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Abstract

A proper power electronic circuit is critical in the hybridization of various sources
of energy as their relevance is reached a milestone in the area of hybrid energy
application. A dual input bridge type DC-DC converter to incorporate various
energy sources is introduced in this paper. The proposed converter is better suited
for all the basic modes of operations like buck, buck-boost etc. In this paper
experimental and simulation validation of the converter is performed for buck-
boost operation. Performance evaluation with other reported topologies is done
based on the various aspects such as efficiency, component count etc. It clearly
reveals that the given converter holds large voltage conversion ratio, fewer number
of components and a good efficiency profile.

Keywords. Hybrid energy integration, multi input DC-DC converters, DIBC
converter.

1. INTRODUCTION

Due to increasing demand of non-conventional sources in the power generation
scenario, the hybridization of various energy sources has gained more attention.
Hybrid Energy System (HES) is a key answer intended for the problems
associated with the power generation from the individual energy sources. These
renewable sources and storages like a battery are greatly utilised to structure an
HES [1-2]. In conventional method, multiple numbers of DC-DC converters with
single input are coupled in parallel manner and it marks in high intricacy in
controller part, high cost, and reduction in the compactness and low efficiency
profile. To surpass these drawbacks, the perception of multi input DC-DC
converters (MICs) is discussed. Major attractive features of MICs are reduced
complexity, cost and good efficiency profile [4-6]. Since MICs have several
advantages compared to single input converters, their application is radically
increased in the recent HES applications. Many MICs are previously reported in
the literature [4-14], where they classified in to isolated and non-isolated MICs. In
isolated topologies, the existence of transformers with multiple winding to provide
isolation enhances the cost of the system and also enhances the complexity. A
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MIC with flux additivity feature is discussed in [7]. Various MICs and their
identification methods are described in [8-10]. A two input converter is introduced
for distinct sources addition in [11]. A new MIC that can be applied for renewable
applications is introduced in [12].

The converters discussed in the literature can be used for a variety of applications.
But some of the converter [3], [12] are restricted for the simultanecous power
supply from the input sources. Even though some MICs [4] are well suited for
both individual and simultaneous power supply, large number of components
present in these converters increases the complexity and reduces the efficiency.
Many of the reported MICs are only capable for unidirectional operation; hence
they are not appropriate for specific applications such as electric vehicle where bi-
directional operation is an essential criterion. Thus, in this paper, an effort is done
to propose a Dual input Bridge type DC-DC (DIBC) converter that is skilful of
parallel and series energy supply capacity from input sources without any
compromise in efficiency and cost. The operating principle and functioning states
of DIBC converter are described in subsequent sections.

2. DuAL INPUT BRIDGE TYPE DC-DC (DIBC) CONVERTER

The idea of DIBC converter is conceived from the concept of normal DC-DC
converter. The structure of DIBC converter topology is displayed in Figure 1. The
circuit has diodes (D;&D,) and power switches (Si-Sm) along with the inductor
and capacitor. With the proper control of S;, S, and S, the individual, concurrent
operation of the inputs can be realized. The conduction of diodes and S, decides
the possible operating modes. With respect to switching scheme opted, four
working states are present in buck-boost mode as revealed in Figure 2 (a-d).Four
functioning states of DIBC converter are mentioned below:

State 1: Figure 2a shows the equivalent circuit of state 1. Here S; and Sy, are ON,
where the other devices are non-conducting. Thus V; energizes the inductor and
energy to the load is provided by the capacitor.

State 2: Figure 2b shows the equivalent circuit of state 1. Here, the ON devices are
S, and Si and all other devices are turned OFF. Here, energy to the load is given
by the capacitor, source V charges the inductor.
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Figure 1. Basic circuit of DIBC converter.
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Figure 2.States of DIBC converter (a) V; is delivering the power (b)V; is delivering the
power (c¢) V| and V, simultaneously supplies the power (d) Freewheeling state.

State 3: Figure 2c displays, the converter circuit in state 3. The conducting devices
are S; and Sp, and all other devices are in non-conducting state. Ssconduction
supports to realize the series supply of inputs. Here, the inductor is energized
simultaneously by both input sources.

State 4: Figure 2d shows the structure of the converter in state 4. Only diodes are
conducting in this state and the inductor energy is freewheeled through D; and Ds.

