 
the battery power, defined as positive while charging and 
negative while discharging.

Non-MPPT mode. The charging current of the battery 
is required to be limited to a maximum permissible limit, 
Ibmax, based on its SOC level. Ibmax restricts the maximum 
power that can be absorbed by the battery to Pbmax = Ibmax 
Vb. When Pmpp > Pl and the surplus power is more than 
Pbmax, the system cannot be operated in MPPT mode, as 
it would overcharge the battery. During this condition, the 
system operates in non-MPPT mode and power extraction 
from PV is reduced.

Battery-only mode. When the power from both the 
sources is not available and the battery has the ability to 
provide the entire load demand without exceeding the mini-
mum discharge limit, the system then operates in battery-
only mode.

Shutdown mode. When Pmpp < Pload and battery reaches 
below its safe discharge limit blim, the system is shut down 
to prevent the battery from being completely discharged. 
The control structure of the whole system is shown in 
Figure  10.7. When both PV and wind power are avail-
able, to operate the system in MPPT mode, the references 
Vmpp or Impp are chosen from the output of the respective 
MPPT algorithm blocks. The DC link voltage Vdc = n(VC1 
+ VC2) = n(Vb + Vpvmpp) is controlled by the PV source. In 
the absence of PV power, the DC link voltage can be con-
trolled either by the battery or wind source. In the absence 
of both PV and wind power, the DC link voltage is con-
trolled by the battery (battery-only mode). In order to main-
tain the DC link voltage at 400 V, the voltage across the 
PV capacitor is controlled with the help of a battery. The 
generated voltage reference for PV capacitor is compared 
with its actual value, and error is fed to the PI controller, 

which generates a reference for the inductor current, iLstar. 
In order to protect against overcharging or discharging for 
the battery, an appropriate upper limit and lower limit, ILmax 
and ILmin, are set in the reference for the inductor current. 
These limits are derived based on the following relation-
ship: ILmax =  Ibmax + Ipv and ILmin =  Ibmin + Ipv, where Ibmax 
and Ibmin are the maximum and minimum current limits for 
the battery, respectively. These limits are obtained from the 
SOC control block of the battery and are the inputs to the 
decision-making block, DMB-II, which generates final ref-
erence for the inductor current iLref. When the battery charg-
ing current exceeds ILmax, DMB-II limits iLref to ILmax. This 
limits the battery charging current to its maximum value 
Ibmax. Thus, the power flow to the battery gets reduced to 
Pblim. Similarly, after reaching the minimum discharge limit 
of the battery, iLstar reaches ILmin, and the DMB-II limits iLref 
to ILmin. When this occurs, DMB-III shuts down the sys-
tem by withdrawing the switching pulses. When PV source 
is not available and wind source is available, the DC link 
voltage is controlled by the battery until the battery reaches 
its maximum charging limit Ibmax. If battery reaches Ibmax, 
it loses control over the regulation of the DC link voltage. 
Therefore, to ensure power balance, the wind source has to 
deviate from MPPT and regulate the DC link voltage. The 
decision-making block DMB-IV decides whether the wind 
source should operate in MPPT mode or in DC link regula-
tion mode (non-MPPT mode). IF Y = 1, Ipv = 0, and ILstar > 
ILmax and wind source regulates the DC link voltage, oth-
erwise, wind source operates in MPPT mode. Stand-alone 
systems for AC loads require fast output voltage control. 
A d-q reference frame approach [31] is used for controlling 
the voltage.

10.3.3  siMulation results anD Discussion

Detailed simulation studies are carried out on MATLAB/
Simulink platform, and the results for various operating 
modes are presented in this section. Values of parameters 

TABLE 10.1
Simulation Parameters
Parameter Value

Load power rating 1,000 VA

Solar PV power 525 W (Impp = 14.8 A, Vmpp = 35.4 V)

Wind power 560 W (Impp = 16 A, Vmpp = 35 V)

Switching frequency 15 kHz

Transformer rating and turns ratio 1 kVA and 5.5

Inductor half-bridge boost converter, Lw 500 µH

Inductor bidirectional converter L 3000 µH

Primary-side capacitors C1–C2 500 µF

Secondary-side capacitors C3–C4 500 µF

Secondary-side capacitor for the entire DC link 2000 µF

Battery capacity and voltage 400 Ah, 36 V
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used in the simulation model are listed in Table 10.1. The 
primary-side DC link voltage (Vb + Vpv) = 72 V, and the 
transformer turns ratio n is 1:5.5, to obtain 400 V DC link 
voltage.

The steady-state response of the system in the MPPT 
mode of operation is shown in Figures  10.8 and 10.9. 
The load demand is kept at 700 W, which is less than 
the total maximum power Pmpp that is generated by both 
the sources. It can be seen from Figure  10.8 that PV 
power and wind power are at their MPP values, while 
battery power is positive, implying it is charging to 
consume the surplus power. Figure 10.9 shows the volt-
age profile of DC link and load voltage, which is main-
tained at 230 V rms.

Simulated results of the system for step changes in load 
demand while operating in MPPT mode and transition 
from MPPT to non-MPPT modes follow.

10.3.4  exPeriMental valiDation

In order to verify the simulation results, experimental 
tests are carried out on a laboratory prototype, shown in 
Figure 10.10. The specifications of experimental setup are 
given in Table  10.2. Two solar array simulator modules 
each of 0–95  V, 6.3 A, 600 W, Agilent-E4360 are used 
to emulate two sources, namely, solar PV and wind. The 
control strategy of the system is implemented using Texas 
Instruments floating-point DSP, TMS320F28335. The 
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FIGURE 10.10 Experimental setup of the proposed hybrid PV-wind system.

TABLE 10.2
Specifications of Experimental Setup
Parameter Value Part Number

Solar PV power 250 W

Wind power 250 W

Total load power 500 W

MOSFET, T1–T4 200 V, 90 A IRFP4668PbF

IGBT, S1–S4 1200 V, 20 A IRG7PH35UD1PbF

Diode, D1–D2 1000 V,60 A STTH6010W

Capacitor, Cb 1,000 µF, 100 V SLPX102M100A3P3

Capacitor, C1–C2 560 µF, 100 V 100ZLJ560M

Capacitor, C3–C4 560 µF, 400 V MCLPR400V567M

Capacitor, Cw 1,000 µF, 63 V ECA1JHG102

Capacitor, Cpv 2,000 µF, 200 V CGS202T200V4C

Inductor, L 3,000 µH, 40 A

Inductor, Lw 500 µH, 50 A

Inductor, Lb 1,000 µH, 30 A

Battery 12 × 3 V, 7.2 Ah

steady-state response of the system in the MPPT mode of 
operation is shown in Figure 10.11. The load demand is set 
at 400 W. The parameters for source 1 (PV source) and 
source 2 (wind source) are set at 40  V (Vmpp) and 5 A 
(Impp), respectively. It can be seen that Vpv and Ipv of source 
1, and Vw and Iw of source 2, attain set values required for 
MPP operation. The load voltage Vo is maintained at 230 V 
rms. The battery current Ib is negative, indicating that it is 
getting discharged to supply the deficit power.

10.3.5  suMMary

A hybrid PV-wind-based stand-alone power evacuation 
scheme for rural household application is proposed. It is 
realized by a novel multi-input transformer–coupled DC–
DC converter and full-bridge DC–AC inverter. Detailed 
simulation studies are carried out to ascertain the viabil-
ity of the scheme, and these results are validated through 
detailed studies.
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« Main: 500k »

Ipv Vpv Vw Iw

Vo
Io
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FIGURE 10.11 Steady-state operation in MPPT mode (Vpv = 10V/div; Ipv = 2A/div;

Vw = 20V/div; Iw = 2A/div; Vo = 200V/div; Io = 2A/div; Ib = 5A/div).

10.4  INTEGRATED PV-WIND-BATTERY-BASED 
SINGLE-PHASE GRID-CONNECTED SYSTEM

The integration of renewable sources to the grid is growing 
rapidly due to the enhanced power electronics technology. 
The inverter should be able to operate in grid feeding mode 
as well as stand-alone mode to supply uninterrupted power 
to the critical loads during power outages. These systems 
involve one or more renewable power sources, load, grid, 
and battery. Hence, a power flow management system is 
essential to balance the power flow among all these sources. 
The main objectives of these systems are as follows:

 • To explore a multiobjective control scheme for opti-
mal charging of the battery using multiple sources.

 • To supply uninterruptible power to loads.
 • To ensure evacuation of surplus power from renew-

able sources to the grid and to charge the battery 
from grid as and when required.

A grid-connected hybrid PV-wind-battery-based system for 
household application based on the multi-input structure is 
shown in Figure 10.12. This interface works either in stand-
alone or grid-connected mode. This system is more suited 
for household applications, where a low-cost, simple, and 
compact topology capable of autonomous operation is de-
sirable. The core of the proposed system is the multi-input 
transformer–coupled bidirectional DC–DC converter that 
interconnects various power sources and the storage ele-
ment. It has an effective power flow management scheme 
for providing uninterrupted power supply to the AC loads 
from a grid-connected hybrid PV-wind-battery-based sys-
tem while facilitating the evacuation of excess power to the 
grid. Thus, the proposed configuration and control scheme 
provide an elegant integration of multiple sources.

10.4.1  ProPoseD converter conFiguration

The topology proposed in Chapter 3 is suitably modified to 
interface with the power grid and charge the battery from 
grid as and when required. The modified topology consists 
of a transformer-coupled boost dual-half-bridge bidirectional 
converter fused with bidirectional buck-boost converter and a 
single-phase full-bridge inverter. The proposed converter has 
reduced number of power conversion stages with less compo-
nent count and high efficiency compared to the existing grid-
connected schemes. The topology is simple and needs only 
six power switches. The schematic diagram of the converter is 
depicted in Figure 10.13(a). The power flow from wind source 
is controlled through a boost half-bridge converter. When 
switch T3 is on, the current flowing through the source inductor 
increases. The capacitor C1 discharges through the transformer 

Wind
Source

GridInverter

AC Load

Storage

PV
Source

Multi-Input
Transformer-

Coupled
Bidirectional

DC–DC Converter

FIGURE 10.12 Grid-connected hybrid PV-wind-battery-based 
system for household applications.



131Integrated PV-Wind-Battery-Based Single-Phase System

(a
)

+ –

+

+

–

+ –

+ – –
i w

I pv

V
pv

C
pv I L

I b

V
b

L b

L w

L f C
f

S
2

S
4S
1

S
3

V
w

V
dc

I g

C
b

C
2

T
6

C
4

T
5

C
3

C
1

T
3

T
2T
1

L

T
4

1:
n

B
id

ire
ct

io
na

l
bu

ck
-b

oo
st

 c
on

ve
rt

er
Tr

an
sf

or
m

er
 c

ou
pl

ed
 b

oo
st

 d
ua

l
ha

lf-
br

id
ge

 c
on

ve
rt

er
In

ve
rt

er
 w

ith
 fi

lte
r 

&
 lo

ad

T

LoadP
C

C

V
g

+ –

+

+

–

+ –

+ – –
i w

I pv

V
pv

C
pv I L

I b

V
b

L b

L w

L f C
f

S
2

S
4S
1

S
3

V
w

V
dc

I g

C
b

C
2

T
6

C
4

T
5

C
3

C
1

T
3

T
2T
1

L

T
4

1:
n

B
id

ire
ct

io
na

l
bu

ck
-b

oo
st

 c
on

ve
rt

er
Tr

an
sf

or
m

er
 c

ou
pl

ed
 b

oo
st

 d
ua

l
ha

lf-
br

id
ge

 c
on

ve
rt

er
In

ve
rt

er
 w

ith
 fi

lte
r 

&
 lo

ad

T

LoadP
C

C

V
g

(b
)

+ –

+

+

–

+ –

+ – –
i w

I pv

V
pv

C
pv I L

I b

V
b

L b

L w

L f C
f

S
2

S
4S
1

S
3

V
w

V
dc

I g

C
b

C
2

T
6

C
4

T
5

C
3

C
1

T
3

T
2T
1

L

T
4

1:
n

B
id

ire
ct

io
na

l
bu

ck
-b

oo
st

 c
on

ve
rt

er
Tr

an
sf

or
m

er
 c

ou
pl

ed
 b

oo
st

 d
ua

l
ha

lf-
br

id
ge

 c
on

ve
rt

er
In

ve
rt

er
 w

ith
 fi

lte
r 

&
 lo

ad

T

LoadP
C

C

V
g

(d
)

+ –

+

+

–

+ –

+ – –
i w

I pv

V
pv

C
pv I L

I b

V
b

L b

L w

L f C
f

S
2

S
4S
1

S
3

V
w

V
dc

I g

C
b

C
2

T
6

C
4

T
5

C
3

C
1

T
3

T
2T
1

L

T
4

1:
n

B
id

ire
ct

io
na

l
bu

ck
-b

oo
st

 c
on

ve
rt

er
Tr

an
sf

or
m

er
 c

ou
pl

ed
 b

oo
st

 d
ua

l
ha

lf-
br

id
ge

 c
on

ve
rt

er
In

ve
rt

er
 w

ith
 fi

lte
r 

&
 lo

ad

T

LoadP
C

C

V
g

(c
)

FIGURE 10.13 Operating modes of proposed multi-input transformer–coupled bidirectional DC–DC converter. (a) Proposed con-
verter configuration. (b) Operation when switch T3 is turned on. (c) Operation when switch T4 is on, charging the capacitor bank. (d) 
Operation when switch T4 is on, capacitor C2 discharging.
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primary and switch T3, as shown in Figure 10.13(b). On the 
secondary-side capacitor, C3 charges through transformer sec-
ondary and antiparallel diode of switch T5. When T3 is off and 
T4 is turned on, initially the inductor current flows through 
the antiparallel diode of switch T4 and through the capacitor 
bank. The path of current is shown in Figure 10.13(c). During 
this interval, the current flowing through the diode decreases 
and that flowing through the transformer primary increases. 
When current flowing through the inductor becomes equal to 
that flowing through transformer primary, the diode turns off. 
Since, T4 is gated on during this time, the capacitor C2 now 
discharges through switch T4 and transformer primary. During 
the on time of T4, antiparallel diode of switch T6 conducts to 
charge the capacitor C4. The path of current flow is shown in 
Figure 10.13(d). During the on time of T3, the primary volt-
age VP = -VC1. The secondary voltage VS = nVp = -nVC1 = -VC3, 
or VC3 = nVC1, and voltage across primary inductor Lw is Vw. 
When T4 is turned on, the primary voltage VP = VC2. The sec-
ondary voltage VS = nVP = nVC2 = VC4, and voltage across pri-
mary inductor Lw is Vw − (VC1 + VC2). It can be proved that (VC1 
+ VC2) = Vw. The capacitor voltages are considered constant in 
steady state, and they settle at VC3 = nVC1, VC4 = nVC2. Hence, 
the output voltage is given by:

 V V V n
V

Ddc c c
w

w

   
   3 4 1

  10.3

Therefore, the output voltage of the secondary-side DC link 
is a function of the duty cycle of the primary-side converter 
and turns ratio of transformer.

The bidirectional buck-boost converter charges/dis-
charges the capacitor bank C1–C2 of boost half-bridge con-
verter based on the load demand. During battery charging 
mode, when switch T1 is on, the energy is stored in the induc-
tor L. When switch T1 is turned off and T2 is turned on, 
energy stored in L is transferred to the battery. During bat-
tery discharging mode, inductor current becomes negative. 
Here, the stored energy in the inductor increases when T2 
is turned on and decreases when T1 is turned on. It can be 
proved that Vb = D/ (1 – D) Vpv. The output voltage of the 
transformer-coupled boost half-bridge converter is given by:

 V n V V n V V
nV

Ddc c c b pv
w

w

         
   1 2 1   10.4

To charge the battery from the grid, a single-phase full-
bridge converter formed by the devices S1–S4 works in the 
rectifying mode, while switches T5 and T6 (which consti-
tute the half-bridge converter) transfer the grid power to 
charge the battery through the multi-input transformer.

10.4.2  ProPoseD control scheMe For 
PoWer FloW ManageMent

A grid-connected hybrid PV-wind-battery-based system 
consisting of four power sources (grid, PV, wind source, 
and battery) and three power sinks (grid, battery, and load) 
requires a control scheme for power flow management.

The control philosophy for power flow management of 
the multisource system is developed based on the power bal-
ance principle. In the stand-alone case, PV and wind source 
generate their corresponding MPP power and load takes the 
required power. In this case, the power balance is achieved 
by using a battery until it reaches its maximum charging cur-
rent limit Ibmax. Upon reaching this limit, the power absorbed 
by the battery is restricted. Under this condition, to ensure 
power balance, one of the sources or both have to deviate 
from their MPP power based on the load demand. In the grid-
connected system, both the sources always operate at their 
MPP power irrespective of the power restriction imposed 
by the battery. In the absence of both the sources, the power 
is drawn from the grid to charge the battery as and when 
required. The equation for the power balance of the system 
is given by:

 V I V I V I V Ipv pv w w b b g g     10.5

Where Vg is the grid voltage and ma is modulation index.
The peak value of the output voltage for a single-phase 

full-bridge inverter is:

 v̂ m Va dc=   10.6

And from 4.2:

 V n V Vdc pv b      10.7

Hence, by substituting for Vdc in (4.4), it gives:

 V m n V Vg a pv b    1

2   10.8

In the boost half-bridge converter (4.2):

 V D V Vw w pv b       1   10.9

Now, substituting Vw and Vg in (4.3):

 

V I V V D I

V I m n V V I

pv pv pv b w w

b b a pv b g

       

     

1

1

2
  10.10

After simplification:
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From the previous equation it is evident that, if there 
is a change in power extracted from either PV or wind 
source, the battery current can be regulated by control-
ling the grid current Ig. Hence, the control of a single-
phase full-bridge bidirectional converter depends on the 
availability of grid, power from PV and wind sources, and 
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battery charge status. Its control strategy is illustrated in 
Figure 10.14. The actual battery voltage is compared with 
the reference voltage, and the error is fed to a PI control-
ler, which generates a reference for the battery current 

Ibref. To protect against overcharging or discharging of the 
battery, an appropriate upper limit and lower limit are set 
in the reference for the battery current. This is compared 
with the actual battery current, and the error is fed to a PI 
controller, which generates the reference grid current. To 
ensure the supply of uninterrupted power to critical loads, 
priority is given to charge the batteries. After reaching 
the maximum battery charging current limit Ibmax, the 
surplus power from renewable sources is fed to the grid. 
In the absence of these sources, battery is charged from 
the grid.

10.4.3  siMulation results anD Discussion

Detailed simulation studies are carried out on MATLAB/
Simulink platform, and the results obtained for various 
operating conditions are presented in this section. Values 
of parameters used in the model for simulation are listed 
in Table 10.3. The steady-state response of the system dur-
ing the MPPT mode of operation is shown in Figure 10.15. 
The values for source 1 (PV source) is set at 35.4 V (Vmpp) 
and 14.8 A (Imppp), and for source 2 (wind source) is set at 
37.5 V (Vmpp) and 8 A (Imppp). It can be seen that Vpv and 
Ipv of source 1, and Vw and Iw of source 2, attain set values 
required for MPP operation. The battery is charged with 
constant magnitude of current, and remaining power is fed 
to grid.

10.4.4  suMMary

A grid-connected hybrid PV-wind-battery-based power 
evacuation scheme for household application is proposed. 
The proposed hybrid system provides an elegant integra-
tion of PV and wind source to extract maximum energy 
from the two sources. It is realized by a novel multi-input 
transformer–coupled bidirectional DC–DC converter, 
followed by a conventional full-bridge inverter. A  ver-
satile control strategy which achieves better utilization 

(V
pv

+
V

b)
V

pv
r

V
pv

0.
5

0.
5 0P
1

M
P

P
T

V
w

I w

I w I w

P
W

M

P
W

M

P
W

M

T
1

T
2

T
3

T
4

T
5

T
6

C
on

tr
ol

S
w

itc
h

C
on

tr
ol

S
w

itc
h

1/
n

V
b

I pv

I pvif 
(I

pv
>

0)
o/

p 
=

 V
m

pp

el
se

o/
p 

=
 V

pv
r

M
P

P
T

V
m

pp

V
g

V
pv

re
f

I Ls
ta

r

I L

S
1 S
2

S
3

S
4

I bm
ax

V
br

ef

V
dc

re
f

I br
ef

I gr
ef

P
I

I b
V

b

I bm
in

V
d

V
q

I  
I  

V
 

V
 

I w
re

f

I d* I da
ct

I da
ct

I q* I qa
ct

I qa
ct

I g

I  
  

I  

 

 
d

d

q

q

  
q

to
 
 /

dq
 
 /

dq

dq
-P

LL
I d*

I q*

P
I

P
I

P
I

d

P
W

M

 

P
I

P
I

+

+

+
+

–

–

–
–

+
+

–
–

+ + ––

FIGURE 10.14 Proposed control scheme for power flow manage-
ment of a grid-connected hybrid PV-wind-battery-based system.

TABLE 10.3
Simulation Parameters
Parameter Value

Solar PV power 525 W (Impp = 14.8 A, 

Vmpp = 35.4 V)

Wind power 300 W (Impp = 8 A, 

Vmpp = 37.5 V)

Switching frequency 15 kHz

Transformer turns ratio 5.5

Inductor half-bridge boost converter, Lw 500 µH

Inductor bidirectional converter, L 3,000 µH

Primary-side capacitors, C1–C2 500 µF

Secondary-side capacitors, C3–C4 500 µF

Secondary-side capacitor for the entire 

DC link

2,000 µF

Battery capacity and voltage 400 Ah, 36 V
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FIGURE 10.15 Steady-state operation in MPPT mode.

of PV, wind power, battery capacities without affecting 
life of battery and power flow management in a grid-
connected hybrid PV-wind-battery-based system feed-
ing AC loads is presented. Detailed simulation studies 
are carried out to ascertain the viability of the scheme. 
The experimental results obtained are in close agreement 
with simulations and are supportive in demonstrating the 
capability of the system to operate either in grid-feed-
ing or stand-alone mode. The proposed configuration is 
capable of supplying uninterruptible power to AC loads 
and ensures evacuation of surplus PV and wind power 
into the grid.
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11.1 INTRODUCTION

A hybrid power generating resource such as nonconventional 
(renewable) is combining wind energy with solar photovol-
taic or any other nonrenewable energy generating sources 
when integrated with inverter, energy storage medium as 
fuel cell, and other auxiliary components. In the literature, 
several examples are presented showing the effectiveness of 
PV-wind as a hybrid power generating system, which is uti-
lized to overcome the system load demand. Once the power 
generating resources (solar and wind energy) are sufficient, 
then the excess generated power is given to the fuel cell stor-
age system. Thus, the fuel cell will come into action only 
when the energy generating renewable sources (PV-wind) 
power is not able to fulfill the load demand until the storage 
is depleted. The operation of hybrid structure of PV-wind 
system relies on the performance of all individual elements. 
Firstly, the individual system and its single components are 
modeled, and thereafter, their hybrid combinations are inte-
grated and examined to meet the desired dependability and 
to achieve the maximum output from each component. So 
the electric power production through this element will offer 
electrical power at the very least charge.

11.2  WORLD ENERGY CONSUMPTION 
GROWTH CHART

It is being reflected through Figure  11.1, “World Energy 
Consumption Growth Chart, 1970–2025” [1–3], that the 
amount of energy to be consumed across the world is pro-
jected to increase about 57% in the coming era [1]. To date, 
the major section of generation of energy is about 86% in 
2002 by the conventional resources. In the near future, 
the perspective of the growth of the world will be totally 
dependent on how this elevating energy demand can be 
met. Therefore, it provides a big opportunity and challenge 
to the whole world to broaden up the study on applications 
to fulfill the energy demand using the available energy gen-
erating sources.

It has been assumed that the consumption of elec-
trical energy is to approach above 50% by 2025 [1–3]. 
Governments are becoming more flexible in establishing 
the targets for solar and any other nonhydro renewable 
energy technology. It is being proposed that in the near 
future, China, India, and Germany are required to meet 
their desired solar targets by building up further 70 GW, 
68 GW, and 48 GW, respectively, by 2030 or earlier.
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11.3 POWER MANAGEMENT STRATEGIES

Power management strategies (PMS) [2] in Figure  11.2 
show the coordination between different power generating 
sources, especially solar and wind. The PMSs is adopted to 
satisfy the desired load requirements utilizing the benefits 
of renewable energy sources (RES) and with energy stor-
age unit. Thus, the PMS in hybrid structure is too impor-
tant for balancing between power and efficiency of hybrid 
generation systems. However, varying power demands and 
the unpredictable nature of load are the uncertainties which 
can’t be avoided fully [2–3]. Power management strategies 
are defined in Figure 11.2, and to achieve the power man-
agement requirements, fuel cell storage device and the siz-
ing of system elements are done using MATLAB/Simulink.

 (i) If P load exceeds the available generated power by 
PV (Ppv) and wind (Pwind), the fuel cell (Pfc) will 
come into the action.

Pload = Pwind + Ppv + PFC, Psys < 0

 (ii) If wind energy as well as solar energy genera-
tion surpass the actual load demand, the surplus 
energy is again redirected towards the energy stor-
age device (fuel cell).

PFC = Pwind + Ppv – Pload, Psys > 0

 (iii) If the wind energy and solar energy generation 
matches the load demand, then the whole generated 
power by the renewable sources is injected to the load.

Pload = Pwind + Ppv, Psys = 0

The efficiency of the proposed system using the proposed 
block diagram of PV/wind/fuel cell is shown in Figure 11.3, 
demonstrated using the simulation tool. The simulations of 
only PV array, only wind generator, and only PV array with 
wind generator, all with energy storing element fuel cell, are 
modeled and developed using MATLAB/Simulink.

11.4 PHOTOVOLTAIC SYSTEM

The solar photovoltaics (PV) industry is a rapidly growing 
sector that has created an enlarged job market demand-
ing highly skilled engineers. The growth of the PV indus-
try is foreseen to reach TW-scale generation by 2050 [4]. 
Simulink-based simulation includes building a single-diode 
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PV ENERGY
SYSTEM

Pload

FUEL CELL

FUEL CELL
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FIGURE 11.2 Power management strategies (PMS) [2].