2.1. DIBC Converter Analysis

The Detailed converter analysis is conducted in CCM of the inductor for buck-
boost operation. Based on the concept of volt-second balance, a DC-DC converter
should have zero average inductor voltage which can be expressed as

Vidy + Vody + (Vi + V2)ds = V(1 —dy —dy —d3) =0 (1
Hence the expression for the output voltage is
Vydq+Vody+(Vi+V3)d3
= 2
Yo (1-dq—dz—d3) @)
The value of the inductor can be determined from the below expression;
[ = fo(=(di+dy+ds) 3)

Aipf
Similarly, the capacitor value can be determined as

Vo(di+d+d3)

€= s @
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3. SIMULATION ANALYSIS AND DISCUSSION

The converter simulation is performed in MATLAB/Simulink platform. The
specifications chosen are revealed in Table 1. Waveforms of DIBC converter in
buck-boost state for a total duty ratio of greater than 0.5 are depicted in Figure 3.

From Figure 3(b), it is observed that

the inductor is energized with a voltage of 90

V and 70 V for first two working states. Then it is energized with 160 V (V+V,)
for d; and is de-energized with -240 V (-Vo).

Table 1. Simulation parameters of DIBC converter.

Vo (V)
Input1(V) Input2(V) L(mH) C @uF) F (kHz)
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Figure 3. Simulation wave form: (a) output voltage, current (b) inductor voltage, current (d
>0.5).
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Figure 4. Simulation wave forms: (a) Load voltage, current (b) voltage, current of inductor

(d<0.5).



Figure 5. Ripple content in load voltage and current in steady state condition.

Simulation waveforms of the converter for a total duty ratio of less than 0.5 in
buck-boost mode are illustrated in Figure 4. The inductor is charged by 90 V, 70 V
and 160 V for d, d, and d; correspondingly. Finally, it is de-energized by V (-Vo).
The simulation of DIBC converter is done with ideal components, due to which
the results are so closer to theoretical investigation of the converter. Figure 5
shows the ripple contents presents in the output current and voltage. From the
analysis it is verified that the amount of ripple contents are within the permissible
limit.

4. EXPERIMENTAL RESULTS

To verify the practicability of DIBC converter in real time condition, a hardware
prototype is built. Using LabVIEW 2013 software, gate pulses are generated by a
frequency of 20 kHz. The switches of DIBC converter are realised with IRFP 460
MOSET and MUR 860 diodes are also used. The specifications considered for the
analysis are already tabulated in Table 1. Various waveforms such as output
voltage, inductor voltage etc., are recorded and are illustrated in Figure 6 (a-b).
For a duty ratio lesser than 0.5, the voltage obtained at the output is 77 V (Figure
6(a)), and for a duty ratio of greater than 0.5, the measured output voltage is 200 V
(Figure 6(b)). Here the experimental and simulation results are well matched each
other. From these results it is inferred that, the DIBC converter is well appropriate
for the hybrid energy source incorporation and is competent to deliver energy to
the load in individual and simultaneous manner. The efficiency values are plotted
with respect to the power variation as given in Figure 7. From the figure, it can be
summarised that the efficiency range of DIBC converter is good. Quantitative
comparison of the DIBC converter with other converters is conducted based on the
parameters like, efficiency, count of switching devices etc., and are described in
Table 2.



CH1: VL : 50 V/div, CH2 : Vo :50 V/div, CH3 : lo : 2 A/div, CH4 : IL: 1 A div
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Figure 6. Hardware waveforms of voltage, current of the inductor, output voltage and
current (a) for duty ratio less than 0.5(b) for duty ratio greater than 0.5.

Figure 7. Efficiency analysis of DIBC converter.
Table 2. Comparison of DIBC converter and other reported MICs.

Converter Sw1tc.h1ng Inductor Capacitor Voltage Efficiency
proposed Devices stress
(%)
Converter in [4] 2n n 1 Vo 78-91
Converter in [6] n+4 1 1 Vi 80-92
DIBC converter n+4 1 1 Va 88-93

n: Number of inputs

5. CONCLUSION

A two input bridge type DC-DC converter is proposed in this article to include
two input sources. Complete converter analysis is performed for buck-boost
operation. The hardware evaluation of DIBC converter is conducted to confirm the
correctness of simulation outcomes. From the analyses, the converter operation is
found acceptable. The efficiency analysis of the DIBC converter is conducted to
confirm the superior performance DIBC converter. From the overall analysis, it is
noticed that the DIBC converter has certain merits such as optimized structure,
low voltage stresses and lower component count due to which the converter
efficiency is good. These merits definitely boost up the significance of DIBC
converter in the specific applications such as renewable energy incorporation,
microgrid, and hybrid electric vehicle.
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Abstract.