FIGURE 11.3 Block diagram of PV/wind/fuel cell.
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model of a solar cell and analyzing its simulated current–
voltage (I–V) and power–voltage (P–V) curves and compar-
ing it with the theoretical characteristics of a PV cell (VI 
and PV), as shown in Figure 11.4, so that obtained results 
can be analyzed in a precise manner [5].

To achieve better power management strategy for solar 
PV system, a more accurate model is used [5–7], as shown 
in Figure 11.5, for simulating PV database, including 
minor variation in series resistance, parallel resistance, and 
recombination.

The performance of the PV model is obtained from an 
equivalent circuit, which includes a current source (Iph), 
diodes (D1 and D2), and two resistors (Rp and Rs), as shown 
in Figure 11.5. Iph acts as a current source that represents 
the generation of charge carriers caused by insolations. D1 
and D2 are the shunt diode, which represents the process of 
recombination of charge carriers at a forward-bias condi-
tion. Rp is the shunt resistor that gives the path for the high 
current through the semiconductor through the mechanical 
defects and dislocations, whereas the series resistor _Rs is 
outside the semiconductor regions.

For a module under even irradiance that has a common 
unique peak point on the P–V characteristic curve, a DC–DC 
boost converter is used to boost the output-side voltage at the 
source site. And the proper source-side-to-load-side imped-
ance can be matched by precisely varying the value of duty 

cycle ratio of the DC–DC boost converter. Perturb and observe 
(P&O) is widely used in MPPT for the reason that it has a simple 
structure and a few measured parameters which are required.

11.5 FUEL CELL ENERGY STORAGE SYSTEM

11.5.1  introDuction

Recent stringent energy-related problems have raised an 
indefinite interest in renewable (nonconventional) energy 
generating resources. Depending upon applications (both 
for stationary and mobile), the selection of the energy stor-
age device for energy generating renewable resources is still 
under debate [8]. Therefore, integration of energy storage 
devices with nonconventional energy sources undergoing an 
electrochemical reaction process, converting directly chem-
ical energy into electrical energy through an electrolyzes, is 
acquired as a distinctly sustainable process for the utilization 
of energy [8, 9]. As compared to a battery, fuel cell requires 
fuel for its continuous storage and operation. Among the dif-
ferent categories of fuel cell technologies, as specified in the 
literature, proton exchange membrane fuel cell (PEMFC) 
and solid oxide (SOFC) type of fuel cell–based energy stor-
age system have shown wide applicability. Looking to the 
literature, that they have lower efficiency and are dependent 
on hydrogen as only fuel, they are not in much use for static 
power applications. Overcoming the drawbacks of PEMFCs, 
SOFCs, which operate at higher temperature (1,800ºF), are 
regarded as ideal for DG applications [9].
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Where Vfc is the operating voltage _DC (v); No the number 
of cells in the stack; Eo the standard reversible cell potential 
(v); Rs the universal gas constant (Jol/mol K); T the stack 
temperature (k); and F the Faraday constant (C/mol).
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Equations representing the characteristics of an SOFC 
are as follows:
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11.6 WIND ENERGY GENERATION SYSTEM

The turbine is a source of converting the wind’s motiv-
ity into mechanical power, and a generator converts that 
mechanical power into useful electrical energy [10]. For 
the utilization of this wind velocity, there are two sec-
tors, one by adopting a fixed-speed method or, two, by 
variable-speed method. Both of them have their own 
importance in terms of configuration, robustness, and 
efficiency. In this technique, the asynchronous (SCIG) is 
interconnected to the grid [11]. Since the introduction of 
SCIG will absorb the reactive power, thus a compensa-
tor, such as a bank of a capacitor, is needed to reduce the 
excess power demand. It can be achieved by switching the 
capacitor banks continuously, looking into the amount of 
generated active power.

11.6.1  MoDeling oF WinD turbine

One can compute the mechanical output power of this tur-
bine (Pm) using the following expression [9, 11]:

 P C
A

vm p     
 

,
2

3  (11.6)

Where cp is the performance coefficient of the turbine; 
λ the tip speed ratio of the rotor blade tip speed to wind 
speed; β the pitch angle of the wind generator’s blades; ρ 
the air density [kg/m3]; A the area swept by the turbine’s 
blades; and V the wind velocity.

The electrical system dynamics are represented as fol-
lows [6, 9]:
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11.7  FOR OBTAINING THE EFFICIENT  
POWER MANAGEMENT STRATEGY,  
THE INDIVIDUAL COMPONENTS 
HAVE BEEN SECTIONED AND 
MATHEMATICALLY MODELED 
USING MATLAB

 i. PV module simulations without MPPT
 ii. PV module simulations with MPPT

11.7.1  P-v anD i-v characteristics 
oF single Pv cell

Firstly, the obtained simulation result for a single PV cell 
is shown in Figure 11.6, which determines the PV and IV 
characteristics of single PV cell, and then further the con-
nection of such cells in parallel/series forms a PV array to 
obtain the desired output voltages/currents [2, 5].

11.7.2  Pv MoDule siMulation MoDel

PV module simulation is shown Figure 11.7, where at dif-
ferent varying insolations, the value of the obtained out-
put at a desired power as Vpv and Ipv is measured and 
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FIGURE 11.6 The P–V and I–V characteristics of single PV cell.



141Power Management Using Hybrid Energy Generating Sources

analyzed through the obtained results of voltage, current, 
and power at different–different insolations for a PV mod-
ule, which is shown in Table 11.1, where it can be seen that 
with the increase in the insolations, the power increases, 
and vice versa. So as to overcome this, MPPT algorithms 
have to be adopted to achieve maximum and constant 
output.

11.7.3  Pv MoDule siMulations using MPPt 
technique (P&o algorithM)

As shown Figure 11.8, PV array with MPPT (P&O algo-
rithm) shows the control algorithm for PV array [6]. If 
the value of voltage and current is incrementing, the 
perturbation process will carry on in the same direc-
tion; otherwise, the direction is altered, as shown in 
Table  11.2, “Representation of the Implemented MPPT 
Algorithm,” where the power management strategy, with 
its obtained results, shows the adopted and implemented 

P&O algorithm is efficient enough to track the maximum 
power from the PV array to obtain better-managed power 
with the proposed methodology to obtain Vab rms (V) as 
415 V.

From Figure 11.9, the obtained results for Vdc, Vab-inv, 
Vab load, m, and Vout(pu) when a PV module is simulated 
using MPPT technique (P&O algorithm) show that with 
the change in insolations, there is a variable change in the 
voltage, current, and power across the PV array. But with 
the application and implementation of P&O algorithm, the 
system is able to observe and perturb to track the maximum 
power from the PV array as a efficient power management 
strategy.

11.8 MODELING OF SOFC CELL

For the modeling (Figure 11.10(a)) of SOFC, assuming the 
cell temperature to be constant, the fuel cell gases are ideal, 
with the applicability of the Nernst equation [4, 10].

1000

Insolation

PV module (I)
Ipv

Ipv

Ipv

Ipv

Ppv

Ppv

Insolation

Vpv
Vpv

Vpv
Vpv

Vpv

PV1

Product

Current Measurement1

Display1

5.449e+004

PV

To Workspace

Series RLC Branch

Display4

73.77

737.7

++ i
––

s

Iref >=0

1

10e-5s+1

Transfer Fcn

×

FIGURE 11.7 PV module simulation model.

TABLE 11.1
Voltage, Current, and Power at Different–Different Insolations for a PV Module
Insolations (W/m2) Resistance (OHM) Voltage (V) Power (W) Current (A)

1,000 10 737.7 54420.9 73.77

800 10 655.7 42994.24 65.57

600 10 500.6 25060.10 50.06

200 10 166.1 2674.0 16.61
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TABLE 11.2
Representation of the Implemented MPPT Algorithm
Insolation  
(W/m2) Vpv (V) Ipv (A) D Vcon (V) Icon (I) Power (W) Vabrms (V)

1,000 642.3 78 0.529 1281 36.71 50100 415.2

900 636.6 71 0.553 1346 31.68 45200 415.2

800 637.1 63 0.566 1395 27.31 40100 415

700 641 54.6 0.5711 1431 23.39 35000 415.3

600 722.9 30 0.2 857.9 24.73 21600 415.3

500 635.1 38.6 0.5791 1463 16.22 24500 415.1

400 636 30.2 0.4617 1153 16.23 19200 410.8
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11.8.1  siMulation results anD Discussions

The fuel utilization (Figure 11.10(b)) under the standard 
fuel condition, if the value of Uf > 0.9, can cause perma-
nent damage to the cell, and if the value of Uf < 0.7, it 
can lead to higher cell voltages. So the value of Uf should 
range between 0.8 and 0.9 to achieve a better performance 
and satisfy the health of fuel (preventing overuse and under-
use) [10].

11.9  INTEGRATION OF PV MODULE WITH 
MPPT TECHNIQUE AND FUEL CELL

Figure 11.11 portrays the simulated model of hybrid PV fuel 
cell performance at different loading and sun irradiance 
level. The integration of PV module with MPPT with fuel 
cell as energy storage system is shown (Figures 11.12(a) and 
(b)), with necessary output waveforms at varying isolations 
[3, 5, 7], that is, under load of 45 kw and maximum inso-
lation of 1,000 w/m2, as well as under the load of 45 kw 
and minimum insolation of 400 w/m2. Initially, the fuel cell 
contributes the power with zero PV power. After certain 
duration of time, as the solar insolation level is increased to 
1,000 W/m2, the PV generated power is sufficient enough 
to run the load. If the solar insolations is reduced to 400 
W/m2, in that case, fuel cell is responsible to deliver the 
required power.

11.10 WIND GENERATION SYSTEM

In this section, the conventional directly grid-coupled SCIG 
has been designed. The model is being implemented on 
MATLAB/Simulink.

Figures 11.13(a) and (b) represent the mechanical power 
(in pu) for several wind speeds. As the amount of power 
generated varies, the speed of rotor as well as the slip of the 
squirrel cage induction generator changes [6].

11.11  FINAL MODULES: “INTEGRATION 
OF PV/WIND/FUEL CELL ENERGY 
GENERATION SYSTEM [11] 
SHOWN IN FIGURE 14

NOTE: The integration of all the three sources of energy 
generation is more reliable to feed the load so as to not 
require the energy storage system (fuel cell) to work full 
day, which will give the effective regulated output [9, 12]. 
Here in Table 11.6, two different cases have been formed 
for the efficient operation during the integration of PV/
fuel cell/wind energy generation system under constant 
wind speed and varying insolation as well as varying wind 
speed and varying insolation. It has been noted through the 
obtained observations that as the wind speed is kept con-
stant at 12 m/s and the PV insolation is varied, the varia-
tion in voltage and current is incrementing and perturbing 
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TABLE 11.3
Values of Active and Reactive Power at Different Wind Velocities
Wind Speed (m/sec) P (Active Power) Q (Reactive Power)

12 345.2 8.289

11 269.2 26.89

10 201.9 39.5

9 144.7 47.44

8 92.83 52.48

7 50.06 55.1

6 15.41 56.22

5 −0.7394 56.44

4 −0.7394 56.44

3 −0.7394 56.44

2 −0.7394 56.44
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at near duty cycle, leading to their interconnection with 
fuel cell to achieve the final output power of approximately 
420 V constant near to the load.