The load dispatch centre must identify critical or weak buses for each operational situation.
It is now more important than ever due to the potential of voltage instability and voltage
collapse. This article explore the application of data mining and machine learning
techniques to identify and to predict the critical bus ranking under n-1 condition. In the
process of static steady analysis, there will be a significant amount of data will generate
during the contingency analysis process, and it is critical to figure out how to transfer that
data to the system's value in order to evaluate the severity of the system. Data analysis
through the use of data mining and machine learning techniques helps to predict the risk
that bus services may suffer in a variety of load scenarios. The study is carried on IEEE 30
bus system; the data for the study is generated by computing VCPI for different load
conditions. In the analysis, the MATLAB & WEKA Data Mining Software was employed.

Keywords. Contingency analysis, VCPI, Critical Bus, Data Mining, Machine Learning,
severity prediction.

1. INTRODUCTION

The possible reasons for a power outage can range from major (with a huge impact) to
minor (with a small impact). To properly control and ensure power system failures, impact
assessments and system contingency rankings are essential. A system which compares the
losses of one machine to the others' influence is utilized to conduct a general critical load
bus identification (N-1 contingency criteria). There is often a consideration for the loss of
a generator, a transformer, and a transmission line in the N-1 contingency analysis. [1-3].
Increasing use of stressed power systems creates voltage stability and system security
challenges. A huge issue is the impact of a power outage. It's significant since one of the
main problems is the frequency of a line outage, which has a drastic influence on the
system's balance (pre-contingency case) electric power demand that allows for the utility
provider to adjust the frequency without instability [4].

When a line outage occurs, the system is forced to function under the contingency state for
an extended period of time. To avoid voltage collapse, a previous knowledge of the load
bus voltage stability margins under various contingency situations is required. This may be
acquired by monitoring and taking control action against any changes in those margins.
One of the major causes of voltage collapse is the system's failure to provide reactive
power, as a result of a growing load [5].

The likelihood of voltage collapse occurring is strongly influenced by the maximum load a
certain bus can support. Trying to raise the load past this threshold would lead to the
system falling out of control, which might cause the voltage to collapse. The massive
overload would seem to prove that the main system's power capacity would be unable to
handle it [4-5]. The maximum loadability of a load bus in the system is estimated using
VCPI. The load buses are rated according to their maximum loadability, with the lowest
maximum loadability being placed first. The bus has the least amount of strength, since its



maximum load capacity is low, and the load has already overloaded the voltage to the
point of failing.

Planning or operation engineers can utilize this information to ensure that the amount of
equipment they install does not put the voltage stability limit at risk by beyond the
maximum loadability of the system. Overloading a bus above a certain critical level leads
the system to collapse unless the system is adjusted properly. The key voltage stability
margin is what this study defines as the threshold for bus loading. Estimating the criticality
of a bus may be done by calculating the voltage stability margin. It is important to know
where to put the additional voltage support devices so as to minimize voltage instability,
which is why figuring out where the key buses are is advantageous.

The planning power engineer must use this facts to correctly communicate. So, Big Data
and machine learning approaches are providing a new framework that gives solutions to
clean up poor data and support the power engineers in making informed decisions in the
future about operation and planning [6-7]. The relevance and use of big data analytics in
many areas is comprehensively discussed [8]. The simulation data is mined using a data
mining tool with a j48 classification algorithm to estimate the transmission line severity

[6-71 [9].

The VCPI is employed in this article to rank the buses. Data analytics tools are used to
process the huge amount of data that is generated from simulation, and machine learning is
used to evaluate the potential severity of the bus condition and identify conditions that
could lead to it. Training data is evaluated by running the j48 classification algorithm and
is fed to the machine learning, which identifies the potential risks that the bus could face.

This document has six parts. Section II describes the critical bus ranking technique.
Section III introduces a data mining process. Section IV describes the proposed algorithm,
whereas Section V discusses the Case Study and Results. Section VI concludes.

2. APPROACH OF CRITICAL BUS RANKING

The load dispatch centre must identify the crucial bus for a particular operational state.
According to the operator's needs, these important buses will be prioritized based on load
situations and voltages. Recent power systems' voltage instability and voltage collapse
have made the bus ranking duty even more critical. The voltage collapse prediction
indicator (VCPI) combines the voltage magnitude and voltage angle information at buses
and the network admittance matrix to forecast voltage collapse [5] [10]. A successful
approach of assigning importance to buses based on their capacity to tolerate voltage
disturbances. The load restriction technique is used to create a ranking index for buses.
The index identifies how bad things go in a bus (such as excessive voltage oscillations) if a
particular situation occurs. The critical bus in the system is determined by an indication of
voltage collapse [10]. The effectiveness of load monitoring may be achieved for all the
load buses in the system utilizing VCPI. The model may be derived at bus k by using
complex number identities, as stated in Eqn (1). When VCPI is equal to 1, the system is
considered unstable [11].

2

vcplkm,bus=1—m¢\k/ e (D)
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3. CRITICAL BUS ANALYSIS USING DATA PROCESSING AND DATA
MINING

In the process of computing VCPI for various load condition, a huge volume of data will
be generated dusting the steady state analysis. Handling the data is the huge problem of
today because of the fast expansion of extracting data and transforming it into usable
information. Data mining is a way of detecting patterns and valuable information using
huge data sets. Even while organizations have seen more improvements in data
management, their executives are still running into issues with scalability and automation
[12]. This research analyses the relationship between data mining methods and support,
and it will be possible to categorize the various methods into two distinct aims: either
defining the target dataset or creating algorithms to make predictions [13].

The power engineers use data mining to identify significant information, connect patterns,
and spot linkages. The typical sequence of Data mining includes four steps: establishing
objectives, collecting and processing data, applying Data mining techniques, and assessing
results. There are many simulations have to be done to learn the load flows of the system
under different loading circumstances in order to better understand the results of
contingency analysis. Many data processing steps will be needed in this process; data
mining will be better suited to addressing the contingency analysis of power systems [3]
[6-7].

Set the specific Data Evaluating results

object as a Bus collection Data Data mining and predicting the

Severity from Preparations techniques severity of the Bus
Prediction simulation Condition

Figure 1. Data mining process applied to contingency study of power system

The schematic process flow of data mining techniques is presented in Figure 1, which
illustrates the use of contingency analysis on the power system. Setting the specified object
is the initial stage of data mining, and should take the least amount of time. First, data must
be collected. This approach may vary depending on the system being used. Initially, three
types of data are collected: Structured, unstructured, and semi-structured data.

To aid power engineers in addressing important issues, data mining collects and organizes
data sets from simulation processes. Depending on the dataset, limiting the number of
dimensions might further improve performance. While high frequency patterns have
broader applications, data variances may be more fascinating to suggest probable severity
forecasts. It is possible to apply classification algorithms based on the provided data at the
fourth stage of data mining process. This is done by labelling the incoming data
(supervised learning). The findings must be examined and comprehended when the data is
aggregated. When finishing results, they should be valid, fresh, useful, and understandable.
When these conditions are met, the suggested system may use this data to develop new
techniques for successful severity prediction of bus.

4. PROPOSED ALGORITHM

The data mining approach was applied to the contingency analysis of the power system to
rank the severity of the buses. The VCPI was calculated in accordance with eqn. (1). The
following algorithm demonstrates the use of the constructed model; the model is shown to
be effective.

Step No. 1:  Read System Data.

Step No. 2:  Compute the load flow solution by NR Method.



Calculate Voltage collapse proximity indicator for different load

Step No. 3: conditions.

Step No. 4:  Computed results to be saved.CSV file format.

Step No. 5:  Read the Voltage Collapse proximity indicator of each bus.

Step No. 6:  Data Processing Using Big Data Analytics tool.

Step No. 7:  Select Explorer in WEKA & Load the Data file saved in. CSV file format

Click on classification and save file in .arff format after selecting Select

Step No. 8:  Classification-Tree-J48, and use training set and click on the start option
to predict the severity and ranking of the each line.

9: Right Click for option of tree J48 which is shown on the Result List

Step No. .
window.
Step  No. . . . .
10 Print the severity and contingency ranking of bus.

Supervised learning is a machine learning technique that anticipates the input-output
relationship. Supervised learning is used to determine transmission line severity under
various load situations. Regression and classification models are among the most
prominent groups of techniques used for control [6-7] [14]. A classification algorithm may
be used in operational data mining to create models of both classification and regression.
Decisions are made using a decision tree, the basis of which is a tree categorization [6-7]
[15].

5. CASE STUDY AND RESULTS

The suggested method's performance is tested by using IEEE-30's bus system to run a
simulation. For the active and reactive power, the convergence limit is 0.00001. The basic
MVA of the system is 100 MVA. The IEEE-30 bus system consists of 1-slack buses, 5-
generator buses, 24 load buses, and 41 transmission lines [3]. When it comes to finding out
the root cause of power system instability, critical bus is important. The identification of
the most important bus occurs by prioritizing buses by importance. A transmission-line
outage was the scenario taken into account. In this scenario, you take off one transmission
line at a time. Critical buses are ranked by the usage of VCPI for IEEE-30. The case
studies analysed are explained by considering two different loading condition under single
line transmission out age conditions.