Case 1: Variable Wind Speed, Varying Insolation
Through Table 11.6, variations of wind speed (max/min) 

and insolation (max/min) are obtained, which represent 
voltage and current at different–different values of wind 
speed and insolation before and after grid integration and 

at inverter side with their fft analysis. (It is assumed that 
the wave forms under the varying wind speed of 12m/s and 
varying insolations at 1,000 w/m2). This showed to b eeffi-
cient enough to achieve the stable output at the load with the 
proposed power management strategy [13]. In conclusion, 
the system operates and moves between various modes, 
dependent on the power requirement and needs of the load 
and the amount of power needed to be supplied by each 
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TABLE 11.4
Constant Wind Speed and Varying Insolation for PV/Wind/Fuel Cell System

Wind
m/s

Insolations
w/m2

MPPT PV

Power

Fuel Cell

P QVpv (V)
Vcon
(V)

Icon
(A)

DUTY 
cycle Vfc (V)

Ifc
(A) Vdc (V)

12m/s 1000 630.5 675.3 78 4.92E+04 0.875 675.3 40 419.9 −420.4 −10.16

  800 594.3 674.6 69.4 4.12E+04 0.829 674.5 45 419.1 −410.2 −10.8

  600 600.2 675.5 51 3.06E+04 0.85 675.4 40 419.8 −396.6 −10.1

  400 600.2 675.5 51 1.97E+04 0.849 675.4 40 419.8 −384.4 −10.9

10m/s 1000 630.5 675.3 78 4.92E+04 0.875 675.3 40 419.9 −277.1 −41.37

  800 594.3 674.6 69.4 4.12E+04 0.829 674.5 45 419.1 −266.8 −41.31

  600 600.2 675.5 51 3.06E+04 0.85 675.4 40 419.8 −253.3 −41.31

  400 590.9 675.6 33.4 1.97E+04 0.849 675.6 40 419.8 −241.4 −41.31

8m/s 1000 630.5 675.3 78 4.92E+04 0.875 675.3 40 419.9 −168 −54.35

  800 594.3 674.5 69.4 4.12E+04 0.829 674.5 45 419.1 −157.7 −54.29

  600 600.3 675.5 51 3.06E+04 0.85 675.4 40 419.8 −144.2 −54.29

  400 590.9 675.6 33.4 1.97E+04 0.849 675.6 40 419.8 −132 −54.27

6m/s 1000 630.5 675.3 78 4.92E+04 0.875 675.3 40 419.9 −90.58 −58.09

  800 594.3 674.6 69.4 4.12E+04 0.829 674.5 45 419.1 −80.35 −58.03

  600 600.2 675.5 51 3.06E+04 0.85 675.4 40 419.8 −66.35 −58.03

  400 590.9 675.6 33.4 1.97E+04 0.849 675.6 40 419.8 −54.63 −553.02

4m/s 1000 630.5 675.3 78 4.92E+04 0.875 675.3 40 419.9 −74.4 −58.31

  800 594.3 674.6 69.4 4.12E+04 0.829 674.5 45 419.1 −64.18 −58.25

  600 600.2 675.5 51 3.06E+04 0.85 675.4 40 419.8 −50.63 −58.25

  400 590.9 675.6 33.4 1.97E+04 0.849 675.6 40 419.8 −38.45 −58.23

of the sources. Accordingly, the whole system operates in 
three stages:

Stage 1

When it totally relies on the energy generated by the 
PV to satisfy the load demand. Though the wind tur-
bines are connected to the system, it is not utilized to 
satisfy the load demand in this mode. So the produced 
energy of the wind turbine is given to the fuel cell, 
which is then utilized for producing hydrogen fuel.

Stage 2

In this mode, if the energy that is available from the PV 
and the wind turbine integration is in excess of what is 
required by the load, in that case, the sufficient power 
which is available from the PV is used to satisfy the 
load simultaneously; the excess energy from the wind 
turbine can be utilized for producing hydrogen fuel in 
stage 1 [12]. It is a case when the power that has been 
generated by PV is not sufficient to satisfy the load.

Decision Mode

In the decision stage, if the integrated power of the 
PV/wind is not sufficient to supply the load and also 
not able to satisfy the scarcity of power required [12], 
in that case, the fuel cell is used to meet the load 
requirements.
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12.1 INTRODUCTION

Currently, photovoltaic (PV) energy is one of the most pre-
ferred resources due its enormous characteristics, such as 
being free of pollution and having low module price in the 
present market [1, 2]. Nonetheless, inverters play a massive 
role in converting direct current (DC) into alternating cur-
rent (AC) between the PV system and the grid. Based on 
the operating principles, it can be classified into two types, 
namely, isolated inverters and nonisolated inverters/transfor-
merless inverters (TLI). Isolated inverters are adopted with 
transformers, which results in increased size/weight, high 
cost, and lower efficiency [3]. Therefore, nonisolated invert-
ers are introduced to overcome the aforementioned issues, 
except isolation problems [4], such as it leads to dangerous 
ground current through stray capacitors to the ground. As 
per the DIN VDE 0126–1–1 standards, it needs to limit the 
ground current below 300 mA [5]. On the other hand, to 
improve the efficiency of the PV system, many attractive 
MOSFET solutions have been made in terms of clamping 
circuits, PWM schemes, and control strategies, but their 
design is not straightforward, as compared with their IGBT 
counterpart [6–9]. For the understanding of the readers, here 
several conventional H-bridge MOSFET inverter (CHB-MI) 
topologies adopted with unclamping (Un-CL) and clamping 
(CL) techniques have been reviewed to address the issues 
related with the ground current in [9–12].

An Un-CL-based H5 inverter [13] has been proposed 
by SMA Technologies, such as one additional switch (S5) 
installed at the DC side of the conventional H-bridge 

MOSFET inverter (CH-BMI), as shown in Figure  12.1(a). 
Similarly, two additional switches (S5, S6) are installed at the 
AC side of the CH-BMI, namely, the highly efficient reliable 
inverter concept (HERIC) [14], as shown in Figure 12.1(b). 
However, due to lack of clamping circuit, common-mode 
voltage (CMV) is floating, and hence higher ground current.

Later CL-based topologies have been installed with 
an additional circuit at midpoint of the DC link capacitor 
to keep constant CMV during the freewheeling period as 
shown in Figure  12.1(a). Nonetheless, the CMV is time-
varying, which depends on the junction capacitor of the 
power devices. In [15], an improved HERIC topology (as 
shown in Figure 12.1(b)) has been proposed by installing two 
additional switches (S7, S8) at the midpoint of the DC link 
capacitor, named as OHERIC, as shown in Figure 12.1(c). 
It can maintain the CMV as constant during the freewheel-
ing periods and hence eliminate ground current. Similarly, 
another topology in [16] is with rectifier bridge at midpoint 
of the DC link capacitor, named as H-bridge zero voltage 
rectifier (HBZVR), as shown in Figure  12.1(d). Here the 
clamping branch is made with an additional installed diode 
(D5) to achieve constant CMV in the whole grid cycle.

Unfortunately, HBZVR failed to maintain constant 
CMV during freewheeling periods, which can be overcome 
via HBZVR-D topology in [17], such as one additional diode 
(D6) installed at the midpoint of the DC link capacitor to 
the existing HBZVR topology, as shown in Figure 12.1(e), 
but unclear about the CMV performance during dead time.

Recently, in [18] an un-CL hybrid-bridge (HB) topology 
has been proposed to reduce the ground current, as shown in 

https://doi.org/10.1201/9781003321897-12
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Figure 12.1(f), but lack of clamping branch CMV is float-
ing throughout the cycle. It can be overcome to install two 
additional switches at the midpoint of the DC link capaci-
tor, named improved H-bridge (I-HB) [19], as shown in 
Figure 12.1(g). But losses are more due to higher switching 
count in the freewheeling periods. Based on the previous 
discussions, it’s confirmed that CL-based TLITs are more 
attractive and effectureive than un-CL topologies in tack-
ling ground current elimination [17–21].

However, major gaps have been found recently based 
on the switching count in the circuit, which is an active 
role to increase overall efficiency [13–21]. In order to con-
sider the aforementioned point, here low-switching-count 
H-bridge MOSFET inverter (LSC-HBMI) topologies and 
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corresponding modulation schemes have been proposed 
without compromising the overall system performance. 
The proposed clamping branch is installed with a rectifier 
bridge at the midpoint of the DC link capacitor to limit the 
ground current with constant CMV in the whole grid cycle. 
A detailed mode of operation and theoretical findings of the 
LSC-HBMI topology is validated via MATLAB/Simulink. 
And further, it can be tested with a 1 kW prototype in the 
laboratory. The results confirm that the LSC-HBMI has 
excellent performance characteristics in terms of CMV, 
ground current, losses, total harmonic distortion (% THD), 
and efficiency respectively.

12.2 STUDY OF COMMON-MODE CURRENT

In transformerless inverter topologies (TLITs), the 
common-mode current is more dependent on the variation 
of the magnitude, such as charging and discharging of the 
stray capacitors. Here Vdc refers to input DC voltage; CPV 
is the stray capacitance of the PV module. Positive and 
negative terminals of the DC source and phase, neutral, 
are represented as P, N and A, B, respectively. And the 
importance of the CMC is exposed based on few rela-
tions, namely, CMV and differential mode voltage [3–5], 
as shown next.

The CMV can be computed as the average of two-phase 
leg voltages (VAN, VBN):

 V
V V

cm
AN BN 
 
2

  (12.1)

 V V Vdm AN BN    (12.2)

And expressions for VCM-DM and total CMV (VTCMV) are 
shown in (3) and (4) due to asymmetries in the filter inductors.

 V V
L L

L Lcm dm dm  
 
   

2 1

2 12
  (12.3)

 V V Vtcm cm CM dm     (12.4)

 V V
dV

dtCMC PV
tCMV=   (12.5)

From equation 12.3, if L1 = L2 (i.e., for a well-designed 
magnetic circuit), the voltage Vtcmv = Vcm [12]. From equa-
tion 12.5 it is clear that magnitude of CPV and oscillations 
in Vtcmv are controlling the CMC. Finally, the magnitude of 
CPV is not controllable because it completely depends on 
the environmental conditions. Hence, to eliminate the CMC 
is to reduce the oscillations in Vtcmv, which depends on the 
structure and PWM scheme of an inverter.

12.3  STUDY OF JUNCTION CAPACITANCES 
OF POWER DEVICES

In real time, common-mode current (CMC) analysis due to 
junction capacitances of power devices is not ignored, such as 

in positive half cycle, VAN = Vdc, VBN = 0, and VCM = 0.5Vdc, and 
in negative half cycle, VAN = 0, VBN = Vdc, and VCM = 0.5Vdc, 
as shown in Figure  12.2(a) to Figure  12.2(c). And hence, 
CMV is constant in both active modes of operations. But in 
freewheeling modes, inductor currents continuously free-
wheel through the grid and power is not transferred from the 
input DC source, which is shown in Figures 12.2(c)–12.2(d). 
However, transferring from active mode to freewheeling 
modes, the power devices S4 and S5 are turned off simul-
taneously. But in transient period, junction capacitances of 
power devices S4, S5 are charging and discharging through 
S2, S3, as shown in Figure 12.2(e).

And one complete transition, only the body diode of 
S3 is conducted to provide the freewheeling path. Due 
to charging and discharging, the VAN is increased and 
VBN decreased accordingly [8]. Figure 12.2(f) shows the 
simplified equivalent circuit of junction capacitances, 
and its terminal voltages are evaluated by equation 12.6 
via Kirchhoff’s current law (KCL). Similarly, steady-
state voltages during freewheeling periods are evalu-
ated by equation  12.6. Hence, CMV is not constant in 
whole grid periods and results in more changes in CMC. 
Similarly, equation  12.7 and equation  12.8 show the 
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terminal voltages of the HERIC and H6 TPVI topolo-
gies [22].
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From the preceding discussions, it confirms that during the 
freewheeling periods, phase leg voltages (VAN and VBN) of H5, 
HERIC, and H6 are not constant at 0.5 Vdc. Hence, common-
mode voltage is oscillating in all the modes of inverter opera-
tion, which results in the magnitude of CMC being further in-
creased; here the effect of parasitic capacitances is ignored [17].

12.4  PROPOSED LOW-SWITCHING-
COUNT CONFIGURATIONS

In this section, various low-count TLITs and correspond-
ing modulation schemes are proposed based on the existing 

configurations, which are shown in Figure 12.3. The pro-
posed clamping branch is made with low switching count 
during the freewheeling period, such as a rectifier bridge 
which consists of four diodes and one switch at the mid-
point of the DC link to keep half-input DC voltage in the 
whole grid cycle. Nonetheless, the proposed modified 
switching scheme is able to control reactive power during 
the freewheeling period.
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H6) in positive half cycle are the same, and CMV, Vdm, and 
switching functions are presented in detail in Table 12.1.

Mode 1. During positive half cycle (PHC) in LSC-H5, 
S1, S4, S5; in LSC-HERIC, S1, S4; and in LSC-H6, S1, 
S4, S6 are turned on and remains are turned off. And the 
current flows via source to load or load source, as shown in 
Figures 12.4(a), 12.5(a), and 12.6(a). Therefore, CMV and 
differential mode voltage become:

 V
V V

V
V

CM
AN BN

dc
dc 

 
     

2

1

2
0

2
  (12.9)

 V V V V VAB AN BN dc dc     0   (12.10)

12.5  OPERATING MODES OF 
PROPOSED LSC TOPOLOGIES

The PWM waveforms of proposed LSC-TLITs with UPF 
are illustrated in Figure 12.3(a) to Figure 12.3(c), where all 
switches, S1–S7, are operating at switching frequency. The 
operating modes of the LSC-H5, LSC-HERIC, and LSC-H6 
TLI topologies are illustrated with three-level output volt-
ages (+Vdc, 0, and -Vdc), which are presented in Figure 12.4 
to Figure 12.6. And the operating modes of both conven-
tional (H5, HERIC, H6) and proposed (LSC-H5, HERIC, 
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Mode 2. During the positive freewheeling period, the 
DC source is completely isolated from the grid. In LSC-
H5 S1, body diode of S3; in LSC-HERIC S5, body diode 
of S6; and in LSC-H6, S4, D5 are turned on and remains 
are turned off. And the current freewheels via the induc-
tors and the load, as shown in Figures 12.4(b), 12.5(b), and 
12.6(b). The voltage VAN decreases and VBN increases until 
their values reach the common point, Vdc/2, and thus, Vcm 
and Vdm become:

 V
V V V V V

CM
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Mode 3. During positive half cycle (PHC) in LC-H5, S2, 
S3, S5; in LSC-HERIC, S2, S3; and in LSC-H6, S2, S3, 
S5 are turned on and remains are turned off. And the cur-
rent flows via source to load or load source, as shown in 
Figures 12.4(c), 12.5(c), and 12.6(c). Thus, CMV and dif-
ferential mode voltage become:
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Mode 4. During the positive freewheeling period, the 
DC source is completely isolated from the grid. In LSC-
H5 S3, body diode of S1; in LSC-HERIC S6, body diode 
of S5; and in LSC-H6 S3, D6 are turned on and remains 
are turned off. And the current freewheels via the induc-
tors and the load, as shown in Figures 12.4(d), 12.5(d), and 
12.6(d). The voltage VAN increases and VBN decreases until 
their values reach the common point, Vdc/2, and hence Vcm 
and Vdm become:
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From equations  12.9–12.16, it confirms that CMV 
is constant in four modes (mode 1–mode 4) because of 
improved clamping branch during freewheeling periods, 
and hence, magnitude of common-mode current is elimi-
nated, including reduced size of the common mode filter. 
Nonetheless, proposed LSC-based TLI configurations for 
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TABLE 12.1
Switching Modes and CMV Evaluations on Proposed LSC-Based H5, HERIC, and H6 Topologies
Proposed LSC 
TLITs S1 DS1 S2 DS2 S3 DS3 S4 DS4 S5 DS5 S6 DS6 S7 DS7 D1 D2 D3 D4 D5 D6 VAN VBN Vcm

H5 Mode1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 Vdc 0 0.5Vdc

Mode2 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 Vdc 0.5Vdc

Mode3 1 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0 1 0 0.5Vdc 0.5Vdc 0.5Vdc

Mode4 0 1 0 0 1 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0.5Vdc 0.5Vdc 0.5Vdc

HERIC Mode1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0.5Vdc 0 0.5Vdc

Mode2 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0.5Vdc 0.5Vdc

Mode3 0 0 0 0 0 0 0 0 1 0 0 1 1 0 1 0 0 1 0 0 0.5Vdc 0.5Vdc 0.5Vdc

Mode4 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 1 1 0 0 0 0.5Vdc 0.5Vdc 0.5Vdc

H6 Mode1 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0.5Vdc 0 0.5Vdc

Mode2 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0.5Vdc 0.5Vdc 0.5Vdc

Mode3 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 1 1 0 0.5Vdc 0.5Vdc

Mode4 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0.5Vdc 0.5Vdc 0.5Vdc

four MOSFETs are operating at lower voltage rating and 
also simple design clamping branches with low switching 
count during the freewheeling periods; hence, proposed 
LSC-based clamping topologies are extremely suitable for 
high-efficiency PV applications.
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12.6 SIMULATION RESULTS

In order to validate and compare the performance of the 
proposed clamping topologies with conventional unclamp-
ing structures using a simulation result, the following 
parameters are used: 400 V input DC voltage, stary capaci-
tors (CPV1, CPV2) of 100 nF, ground resistance (RG1, RG2) 
11Ω, two symmetrical filter inductors (L1, L2) with value of 
3 mH, switching frequency 10 kHz, and 230 V, 50 Hz grid 
voltage (rms) system [4].

12.7  OUTPUT PERFORMANCE AND 
COMMON-MODE BEHAVIOR

The output and common-mode characteristics in terms of 
Vout, Iout,  ileak, and VAN, VCM, VBN of clamping, unclamping 
topologies are explored in Figure 12.7 and Figure 12.8. It 
confirms that discussed topologies are three-level (+Vdc, 0, -Vdc) 

output voltage and sinusoidal output current, which is 
shown in Figure 12.7(a) to Figure 12.7(i).

On the other hand, conventional H5, HERIC, HBZVR 
topologies are unable to control the oscillations during the 
freewheeling periods, which results in VAN, VBN floating 
and hence oscillating at ~215V, as shown in Figure 12.8(a) 
to Figure 12.8(b).

As a result, high common-mode current in the whole 
grid cycle, which is illustrated in Figure  12.7(a) to 
Figure 12.7(b).

Therefore, the proposed LC-based clamping branch is 
for overcoming the CMV issues and clamps at 0.5Vdc in all 
operating modes, and hence CMC is completely eliminated, 
as shown in Figure 12.8. The total harmonic distortions (% 
THD) of the previously discussed topologies are as follows: 
with magnitude of 0.88%, 0.88%, 2.41%, 1.84%, 0.90%, 
1.41%, 0.92%, 1.39%, 0.90%, respectively, and which are 
followed as per IEEE1547 standards [23], as shown in 
Figure 12.9(a) to Figure 12.9(i).
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12.8  LOSS DISTRIBUTIONS AND 
COMPARISONS

In this section, the loss distributions of various un-CL- and 
CL-based TLITs rated at 1 kW are analyzed in detail. And 
losses are measured via thermal modules in PSIM soft-
ware, and device parameters are listed in Table 12.2 [24]. 
For the clear understanding of readers, losses are simply 
presented in histogram, as shown in Figure  12.10 and 
Table 12.4. The detailed calculation procedure and theo-
retical studies have been discussed in [14–18]. And few 
equations are computed to analyze the losses (conduction + 
freewheeling) in both IGBT and MOSFET, which may be 
useful to the readers. For IGBTs, conductions, diode, and 
switching losses are calculated by the following equations 
(12.17–12.23) [17].

 P V Iconduction CE SAT C     (12.17)

 P V Iconduction F F=   (12.18)

 P P PSW SW ON SW OFF  _ _
  (12.19)

 P
E f V

VSW ON
on dc

dc datasheet
 

 

   (12.20)

 P
E f V

VSW ON
off dc

dc datasheet
 

 

   (12.21)

Where IC  defines the on-state current, VF  is forward volt-
age drop, IF  defines freewheeling current, and Vdc datasheet−  
is actual DC bus voltage.

And MOSFET losses are calculated by [14–16]:

 P
I R M

Conduction
m ds 
2 2

3 
  (12.22)

 P f Eswitching sw oss=   (12.23)

Where Rds  defines the on-state drain-source resistance, Im  is 
peak output current, M is modulation index, fsw  is switching 
frequency, and Eoss  is energy loss from the device data sheet.

However, the power loss calculations depend on the 
accuracy of the device data sheet, which is provided by the 
manufacturer. For the understanding of the readers, a few 
sample loss calculations of H5, HERIC, and H6 topologies 
are given next.

The operating conditions of the HERIC topology 
with MOSFET-SPN04N60C2 is Vin = 600V, Vout = 540V, 
TJ = 25ºC, 100ºC, 150ºC, Rds = 0.8Ω, fs1 = 10kHz, M = 0.95, 
C0S  = 0.994, Im = 0.8–4A, and the drain-source on-state 
resistance (VGS = 10 V, ID = 0.65, TJ = 25C, RDS(ON) = 0.95), 
and Eoss from cool MOSFET at 400V is 28µJ [25].

For H5:

From equation 12.22:
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TABLE 12.2
Device Parameters for Loss Distributions
Parameters Value

IGBT (600V) HGTG20N60A4D

MOSFET (600V) SPN04N60C2

SiC diode IDD08SG60C

Frequency 50 Hz

Junction temperature, Tj(max) 150°C

Pcond_Q calibration factor 1

Psw_Q calibration factor 1

Pcond_D calibration factor 1

Psw_D calibration factor 1
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FIGURE 12.10 Device loss distributions.
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From equation 12.22:
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From equation 12.23:
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For H6:
From equation 12.22:
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From equation 12.23:
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 Note:1 j=0.0000001W  
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However, the theoretical losses are lower than the simula-
tion results because all values are running at real-time envi-
ronment and forward voltage of the device diode. But theo-
retical values are closer to the simulation results.

It is noted that, here, losses are included with the con-
duction loss, switching loss, and freewheeling loss, respec-
tively. Table 9.6 gives the device operation of the discussed 
un-CL and CL topologies to justify the performance 
among the LSC-based TLITs. As expected, unclamping 
H5, HERIC TLITs have the lowest losses due to reduced 
switching count (only two MOSFETs) in the active modes 
(mode 1, mode 3), and only one switch and one diode are 

active (mode 2, mode 4) during the freewheeling periods. 
On the other hand, BDC-based TLITs (H5, HERIC, H6 
family) have the highest device losses as compared with 
LSC-based TLITs due to excessive switching count dur-
ing freewheeling periods. However, the device losses of 
proposed LSC topologies are higher as compared with 
unclamping topologies (H5, HERIC, H6), but poor per-
formance in terms of CMV and leakage current, which is 
discussed in the earlier section.

12.9 EXPERIMENTAL RESULTS

To verify the competency of proposed LC-based TLITs, 
a universal prototype has been built in the laboratory, as 
shown in Figure  12.11, and its parameters are listed in 
Table 9.4.

TABLE 12.3
Measured Device Losses for the Unclamping and Clamping TLITs
Topology Losses (W) Total losses (W)

Conduction Losses External Diode Losses

Unclamping

H5 S1 S2 S3 S4 S5 S6 S7 S8 D1 D2 D3 D4 D5 D6

1.37 1.78 1.78 1.37 1.78 0 0 0 0 0 0 0 0 0 8.08

HERIC 1.37 1.78 1.78 1.37 0.66 0.64 0 0 0 0 0 0 0 0 7.6

H6 2.52 2.56 2.56 2.52 2.56 2.51 0 0 0 0 0 0 0 0 12.67

Clamping BDC-H5 1.37 1.78 1.78 1.37 1.78 0.63 0.89 0 0 0 0 0 0 0 9.6

BDC-HERIC 1.37 1.78 1.78 1.37 1.78 1.74 0.53 0.87 0 0 0 0 0 0 11.22

BDC-H6 2.52 2.56 2.56 2.52 2.56 2.51 0.83 0.34 0.22 0.77 0 0 0 0 17.39

LSC-H5 1.37 1.78 1.78 1.37 1.78 0.63 0 N.C 0.02 0.04 0.05 0.08 0 0 8.89

LSC-HERIC 1.37 1.78 1.68 1.37 1.78 1.74 0.53 N.C 0.02 0.03 0.04 0.07 0 0 10.51

LSC-H6 2.52 2.56 2.56 2.52 2.56 2.51 0.53 N.C 0.21 0.28 0.08 0.06 0.07 0.09 16.55

FIGURE 12.11 The control algorithms are implemented in 
FPGA SPARTAN-6. As per the theoretical validation, the clamp-
ing and unclamping TLITs give the sinusoidal output current (Iout), 
which is presented in Figure 12. And the common-mode perfor-
mances of both unclamping and clamping topologies are shown in 
Figure 13. As expected, the unclamping H5, HERIC TLITs have 
poor CM performance, such as oscillating CMV, and hence higher 
CMC, with magnitudes of 29.20 mA, 29.10mA, and 29.08mA.
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FIGURE 12.12 Clamping and unclamping TLITs sinusoidal output current (Iout).
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FIGURE 12.13 Experimental waveforms of VAN, 2Vcm, VBN, and GLC (ileak) for (a) H5, (b) HERIC, (c) H6, (d) BDC-H5, (e) BDC-
HERIC, (f) BDC-H6, (g) proposed LSC-H5, (h) LSC-HERIC, and (i) LSC-H6 TLTIs.
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FIGURE 12.13 (Continued)
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FIGURE 12.14 (a) to (i) % THD of various topologies.
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FIGURE 12.14 (Continued)

TABLE 12.4
Universal TLITs Specifications
Parameter Value
Input voltage 400 V

Grid voltage/frequency 230 V/50 Hz

Rated power 1,000 W

Switching frequency 10 kHz

DC bus capacitor (CDC1, CDC2) 1 mF

IGBT 600 V HGTG20N60A4D

MOSFET 600 V SPN04N60C2

SiC diodes IDD08SG60C

Filter inductors (L1, L2) 3 mH

Filter inductors (Cf) 4 µf

Parasitic capacitor (CPV1, CPV2) 100 nFure

Resistive load 50 Ω

Controller FPGA SPARTAN-6

This effect is eliminated via BDC- and LC-based TLITs, 
namely, H5, HERIC, and H6 family, such as constant CMV, 
in all operating periods. As a result, CMC is reduced signifi-
cantly, with a magnitude of 11.45 mA, 11.42 mA, 11.40 mA, 
11.32 mA, 11.31 mA, and 11.30 mA, respectively. The total 
harmonic distortion (THD) in terms of output load current 
is measured by the FLUKE 434 Series II power analyzer 
[24]. The % THD of various topologies are as follows: with 
magnitude of 0.89%, 0.89%, 2.43%, 1.85%, 0.91%, 1.42%, 
0.93%, 1.40%, 0.90%, which are depicted in Figure 12.14(a) 
to Figure 12.14(i). And compared to simulation, experimen-
tal % THD is relatively higher due to grid affects and it 
parameters modeling in real-time environment [21].

Table 12.4 lists the experimental results and their com-
parisons in terms of CMC, CMV, % THD, and efficiency, 
respectively. It confirms that clamping TLITs (BDC-based 
and LC-based H5, HERIC, H6 family) have relatively 
lower % THD than unclamping (H5, HERIC) TLITs due to 
reduced CMC. The HIOKI 3197 power analyzer is used for 
efficiency measurements. The European efficiency is com-
puted using the following equation (12.21) [15–20]:

  
    

   
EU    
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5 10 20

30 50 100

. . .