Table.1: List of Bus Ranking under n-1 of transmission line outage with base load

condition.
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The ranking for the buses was based on the computation of VCPI. The rankings are as
mentioned in table 1 for different line outages and it is observed very clearly from the table
1 the bus ranking is varied for different line outage scenario. The critical bus rankings are
dependent on how severe the situation is. Critically severe ranges from 1 to 10, then from
11 to 20 and 21 to 30 for the lower levels of severity as mentioned in the table.

Table.2: Critical Bus Ranking Classification

Critical 1to 10

Semi- Critical 11 to 20

Non-critical 21to 30

The same analysis was carried for different loading and observed it for top 10 contingency
ranking is listed. The single line outages are considered into account separately to prepare
the data for different loading conditions, in all three scenarios. The data produced is firstly
pre-processed and categorized with j48 classification algorithms by ranging as critical,
semi-critical and non-critical.

Table. 3: Trained Data set for Base Load Condition for different line outages.

C No 3 Critical Critical
C No 3 0.1340 | Critical C No_12 0.1596 | Critical
C No_ 3 0.1649 | Critical C No_12 0.1598 | Critical
C No 3 0.1026 | Non Critical C No 12 0.1154 | Semi Critical
C No 3 0.1054 | Semi Critical C No 12 0.1043 | Semi Critical
C No 3 0.0522 | Non Critical C No 12 0.1318 | Critical
C No 3 0.0879 | Non Critical C No 12 0.1323 | Critical
C No 3 0.0866 | Non Critical C No_12 0.1021 | Semi Critical
C No 3 0.0963 | Non Critical C No 12 0.1094 | Semi Critical
C No 3 0.1420 | Critical C No_12 0.1107 | Semi Critical
C No 3 0.1915 | Critical C No_18 0.1099 | Semi Critical
C No 3 0.1551 | Critical C No 18 0.1307 | Critical
C No 3 0.1644 | Critical C No 18 0.1125 | Semi Critical
C No 3 0.1445 | Critical C No 18 0.0513 | Non Critical
C No 3 0.1320 | Semi Critical C No 18 0.1029 | Semi Critical
C No 3 0.1468 | Critical C No 18 0.1041 | Semi Critical
C No 3 0.1324 | Semi Critical C No 18 0.0469 | Non Critical
C No 3 0.1293 | Semi Critical C No 18 0.0936 | Non Critical
C No 3 0.1315 | Semi Critical C No 18 0.1196 | Semi Critical
C No 3 0.1297 | Semi Critical C No 18 0.0819 | Non Critical

C No 12 0.1199 | Critical C No 18 0.1636 | Critical

C No 12 0.1346 | Critical C No 18 0.1542 | Critical

C No_12 0.1166 | Critical C No_18 0.1560 | Critical

C No 12 0.0554 | Non Critical C No 18 0.1252 | Critical

C No_12 0.1069 | Semi Critical C No_18 0.1363 | Critical

C No 12 0.1077 | Semi Critical C No 18 0.1288 | Critical

C No 12 0.0506 | Non Critical C No 18 0.1313 | Critical

C No 12 0.0976 | Non Critical C No 18 0.1172 | Semi Critical

C No_12 0.1214 | Critical C No_18 0.1194 | Semi Critical

C No 12 0.0816 | Non Critical C No 18 0.1264 | Critical

The severity was predicted based on VCPI which was computed for different line outage
condition, the data generated during this phenomenon was in high volume and was
processed with the help of data analytic and machine learning tools. In this analysis 65%
of the data is used for training to predict the severity of the line and 35% of the data is used
to test based on the training data set. Table.3 shows the training data set for the different
load condition.
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Figure 2. Decision tree for predicting the severity condition of the buses for different line outages.

Table. 4: Tested Data set for Base Load Condition for different line outages

Critical C_No_12 0.0705 'Non Critical'

C No 12 | 0.1133 'Semi Critical'
C No 12 0.0164 'Non Critical'
C No 12 0.0989 'Non Critical'
C No 12 0.0896 'Non Critical'

C_NO_I 8 0.12 Critical

C No 18 0.1218 Critical

C No 18 0.0894 'Non Critical'
C No 18 0.0797 'Non Critical'
C No 18 0.1057 'Semi Critical'
C No 18 0.0712 'Non Critical'
C No 18 0.0929 'Non Critical'
C No 18 0.1003 'Non Critical'

'Semi Critical'
C No 3 0.1034 'Semi Critical'
C No 3 0.1224 'Semi Critical'
'Non Critical'

'Non Critical'

'Semi Critical'
C No 3 0.0091 'Non Critical'
C No 3 0.1025 'Non Critical'
C No 3 0.0931 'Non Critical'

C No 12 | 0.1222 Critical

C No 12 | 0.1146 | 'Semi Critical'