. . .
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% % %
 (12.21)

Figure  12.15 shows the efficiency analysis of unclamp-
ing- and clamping-based TLITs.  And the calculated Eu-
ropean efficiency of the unclamping- and clamping-based 
TLITs  are  96.30%, 98.89%, 96.87%, 98.18%, 97.12%, 
97.675%, 98.21%, and 97.45%,  respectively. However, 
the efficiency of the proposed LSC-based TLITs registers 
lower than the conventional TLITs topologies due to more 
active elements in the grid cycle. Nonetheless, the maxi-
mum efficiency of the proposed LSC-based topologies is 
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relatively higher than that of the BDC-type topologies be-
cause of higher switching count during freewheeling peri-
ods. And overall performance comparisons are summarized 
in Table  12.5. Therefore, it is experimentally confirmed 
that the LC-based TLITs combine the features of both low-
loss AC-clamping method (HERIC) and leakage-current-
elimination (BDC-H5, HERIC, H6 family) of the clamping 
method. However, proposed LSC-TLITs are more attractive 
for high-efficiency PV applications.

12.10 CONCLUSION

In this chapter, several low-switching-count TLITs have 
been reviewed first. It is evident that unclamping (HERIC) 
TLITs have excellent efficiency but poor CM performance. 
On the other hand, BDC-based clamping TLITs (H5, 
HERIC, H6 family) have reduced CMC with higher losses. 
On the other hand, proposed LSC-based TLITs (H5, 
HERIC, H6) combine the features of low-loss unclamping 

(HERIC) method and leakage-current-elimination of the 
clamping (H5, HERIC, H6 family) method. Hence, pro-
posed LSC-based TLITs are well suited for high-efficiency 
PV applications.
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Performance Analysis of Rooftop  
Grid-Connected Solar PV System 
Under Net Metering System 
A Case Study

T. Bramhananda Reddy, G. Sreenivasa Reddy, and Y. V. Siva Reddy

13.1 INTRODUCTION

Electrical energy demand has expanded faster than any 
other energy generating source because of the consistently 
rising fuel cost, a dangerous atmospheric condition devia-
tion, and depletion of fossil fuels. Consequently, the por-
tion of electrical energy utilization worldwide has reached 
a level beyond the expected. Renewable energy (RE) inno-
vative techniques empower us to produce clean energy that 
has a lower environmental effect than conventional tech-
nologies. They differ from fossil fuels principally in their 
diversity, abundance, and potential for use anywhere on the 
planet. Increased generation of green energy will, in turn, 
reduce greenhouse emissions, thereby helping to mitigate 
global warming. Now, renewable energy sources have con-
tributed a major portion in electricity generation [1–3]. It 
is predicted by the World Energy Forum that there will be 
exhaustion of fossil fuel reserves in less than ten decades, 
which accounts for about 79% of primary energy consump-
tion in the world. This has resulted in forcing planners and 
policy makers to look for alternate energy sources [4].

13.2  ENERGY DEMAND OF INDIA 
DUE TO POPULATION

India is not only the country with the second-largest pop-
ulation but is also a very fast-developing country in the 

present world. It is assessed that the population of India will 
overwhelm China by the year 2025. India is able to meet its 
energy demand as per the increase in population, but it still 
has less per capita power utilization among developed and 
developing nations.

Energy from thermal stations provides about 61% of the 
capacity of total installation. India’s commitment towards 
renewable energy generation, such as the Jawaharlal Nehru 
National Solar Mission (JNSS) and Faster Adoption and 
Manufacturing of Hybrid and & Electric Vehicles (FAME) 
scheme, has resulted in the decrease of involvement of ther-
mal energy, burden of India’s foreign reserves spending on 
fossil fuels, etc. In addition to this, the creation of sustain-
able jobs for a growing youth population is also a result. 
Geographically, India is a blessed for the utilization of renew-
able energy as it has almost 300 sunny days per year [5].

The sun is a significant source of unlimited free energy 
(i.e., solar energy) for the planet Earth. At present, new 
innovations are being utilized to generate power from solar 
energy. These methodologies have just been proven and 
are broadly drilled all throughout the world as sustainable 
options in contrast to ordinary nonhydro technologies. The 
improvement of novel solar power technologies is viewed 
as one of the solutions towards narrowing the demand for 
energy [6].

Due to huge technological improvements, affordable 
price, and good performance, the rooftop building models’ 
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development has been increased. Thereby, the installed 
capacity of the solar PV system in recent years has rapidly 
increased as well. In addition to this, there is a require-
ment for wide expansion in the solar energy contribution at 
socially acceptable cost, resulting in cost-competitiveness 
with fossil fuels.

“Solar energy may be called upon to play a much larger 
role in the global energy system by midcentury.” About 
two-thirds of CO2 emissions from fossil fuels are associ-
ated with electricity generation, heating, and transporta-
tion, and to reduce these emissions, new kinds of energy 
sources, such as wind and solar PV energy, solar thermal, 
and battery-operated vehicles are gaining more atten-
tion. Of these sources, solar PV–based energy generation 
is being given more importance by researchers [7]. Solar 
energy generation is the more economical and eco-friendly 
among all other renewable energy generating systems. With 
the advancement in power electronics conversion devices 
and controllers, the cost of solar energy generation is get-
ting cheaper.

The two types of solar energy systems are photovoltaic 
solar technology, which directly converts sunlight into elec-
tricity using solar panels made of semiconductor cells, and, 
second, solar thermal technology, which captures the sun’s 
heat. Solar PV system can be operated in three modes of 
operation based on the requirement (i.e., grid-tied, off-grid, 
and grid with battery backup, or hybrid). After simulation 
study, Karthik et.al proved that crystalline solar cells give 
better performance under the Indian weather conditions 
[8]. Whenever both grid supply fails at unfavorable weather 
conditions, GPREC load runs with diesel generators. The 
motivation of using PV in place of diesel generators and 

battery comes from three aspects: they are a mutual rela-
tionship between environment, economics, and technical 
system issues. These are strongly interrelated to power net-
work performance [9].

13.3  NECESSITY OF INSTALLATION OF 
SOLAR POWER PLANT BY GPREC

Geographically, GPREC is located at 15°49’59.88” N 
78°02’60.00” E, which is shown in Figure 13.1.

GPREC is connected with the local power distribution 
company (APSPDCL), having 320 kVA contract maximum 
demand (CMD), HT connection. Though it is connected 
with a 11 kV feeder with 500 kVA distributed transformer, it 
is facing continuous power outages, causing disturbance to 
academics, because of its locality under rural area. During 
power outages, the institution runs two diesel generators 
(DG) rated at 250 kVA and 400 kVA, respectively, based on 
the load demand. Since the use of a DG set causes environ-
mental pollution as well as are expensive in operation, the 
management has opted for solar PV generation to minimize 
power interruptions as well as the operating cost of the DG. 
Apart from this, it provides an attractive incentive from the 
government of India and is also an affordable investment 
that, as well, has negligible operating cost – these are the 
reasons for stepping into the solar generating system.

Solar power plant installation has been done in three 
stages: 100 kWp in the year 2014, 100 kWp in 2015, 200 
kWp in 2016. All these power plants are established at vari-
ous rooftops of the department blocks. With an effective 
coordination between the 400 kWp solar plant and grid sup-
ply, the institution load is being operated satisfactorily.

Source: Google Maps

FIGURE 13.1 (a) Geographical position of G. Pulla Reddy Engineering College, and (b) rooftop solar PV plant.
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13.4 NET METERING SYSTEM

An off-grid system is generally a stand-alone system. The 
independent functioning of generation and load at this sys-
tem is technically not a feasible method as the load may 
increase or generation may decrease. Whereas an on-grid 
system is connected to the main utility grid and exchange of 
power can be done for consumer satisfaction. This on-grid 
system incorporates the policy of net metering.

The mechanism in which the surplus energy is fed back to 
the grid by the domestic, commercial, and any other user who 
generates electricity using solar PV is known as net meter-
ing system. This system gives opportunity to the owners to 
gain extra revenue by selling their excess power to the grid 
and also making up for shortfalls with the utility grid. The 
owner gets compensation for the excess amount of energy 
generated. However, energy will be imported for the grid if 
the amount of energy consumed is more than the amount of 
energy generated, and the owner pays only the net amount. 
In India, net metering was introduced as an initiative to make 
renewable energy more economical and accessible.

13.5  METHOD OF BILLING 
WITH NET METERING

In net metering, billing is only for the “net” energy that is 
used, as mentioned in the preceding text. Hence, surplus 
energy earns revenue, while the shortage of energy is covered 
by the grid. In India, every state has their own regulations for 
the type of net meter used to record the power. Few of them 
require only one meter to measure the net amount of power 
consumed by the owner, while the others require two meters 
to record the total amount of units consumed from the grid 
along with the total amount of power generated. As per the 
terms and conditions of the Andhra Pradesh State electricity 
power distribution company (Southern Power Distribution 
Company Limited of Andhra Pradesh), GPREC has set up 
a complete solar PV system with net metering system. This 
system is interconnected with the grid as per the grid stan-
dards. The rewards of a net metering system are an extra 
monetary credit, elimination of the need for battery storage, 
less expense and low maintenance, and ease in extending 
the generating plant capacity. The only disadvantage in a net 
metering policy is, a battery storage system is not allowed.

13.6  MAIN OBJECTIVE OF THIS CHAPTER 
IS CARRIED OUT FOLLOWING CASE 
STUDIES AT SELECTED LOCATION

GPREC

Case 1: During normal running conditions of 
the grid and institute, majority of the power 
requirements are met by the PV system and 
less power will be drawn from the grid.

 (i) At normal operating condition, considering fair 
weather conditions, the complete institution load 

will run smoothly with the generation of own solar 
power, and only excessive load, if any, will be met 
by importing power from the utility grid. In case 
the institutional load is less than the solar power 
generation, then extra power will be exported to 
the grid.

 (ii) Similarly, at unfair weather conditions, power 
generation from the solar PV will not be up to the 
mark (generation capacity of plant is not equal 
to the installed capacity due to the variation of 
temperature and/or irradiation). Maximum pos-
sible generation from the solar plant along with 
grid supply will run the load, avoiding academic 
disturbances.

 (iii) At very poor (unfavorable) climatic conditions, the 
total load will be run by importing power from 
the utility grid only. Here, net metering will play 
a crucial role for selecting the priority of power 
drawn and running the load with the solar PV 
plant.

Case 2: During normal running condition of the grid 
and light load conditions of the institute (usually on a 
holiday), majority power will be exported to the grid:

  In this case, with fair weather conditions, the solar 
power will generate equal to the installed capacity, 
but due to light load or no load conditions (may 
be in general holidays like Sunday, festival, mid-
terms, and end of the academic year), the institu-
tion requires less power consumption. Hence, the 
excess power generation will be sent to the grid 
and no power is imported from the grid. This is 
very useful for owners without losing their power 
generation.

Case 3: Abnormal conditions.

 (a) Connection to the grid is lost and institute is 
running at normal load condition with a diesel 
generator (DG) set.

   One of the disadvantages of the net metering 
system is failure of inverters when the grid sup-
ply fails. Even at good weather condition, com-
plete solar PV generation will come to a standstill 
because of the shutdown of inverters.

   Under normal conditions, the institute draws 
power from the grid in order to meet the load demand, 
and this is in addition to the generated solar power. 
When the grid is not operating, the system has to 
operate in an island mode, wherein the demand is 
met locally instead of by the grid-connected mode. 
In order to meet the existing demand, a generator 
is operated in parallel to solar power generation. At 
present, only 100 kWp is available in this mode. The 
DG solar combination will operate satisfactorily as 
long as generation meets the demand.
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 (b) Connection to the grid is lost and institute is 
running at light load condition with a DG set.

   If connection to the grid is lost, the phase II 
plant (100 kWp) will generate the power under 
favorable climatic conditions. The system will 
operate satisfactorily until the load is nearer to the 
one generated from solar. At light load conditions, 
there is a flow of current from inverter to the DG 
(reversal of current in the armature of the alterna-
tor), leading to large fluctuations in the operation 
of the DG set. This issue is not present in case of 
moderate or heavy loads, since both the generating 
sources will share the load.

 (c) Connection to the grid is lost and institute is 
running at normal condition under unfavor-
able weather conditions with a DG set.

   Because of the failure of PV inverter due to 
the loss of grid, the total load demand (light load, 
medium load, or heavy load) will be met by the 
DG set. Due to the unfavorable weather condition, 
only a small amount of power is generated, and 
based on the load demand, the DGs will operate. 
If the load demand is small, only 250 kVA DG 
will be committed, and at full load conditions, 400 
kVA generator will be committed.

   If the load is high, then both the generators will 
be operated in parallel with the separate autosyn-
chronization device. The problem of load follow-
ing will be difficult during unfavorable weather 
conditions, leading to fluctuations in the genera-
tor due to cloud movement when the load is very 
small.

 (d) Connection to the grid is lost and institute is 
running at light load condition under unfavor-
able weather conditions with a DG set.

   When connection to the grid is lost, the phase 
I and phase III solar PV plants will not be able to 
generate power due to shutdown of PV inverters 
(as per the net metering policy). Phase II plant will 
provide the entire load, and the generator (to pro-
vide a reference voltage) floats on bus bars, result-
ing in less efficiency. This plant has to shut down 
when the irradiation falls below a level required 
for generation. At this situation, load will be run 
with the 250 kVA DG.

Case 4: The economic aspects (payback period analy-
sis).

 One of the important reasons to go for solar PV is 
the continuous run of load from power outages and 
significant reduction of electricity bill. An average 
monthly electric power consumption bill of GPREC 
is around INR 800,000 before the setting up of solar 
PV plant. After the installation of solar PV system 
in three stages, the average monthly electrical bill 
came down to about INR 400,000 only.

  The electricity bill gets reduced when solar 
PV–based energy generation is opted, and elec-
tricity costs are no longer a significant factor in 
budget. Savings with solar  depends on different 
factors, like how much energy the PV system will 
produce and how much energy is consumed by 
own, but the biggest factor is the capital cost and 
available weather conditions (like irradiation and 
temperature). Because the saving of power will 
reflect more in electricity bill, demand has been 
increasing continuously, since electricity prices 
will continue to rise, so savings will continue to 
grow every year over the 25-year life span of a 
solar PV system. The benefits of solar are not just 
economic, because of the ever-rising electricity 
prices and power interruptions. Thus, installation 
of solar PV system is essential. In this analysis, the 
total capital cost is cumulatively added and made 
a single value (since GPREC has installed a 400 
kWp solar power plant in three phases).

13.7  ESTIMATING PAYBACK PERIOD OF A 
400 KWP SOLAR PV SYSTEM AT GPREC: 
FOR CALCULATING THE PAYBACK 
PERIOD OF ANY SOLAR PHOTOVOLTAIC 
SYSTEM REQUIRES THE FOLLOWING

The installed capacity of the PV, the daily/monthly/yearly 
generation in kWh (PV system can generate power based 
on the availability of solar radiation, temperature), and the 
installation of a grid-tied system that exports its surplus 
production to the electric grid, cost per unit, and capital cost 
of the plant.

Note: For the calculations, the level of availability of 
irradiation (G) and temperature (T) are considered as very 
important factors. But practically, it is not possible to get 
constant irradiation and temperature as it varies from time 
to time and place to place, so it is not possible to predict 
and find accurate calculation of solar PV power generation.

Solar systems work best when the sun is shining. The 
strength of the sun’s radiation affects the amount of solar 
power generated by the solar PV plant. In India, usually 
solar generation is high during 11:00 a.m. to 4:00 p.m., 
and this country is endowed with abundant solar energy 
and is also blessed with around 300 sunny days in a year 
and solar irradiation of 4–7 kWh per sq. m per day. As per 
the IRDEA, the effective generation of a solar PV panel is 
4.5 hours.

Total installed capacity of the PV system = 400 kWp 
(100 kWp + 100 kWp + 200 kWp)

Total cost of the SPV plant = Rs 1,95,88,099.00 
(Rupees one crore ninety-five lakh eighty-eight 
thousand and ninety-nine only)

Daily generation of 400 kWp plant = Installed capac-
ity of the plant × 4.5 hrs
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 = 400 kW × 4.5
 = 1,800 kWh = 1,800 units
The cost per unit when it is exported to grid = Rs 6.50 

paise
Cost of daily generated unit exported to grid = 1,800 

× 6.5 = 11,700.00
Generation cost in a year = 11,700 × 365 = 42,70,500.00
Payback period = Capital cost/revenue generated 

per year
 = 1,95,88,099/42,70,500
 = 4.59 years
 = 4 years and 7 months

Therefore, the payback is obtained after four years and 
seven months. This payback is calculated without consid-
ering the operation and maintenance (O&M) costs and the 
degradation. The technical persons will rectify the issues, if 
any, in a solar plant as the study location is a technological 
institute and PV modules require only cleaning, so O&M 
cost is negligible. Degradation, which is expressed as a per-
centage reduction per year, of PV modules occur because 
of their exposition to sunlight. The net effect is reduction 
in the energy generated by the PV modules. Typically, it 
is assumed to be 0.5% per year. Hence, the expected pay-
back may be increased by three more months. Therefore, 
GPREC will get total investment cost of the PV plant back 
after five years. After this time period, the institution will 
earn profits.

Case 5: Analysis of actual power exported to the grid 
per month.

 In a period of one year, the excess power genera-
tion sent to the grid is tabulated in Table 13.1. By 
observing Table 13.1, GPREC solar plant is send-
ing electrical power to the utility grid after meeting 
the load demand.

Because of net metering system installation in the insti-
tute, excess power generation will be sent to the grid on 
holidays and at light load conditions.

13.8 KEY CONCLUSIONS OF THE CASE STUDY

 • Most of the problems studied which are mentioned 
previously are not yet that much serious at pres-
ent, and also in the future, if the systems are dealt 
properly with planning, design of controllers with 
existing technologies.

 • Of the problems selected in this case study, when 
dealing with failure of utility grid, supply to run 
load satisfactorily is by enhancing the existing PV 
generation.

 • Furthermore, advancements in power condition-
ing units are required to minimize the impact of 
harmonics due to DC injection from the transfor-
merless PV inverters.

 • The possibility of unconstrained islanding issues 
is less, though the risk involved due to this is more; 
hence, there is a need to protect the system.

 • Many constraints, including overvoltage, can be 
eliminated while upgrading the system ratings, 
proper designing of distribution capacities, and 
grid configurations may be made to meet future 
capacity growth.

13.9  THE IMPORTANT CHARACTERISTICS 
RECOMMENDED FOR THE GRID-
CONNECTED PV SYSTEMS

 • Enhancing of solar PV plant generation capacity
 • Online power system management using ICT 

(information and communications technology)
 • Expansion of distribution capacity

TABLE 13.1
Energy Export Units to Grid

S. No. Month and Year Present Reading Previous Reading
Difference (or) Exporting 

Units to Grid

1 Jan. 2020  88,791  79,601  9,190

2 Feb. 2020 105,043  88,791 16,252

3 Mar. 2020 117,247 105,043 12,204

4 Apr. 2020 138,029 117,247 20,782

5 May 2020 173,665 138,029 35,636

6 Jun. 2020 206,592 173,665 32,927

7 Jul. 2020 231,031 206,592 24,439

8 Aug. 2020 258,120 231,031 27,089

9 Sep. 2020 279,367 258,120 21,247

10 Oct. 2020 291,243 279,367 11,876

11 Nov. 2020 315,495 291,243 24,252

12 Dec. 2020 331,646 315,495 16,151
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 • Encouraging extra tariff to prosumers who exports 
to the grid during peak demand

 • Improvement and widespread use of storage tech-
nology in net metering system or integration of 
either grid load management or building load con-
trol with PV generation output

 • Proper selection of power converters for maintain-
ing the quality of power
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TABLE 14.1 
Comparison of Voltage_Fed and Current-Fed Double Full-Bridge DAB Converter for the Same Voltage and 
Power Ratings 
Parameters Voltage-Fed DAB Current-Fed DAB 

Peak inductor current (ilk) High Low 

Current stress in primary-bridge switches High Low 

Current stress in secondary-bridge switches Low High 

Voltage stress in primary-bridge switches Low High 

Voltage stress in secondary-bridge switches High Low 

Transformer VA rating High Low 

Conduction losses in primary-bridge switches High Low 

Conduction losses in secondary-bridge switches Low High 

Turn-on loss 0 (ZVS) Low 

Turn-off loss High Very low (ZCS) 

FIGURE 14.9 The equivalent circuit diagram for the DAB converter. 
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FIGURE 14.10 The voltages and inductor current waveforms 
under SPS control. 

inductor current waveforms under SPS control are shown 
in Figure 14.10. The method is easy to implement and pro-
vides good dynamic results for the converter. However, 
the SPS method is suitable for fxed voltage conversion, 
and the conversion effciency decreases when the voltage 
conversion ratio is high. The ZVS range is low and highly 
depends on the load condition as the circulating current 

FIGURE 14.11 The voltages and inductor current waveforms 
under SPS control. 

and nonactive power increase when the conversion ratio 
changes. 

The double phase-shift (DPS) [36–39] eliminates 
the limitations of SPS control. The voltages and induc-
tor current waveforms under DPS control are shown in 
Figure 14.11. The duty ratio (D1 and D2) of the bridges are 
adjusted along with the phase shift ( ) in this control. This 
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FIGURE 14.12 The voltages and inductor current waveforms 
under EPS control. 
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FIGURE 14.13 The voltages and inductor current waveforms 
under TPS control. 

gives another control variable when the voltage conver-
sion ratio is high. The wider ZVS range, increased power 
transfer capability, and improved voltage regulation are 
obtained with DPS control. However, the duty ratio is kept 
the same for both the bridges to simplify the control. The 
duty ratio control is further utilized in extended phase-
shift (EPS) control, where the bridges are operated with 
different duty ratios [40–41]. The primary-bridge duty 
ratio is kept fxed at 50%, while the secondary-bridge duty 
ratio is altered along with the phase shift. The control pro-
vides more fexibility for power transfer and ZVS range 
optimization when loading and voltage level changes. 
However, the transition of power fow and voltage level 
is not smooth with EPS control. The voltages and induc-
tor current waveforms under EPS control are shown in 
Figure 14.12. 

The control technique with three control variables 
was introduced and named triple phase-shift control 
[42–45]. The power transfer is controlled with the phase 
shift between the bridges along with the two duty ratios 
for both bridges. The optimized control is possible to 

enhance the ZVS range and reduce the circulating cur-
rents in the converter. For large voltage gain, the mis-
match in voltage across the high-frequency transformer is 
adjusted with the respective bridge duty ratio. However, 
the control needs complex calculation and optimization 
for conduction loss and maximum effciency. The volt-
ages and inductor current waveforms under TPS control 
are shown in Figure 14.13. The comprehensive review for 
the modulation strategies of DAB is presented in [46] with 
a detailed analysis of all possible phase-shift controls. 
Various advanced control schemes are incorporated with 
these modulation techniques for the converter to obtain 
effcient transient and steady-state performance of the 
DAB converter [47–53]. 

14.3 DAB CONVERTER: ANALYSIS AND 
DESIGN FOR PV APPLICATION 

The voltage-fed double full-bridge DAB converter is the 
most common topology selected for PV application, as 
it includes various advantages among other topologies 
of DAB and provides fexible and effcient control over 
power and voltage regulation. The design and analysis 
of the DAB converter for PV application are presented in 
[54–55]. A novel MPPT control of DAB for PV integra-
tion with microgrid is presented in [56]. The circuit topol-
ogy of a DAB converter with PV is shown in Figure 14.14, 
where Vin and Vo are the voltages in input and output DC 
link, and Lk is the equivalent inductance, which is actually 
representing the total sum of leakage inductance of the 
transformer and an auxiliary inductance in series, required 
for the power transfer. The semiconductor switches T1−T4 

and Q1−Q4 make the two symmetric H-bridges on either 
side of the high-frequency transformer. The DC voltage 
is converted to high-frequency square wave AC voltage in 
the frst stage of conversion implemented with the help of 
the frst H-bridge, denoted as the primary bridge. Thus, the 
stage can be denoted as the inverter stage, and Vp denot-
ing the primary bridge voltage. The transformer transfers 
the power from its primary winding to secondary winding. 
The secondary bridge then transforms the square wave AC 
voltage to DC voltage, which is the output of the DAB. The 
stage can be denoted as the rectifer stage, and Vs denoting 
the secondary bridge voltage. 

The duty ratio of all switches is 50%, and the diagonal 
switches are turned on and off together to obtain a square 
wave. These voltages, as well as the equivalent inductor cur-
rent waveforms, operated with SPS modulation are depicted 
in Figure 14.10, where Ts is the switching frequency and   
denotes the phase shift between the voltages of two bridges 
and n denotes the transformer turns ratio. 

14.3.1 analysis oF Dab converter circuit 

For the analysis of the DAB converter, a simplifed circuit 
diagram is used as shown in Figure 14.10, and the steady-
state waveform is depicted in Figure 14.10 with the phase 
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14.3.3 inPut caPacitor Design With the initial condition of iCin 
= 0, the time interval is ex-

The input voltage fuctuation is a common problem for the 
pressed as: 

converters interfaced with any renewable energy sources. 
The input capacitor is an important component as it is  

Vin   2. 2  4  1  V o . 