C No 12 0.0763 'Non Critical'

C No 12 0.1062 'Semi Critical' C No 18 0.0043 'Non Critical'

C No 12 0.0905 'Non Critical' C No 18 0.0844 'Non Critical'

Figure.2 shows the decision tree chart for the basic loading condition for different line
outages was illustrated. By considering the categorization, in table 4, the critical, semi-
critical and non-critical ranges are tabulated and severity forecast for the buses based on
the VCPI’s are provided. The Figure 3 shows visualization classifier error for base load
condition under different line outage. The data scattered visualization is obtained for
different condition and analysed by using the visualization classifier errors. Based on the
training data set, the sample missing data set conditions are predicted for the base load
condition under single line outage is shown in Figure 4.

Figure 3. Visualization of Condition versus line number for base load condition for line outages



6. CONCLUSION

This study employs a classification approach to predict the critical buses by computing
VCPI, and it does so depending on the ranking procedure. The J48 classification technique
yielded nearly identical results to manual categorization. Using the top 10 rank index
values, it was decided that rank-10 represents a serious issue, with rankings from 10 to 20
representing partially severe conditions, and ranks more than 20 representing typical
conditions is achieved, the proposed method efficient to predict the severity of the busses
by using the data mining technique, simulation data is processed and severity of the busses
were predicted by using classification algorithm.
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Solar thermal energy conversion cycle is a preferable option for process industries both for steam
generation and electricity generation. Linear Fresnel Reflector (LFR) Technology is becoming equally
competitive to Parabolic Trough Technology for the past five years. It is cost effective, easy to install
and requires relatively less land area. In this paper, a solar thermal energy conversion cycle with
energy storage is designed based on LFR technology for a 5 MW electricity generation. Process heat
generating industries in India can utilize the solar energy and power their equipment during solar and
non-solar hours. Solar field based on LFR collectors is designed to heat the heat transfer fluid (HTF)
flowing through the absorber tube. Solar salt in molten state is used as both the HTF and thermal
energy storage (TES) material. Solar resource assessment data for a few Indian cities is mapped from
National Solar Radiation Database (NSRDB) database. Length of the solar field along with different
TES materials is designed for each location. The variation of mass flow rate of HTF against the plant
operating hours is also analysed. The solar field area is an optimum choice between the plant
equipment cost and the monthly electrical units generated. Out of ten locations analysed in this work,
Ananthapuramu happens to be the best place for harnessing solar energy to generate electricity
through thermal energy conversion cycle. At this place, annual energy yield of a 5 MWe Linear
Fresnel solar thermal power plant is 12,500 MWH with 6 hours of storage.

Keywords: Solar thermal, Linear Fresnel Reflectors, Thermal Energy Storage, Annual Energy Yield,
Molten Salt, Ananthapuramu.

1. INTRODUCTION

India is a country that has a locational advantage to capture sun energy with respect to equatorial
plane. For most of the sites in India, average annual solar global radiation value is 5.75 kWh/m?-day
[1]. Solar thermal energy conversion is useful for industries for both process steam and electrical
power generation. Ministry of New and Renewable Energy Sources has been trying to encourage solar
thermal power for a decade in India. National Institute of Solar energy (NISE) at Gurugram has a test
setup of 1 MW solar thermal power plant based on Parabolic Trough Collector (PTC) and Linear
Fresnel Reflector (LFR) Technology [2]. Private developers have established these PTC based power
generation units in megawatt sizes at Rajasthan and in Andhra Pradesh in during 2013-2014 [3.,4].
World’s largest Linear Fresnel Power plant is commissioned in India in 2014 and generates 280GWh
of electrical energy per year [5]. LFR technology has crossed the demonstration stage but still not
matured as PTC in terms of using it for process industries ranging from 500 kW to 5 MW in India.
Telangana, Andhra Pradesh and other states have the solar thermal energy potential of 229 GW with a
threshold Direct Normal Irradiance (DNI) of 1800 kWh/m?/year and 36 GW with a threshold DNI of
1800 kWh/m?*/year [6]. There are a few important industrially popular sites in India with interesting
values of DNI (with averages above 500 kW/m?) that are favourable for LFR implementation. Such



sites have been invariably chosen to perform simulations in this work. Existing Process industries
require steam for processes such as laundry, water and milk pasteurisation, automobile washing,
agricultural drying, sterilization, fermentation and chemical synthesis. During the non-production
times, the same plant can also feed electrical power to the grid as well or can operate on a hybrid
scheme. Solar thermal projects for process heat and electricity power generation requirements can
utilize the thermal energy storage (TES) to achieve a thermal backup for a discharge duration of 4
hours to 18 hours. Mount Abu, India has a solar thermal power plant with TES based on Scheffler
dish that generates steam for daily cooking purposes. This plant was funded by UN Development
Programme (UNDP), Global Environment Facility and Ministry of Renewable Energy Sources
(MNRE), Government of India and uses a Cast Iron TES block at 450°C to supply steam. Cast Iron
and Molten Salt have only been tried in India till date as TES, where in usage of other storage
materials made of Phase Change Materials (PCM) is yet to reach the commercial usage.