V 

   
  
 
   

  
  
 
   

T ndirectly interfacing the renewable energy source and mini-  t  (14.24)s 

4mizes the voltage ripple at the input terminal. 
The capacitor also absorbs the reverse current from DAB 

Vin  
o 

n 
in each cycle and maintains a constant voltage in the input 

Substituting (14.12), (144.22), and (14.24) in (14.20), the in-terminal. The design of the input capacitor is important for 
put capacitor value is obtained with desired input ripple as:DAB converters to provide a stable output voltage contain-

ing less ripple. The design process initiates with the input 
2    Vterminal current equation (14.3) and considering the current   2.  1   Vin 
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o 

     
2waveform shown in Figure 14.15. Thus, the capacitor current T n

 (14.25)C s 
is denoted as: in V64. V L. Vin 

in k o 

n 
i t i t i t  (14.19)C     in    b    

in 

Expression (14.25) shows that the derived capacitor value 
With the input voltage ripple  Vin, the charge accumulated depends on the phase-shift value, and thereby the capaci-
in the capacitor during the charging process in the interval tor should be selected to mitigate the maximum input volt-
 t is: age ripple. The relation of capacitance value with respect to 

phase shift can be analyzed as: 

Q   2. V .C   
1 
 t  I   I   (14.20)in in max in2  Cin   0 (14.26)

  
The input current is obtained from (14.6) and (14.15) as: 

As the maximum ripple occurs at the highest value of  , the 
  T Ts s  value of the capacitor is taken as: 

2 2  
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in 2nL nk 

Now, using (14.4) and (14.22) and considering the maximum 
power fow situation, the capacitor current is simplifed as: 

T   V   V   4t   s o oIC   t   Vin  ( .2  2  4  1)   Vin   .  (14.23)
in 4L n n Tk      s   
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Ts 

2 
Ts(  +1) 

14.3.4 Pv systeM Design 

Considering the single-diode model, the basic equivalent 
circuit of a PV cell array is as depicted in Figure 14.16. The 
equivalent circuit is designed to achieve the practical I–V 
characteristics of a PV cell array, with consideration of isola-
tion and temperature conditions. 

The corresponding equation defning the characteristics 
of the PV cell array can be derived as follows: 

   V   I R   PV PV SIPV   N pIG   N pIsat   exp    1 
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(14.28) 
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FIGURE 14.16                                                 
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14.3.5  high-Frequency transForMer Design
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15.4.1  users’ Priorities regarDing 
illuMination necessity
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urban lighting necessary for users? And if so, why is it nec-
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are the following factors for you?
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TABLE 15.2
Descriptive Statistical Evaluation of Individual Spatial Factors

Spatial Factors x  
                                                fi                 

                                                

                                      

                                                                        

                                              

                                                  

                            

                                 

                                                   

                                                                

                                   

                         

                                                                

x                                              



193Sustainable Energy Management in Lighting Urban Public Places

                                                              
                   fi                                          
                                                              
                                                        
                                                            
                                                           
                                             

                                   fi      r               
                                                            
    fi                                                         
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Descriptive Measurements of the Importance of Lighting Individual Types of Urban Areas and the Results of 
the t-Test and Correlation for Dependent Samples of the Pairs Day–Night
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15.4.3  users’ Priorities regarDing 
illuMination costs

                                                           
Are we willing to invest material resources for lighting? 
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TABLE 17.1
Primary and Final Energy Consumption of the Distinct Domains of the World [1]
Category Primary Energy Consumption Final Energy Consumption

2020 2040 2020 2040

                          

                        

                    

              

                      

                

                 

    fi             

                            

FIGURE 17.2                                         

FIGURE 17.3                                                               



208 Wind and Solar Energy Applications

  

Cos sin sin cos cos cos cos sin

+ cos cos cos cos si

( )

(
i          

     
  

 nn cos sin

cos sin sin sin

)    
      

       

                                                            
                                       

 
Solar time Standard time L L

E

st loc   

min min

   

 

  
  

4 –

( )
       

                                                  
                                          

B
n

 
   1 360

365

      L                                L                        
                     fi                                          
                                                            

17.2  SOLAR THERMAL TECHNOLOGY

                                                       
                                                            
                                                        
                                                            
                                                        
                                                          
                      fi                                   
                                                       
                                                         
                                                            
                                                          
                                                          
              fi                                             
                                                             
       fi                                                 
                                           fi                 

17.2.1  basic Working PrinciPle

                                                          
                                                              
                                                       fi       
                                    

Nonconcentrating collectors.                      
                                 fl                         
                                                      fl   
                              fl                           
                                                             
                                                             
                                                              
                                                           
                                                               
                                                            
                                                              
  fl                                                        
            fl                                                
                                                            
                                                                  
                                                            
                                                              

Vertical
(Upwards)

Q

Tilted Surface

South

Normal of
SurfaceSun

Radiation
Ibn

S

Ib = IbnCos i

 i

 

 

 s  

R

P

FIGURE 17.4                                                    
                                                                      
                                                                   

MeridianPrime
Meridian North (N)

Equator

G

D
C

O

Earth

L

B

U

J

A

South (S)

 

FIGURE 17.5                                                  



209Advancements in Solar Thermal Technology: Heating and Cooling

TABLE: 17.2
Thermal efficiecies of different solar collectors [4].

Collector Type

Efficiency in Different Temperature Range (%)

Low 
(100°C–150°C)

Medium 
(150°C–250°C)

High
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FIGURE 17.9(a)                         
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FIGURE 17.9(e)       fi                                 
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18.2.1  transient angle instability
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18.6  FUNDAMENTALS OF PHASORS AND 
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19.7  RESULTS AND DISCUSSIONS
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TABLE 21.1
Generation Mix in the State of Andhra Pradesh
Source 2014–2015 2015–2016 2016–2017 2017–2018 2018–2019 2019–2020*

                                         

                                           

                                 

                                 

                                       

Subtotal 8,225 9,948 10,667 11,705 12,407 12,013
                                  

                               

                        

Subtotal 1,650 2,585 6,240 6,895 7,793 8,321

FIGURE 21.1                                                                          
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TABLE 21.2
Installed Capacity Versus Peak Demand in the State of Andhra Pradesh
Year Installed Capacity Peak Demand Q3 Q2 Q1 Base Demand
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TABLE 21.4
Proposed Solar plants in Andhra Pradesh

S. No. Location/Solar Park Name
Bid Capacity  
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Capacity  
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Final Tariff  
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Existing Solar Plants in Andhra Pradesh
S. No. Solar Plant Capacity (MW)
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TABLE 21.7
Economic Analysis of Pumped Hydro Energy Storage Plant
S. No. Item Expenditure in  

Crores of Rupees
Income in  

Crores of Rupees
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22.17.3  case 3
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TABLE 23.1
Vehicle Calculation Parameters
Type Parameter [unit] Symbol Value

Battery Pack                       
                     

Power Train                         
Vehicle                         sreq    

                    vmax   
                    trup   
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                  fi                                µ f  
                           hv    
                          wv       
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                             mpsg

    

Other                    r            
                                           g       
                   ρ      
                       fi                        crr      

                     fi                        cd     
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23.3.3  energy consuMPtion
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Propulsion Energy Consumption
Parameter [Unit] Symbol Value
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A serial connection of the battery cells results in an 
increase of voltage, where the total voltage of a string is the 
sum of voltages of each battery cell.

A parallel connection of serial strings results in the 
increase not only of the total capacity but also of the total 
current that the battery pack can deliver. If the battery cells 
are of different model and maker and there is a difference of 
the battery cell capacity, this will affect the battery pack’s 
capacity. In this case, the total capacity of a serial string will 
be equal to the lowest capacity of the battery cells within 
that string.

This is one of the reasons the battery pack needs to be 
formed out of battery cells of the same maker and model. 
Furthermore, the battery cells used in a battery pack should 
also be of the same production batch, to secure the most 
similar chemical properties possible. This is to ensure a lon-
ger battery pack life expectancy and a more reliable state of 
charge (SoC) calculation. Of course, nothing is ideal, but 
this is a favored precaution.

It is made out of 22 segments that are made from 4 
prismatic battery cells that result in a total of 88 serially 
connected battery cells. With a single voltage increment 
of 3.7 V, the total voltage of the 88 battery cells is around 
330 V.

It is built from 16 modules that consist of 74 cells con-
nected in parallel and 6 in series, and it results in a total of 
7,104 battery cells. The battery cell’s voltage is 3,6 V, with 
the capacity of 3,400 mAh; this results in a total of 345,6 V 
and 251,6 Ah.

23.3.9  battery Pack conFiguration

The voltage level of the battery pack determines the maxi-
mum electrical power which can be delivered continuously. 
As always, the nominal power Pn [W] is calculated with the 
nominal voltage Un [V] and the nominal current Ir [A]:

 P U In n r    (23.18)

Low voltages result in higher currents, and as the current 
rises, the thermal and voltage drop losses rise as well, which 
leads to greater wire diameters. While the current is limited 
not only by the battery cell maximum current but also by 
the connector and wiring losses, the voltage is only limited 
by the price of the inverters and converters connected to it. 
It is common practice to increase the battery pack’s total 
voltage and keep the current at a lower value to increase the 
total power of the battery pack. The most common nominal 
voltage used in the electric vehicle industry is just under 
400 V DC, but more and more manufacturers have started 
to increase the voltage to 800 V DC to decrease the electri-
cal and thermal loses and still get the desired power.

When the correct battery cell is selected for the application, 
the total battery pack voltage selected and the required energy 
calculated, the battery pack parameter calculation can proceed.

The battery pack’s required energy Ebp [Wh] is the 
average energy consumption Eavg [Wh/km] driven on the 
required range Dv [km].

 E E Dbp avg v    (23.19)

If the battery pack is designed as a battery storage unit, 
then the battery pack total energy is equal to the calculated 
energy demands of the device, household, industrial plant 
section, or the energy storage plant grid demand.

The total battery pack voltage Ubp [V] divided with the 
battery cell voltage Ubc [V] results in the number of bat-
tery cells in a serial string Ncs [-]. This integer division 
needs to be rounded up to a higher number.

 N
U

Ucs
bp

bc

=   (23.20)

Then the battery pack’s total voltage Ubp [V] needs to be 
recalculated to match the rounded-up battery cell number 
in a serial string. This is accomplished with rearranging the 
previous expression.

TABLE 23.4
Total Average Energy Consumption
Parameter [Unit] Symbol Value

Drive cycle time [h]  tcyc 1,13

Prolonged electrical load usage factor [-]  cp 0,60

Intermittent electrical load usage factor [-]  ci 0,10

Continuous electrical load [W]  Pcont
2010,00

Prolonged electrical load [W]  Pp
1464,00

Intermittent electrical load [W]  Pi
172,00

Auxiliary energy consumption of the driving cycle [Wh]  Eaux
4,119,98

Average auxiliary systems energy consumption [Wh/km] Eaux avg_
   150,4

Average total energy consumption [Wh/km]  Etot avg_
811,60

Total consumed energy for the given distance [kWh]
 
Etot con_ 202,00
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 E N Ebs cs bc           

                                                Ebp          
                                      Ebs                     
total number of cells connected in parallel Ncp           
                                                           

 N
E

Ecp
bp

bs

=          
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    battery pack’s size and mass                      
                                                             
                                                      
                                                          
                                                              
                               

Most of the battery pack’s mass and volume come 
from the battery cells themselves                     
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    total mass of the battery cells mbp                   
                                   mbc                       
                    

 m N mbp bp bc           

    volume of all the battery cells gathered together Vbp 
                                                     Vcc(pc) 
                                                          

 V N Vbp bp cc pc             

    maximum current of a serial string Ispc              
                                         Cbc                 
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 I C rate Cspc bcp bc            
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 I I Nbpp spc cp           
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23.4  ELECTRIC VEHICLE EXAMPLES
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23.5  ELECTRIC VEHICLE CHARGING
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TABLE 23.5
Battery Package for Different Battery Cells
Manufacturer Panasonic A123-Systems Molicel A123-Systems Toshiba Kokam

Serial connection [-]                   

Serial con. energy [Wh]                         

Parallel connections [-]                

Battery pack energy [kWh]                                     

Battery pack capacity [Ah]                                     

# total cells [-]                            

Battery pack mass (cells) [kg]                                          

Battery pack volume (cells) [l]                                      

Battery pack peak current [A]                                          

Battery pack peak power [kW]                                       

Battery pack continuous current [A]                                       

Battery pack continuous power [kW]                                      



314 Wind and Solar Energy Applications

                                                            
                                                         
                                                        
                                                           
                                                      
                                                             
        

                                                     
                     

                                                     
                      

                                                  
                          

23.6  RENEWABLE SOURCES OF ENERGY 
AND ELECTRIC VEHICLES
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25.4.1  steaDy-state analysis
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FIGURE 25.7                                                
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FIGURE 25.9                                                
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FIGURE 25.11                                                
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FIGURE 25.14                                                    
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FIGURE 25.16                                                    
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TABLE 25.5
Cases of Shading Patterns
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TABLE 25.6
Comparison of Simulated and Experimental Readings of Proposed Global MPPT

S. No.

Case I Case II Case III Case IV
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PL Load power (kW)
PW Power from wind source (kW)
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Pae Power from aqua-electrolyzer (kW)
H2s Hydrogen stored in tank (Moles/s)
Pb Power from battery power (kW)
Qb State of the charge of the battery (kWh)
 P Power deviation (kW)
 f Frequency deviation (Hz)
fsys System frequency (Hz)
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Tsim P-f droop-in (MW/Hz)
J Performance index based on ITSE (integral time squared error) criteria
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Cp Power coefficient
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26.1  INTRODUCTION: BACKGROUND 
AND MOTIVATION
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26.3  DESIGN OF REINFORCED LEARNING 
MLP-BASED CONTROLLER 
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26.4 SIMULATION RESULTS AND ANALYSIS 
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26.5  CONCLUSIONS
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26.6  APPENDIX

 A)  Parameters for solar power
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