LFR concentrated solar thermal technology is most promising for electric energy
production and process steam generation with a remarkable potential to reduce construction and
maintenance costs [6]. In India, commercial LFR based solar thermal power plants cost Rs. 12 Crore
per MW with an additional capital cost of Rs. 2 Crore per hour of TES [17].

Table 1 presents the list of relevant global research works on LFR performance simulation and
couple of Indian commercial solar thermal power plants.

S.No | Details of the LFR plants in

Literature

1 K.S. Reddy et al. (2012)

Techno-Commercial Performance Parameters reported

Net Energy Efficiency of 1 MWe - 16%
Net Energy Efficiency of 50 MWe —27.21%

Levelized Cost of Energy (LCOE) — Rs. 10.19/ kWh

Solar thermal power plant

100 MW Modelling & Simulation

[8] Software used — Cycle Tempo

263,973,360 kWh with the plant efficiency of 18.3 %. The
capacity utilization of the proposed LFR plant is found to be
] 30.2%.

Software Used — SAM (NREL)

2 Deepak and Sudhakar (2017)

3 Mokhtar Ghodbane et al.(2019)
[16]

thermal efficiency of the solar reflector has reached 37.5%;
absorbed tube temperature, it ranged between 264.78 and
347.78 _C; superheated steam temperature, it ranged between
233.38 and 263.73C

Software Used — Numerical Analysis in FEM coded in
MATLAB

Concrete

4 A. Buscemi, et al.

thermal energy storage for linear
Fresnel collectors for a Pasta
making Factory in Italy (2020)
[10]

Plant area including Solar field and storage area 11000 m?
Electricity units generated 4.3152 GWH

Overall Solar field efficiency 39% with 48% of solar energy
contributing to Storage.

Software Used: TRNSYS

Dadri Uttara India

(2015) [19]

Pradesh,

5 Reliance Solar thermal power | 280 GWh of electricity every year and can offset over 2.1
plant 125 MW, Rajasthan, India | million tonnes of carbon dioxide for 10 years. Software used:
(2014) [17] Not Applicable.

6 LFR Solar thermal power plant | 14MW plant developed by Thermax Ltd and Frenell GmbH,

30000 m? and Annual Energy Yield 14 GWh.
Software used: Not Applicable.




7 Danish et al. Innovative | greenhouse-LFR, the maximum thermal efficiency was
Greenhouse-LFR concept (2021) | 73.2% whereas for conventional-LFR it was 37.2%

[11] Modelled by SolTrace software

8 Present work 5 MWe solar thermal LFR and TES plant simulation
modelling software used is SAM, NREL [18]

Table 1. Literature survey on LFR solar thermal power plants and their simulation studies

2. SOLAR THERMAL POWER PLANT MODELING

LFR technology requires improvements in terms of achieving higher optical efficiencies but has better
competitive edge when compared for overall cost vs. efficiency. LFR achieves higher values of land use
efficiency and wind loads can be neglected to design their low-profile structure [7]. It becomes essential to
model a solar thermal energy conversion plant of LFR technology with TES for various sites in India for
evaluating the feasibility of a 5 MWe sizing plant. This research work performs simulations of LFR based solar
thermal plant for ten locations (cities) in India. The work is aimed at achieving following objectives:

1. Estimating the Annual Energy Yield at new potential locations in India with a 5 MW,
LFR Solar thermal power plant

2. Analysing the thermal and electrical outputs of the plant for 4 hours of thermal energy
storage.

2.1. Solar resource estimation at identified sites for LFR plants:

The potential for Concentrated Solar thermal Power (CSP) in India is estimated to be 2800 GW. But for CSP
projects, estimation of Direct Normal Irradiance is most important. Any deviations in the measurement of DNI
leads to increase in the number of Fresnel mirrors after the commissioning of the power plant. The uncertainty
in DNI values coming from Satellite data needs to be corrected with operating power plants data or through
theoretical modelling. Out of the ten Indian cities (that are industrially popular and have many process industries
present in and around) where data is collected from NSRDB database of NREL laboratory, basic solar radiation
assessment exercise is performed so as to analyse the availability of solar radiation as per the declination angle
and sun rise time. Solar declination is the angle between the earth-sun line and the equatorial plane.

Declination of any given location is given by the equation & = 23.45 Sin % (284 + n)l -—-(1).

Where n is the number of day and India, which is in Northern hemisphere, 6 > 0, during spring and
summer (May 21st to September 21st) there is no much tracking is required as optimum tilt for an Indian
location is zero for three months from May to July. And for those months where & < 0 (September 21st to
March 21st) the optimum tilt angle required for the collector is ranging in between 24.290 to 560 [13]. Hence,
studying the effect of declination angle with respect to sunrise time, so as to determine the tracking start time
and program their values for SCADA systems is much vital for a tracking system design. There are many
models to estimate the DNI values [14] and System Advisor Modelling (SAM) [18] developed by NREL, USA
uses the National Solar Radiation Database (NSRDB) that has the data pertaining to various sites in India
NSRDB data contains DNI, Direct Horizontal Irradiance (DHI), Dry-bulb Temperature, Dry bulb temperature
(°C), Dew point temperature (°C), Relative humidity (%), Atmospheric pressure (mbar), Wind speed (only 2
metres above the ground value) (m/s), Wind direction (°E of N) and Albedo pertaining to the chosen location. .
For designing the solar thermal collectors, only DNI data is significant.

2.2. Solar Thermal Power plant design

LFR based Linearly focussing systems are popular for both process steam generation and electricity
power requirements due to their less construction, installation and integration costs. The reasons are -
they do not have much moving joints, wind loads are lower due to near to ground mounting, least
shading problems, tightly packed area with mirrors and simple-to-clean systems. Main disadvantage
of LFR systems is they have optical losses. Concentrated ratios of LFR systems are 10 to 40, where as
those of the Parabolic Trough systems are in between 30 to 100 [6]. Power plant for electricity
generation using LFR technology has four major blocks — Linear Fresnel solar field, Storage Block,



Heat exchanger block and Power block (traditional Rankine cycle block without a boiler). In this
work, The solar thermal power plant is designed and modelling is performed using SAM tool [18].

Fig 1. Variation of Sun rise time in Hours with declination angle at various locations in India

Fig 2. Block diagram of Solar Thermal Power plant with LFR and TES simulation

2.2.1. LFR Solar field array design

Linear Fresnel Reflectors are made of multiple narrow segments of mirrors concentrating the sunlight
on an absorber tube above them. The absorber tube in LFR, is placed at the focal line of the Parabolic
Trough. The principal advantage of LFR is they are placed near to ground, leading to minimal wind
loads and less heavy structure. The basic module used in this work to design the LFR field array
consists of 11 primary reflector units amounting to a total reflector surface of 22m? and a receiver unit
[15]. The basic module is represented in the figure 2. Package density of the LFR module is defined
as the ratio of aperture area to ground area. Mirror reflectivity is 95% with Scott PTR 70 receiver with
direct solar absorptance 0.95 and optical efficiency of 0.635 at zenith angle. Maximum operating
temperature of the absorber is 400°C with a thermal loss coefficient of 0.000043W/m?/K?. Thermal
output of the LFR module shown in the figure 3, is given by 12.3 kW/m? with a total installation
surface area of 377 W/m?. Single loop aperture area is 7524.8 m* and there are 7 such loops in the
solar field. The characteristics of LFR system are defined as a function of overall efficiency of the



LFR system with respect to the temperature differential between the Heat Transfer Fluid (HTF) and
the ambient temperature. It can be observed that for ambient temperatures in India, the system
performance is near to its rated design efficiency value. The total collector area of 5 MW LFR power
plant is 85000 m?. Field are is 13 acres multiplied by non-solar field multiplier of 1.6.
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Fig.3. Drawing of the Fresnel solar collector module

Simulation Elements of interest Remarks

block

Solar Ion Direct Normal Irradiance (data available from
Resource NSDRB data base directly) in kWh/m?
Assessment

Solar Field Solar Collector Assembly (SCA) | Area of SCA (7.5mX 4.6 m)=22m’
Thermal output 12.3 kW per module [LF 11 ]
377 W/m? as per total installation surface area

Conversion efficiency of the | Maximum efficiency 66.3%
collector loop

Total area of the solar field 52673.47 m” with Solar Multiple Value = 2.3
Thermal energy output from solar | 30 MWy,
field
Net-Effective land area required | 85000 m?
by the plant
Heat transfer | Full load storage hours considered | 4 Hours
fluid (HTF)
TES Storage volume 282.289 m’
Storage Tank diameter 423 m
Minimum Fluid Volume 14.1144 m’
Thermal capacity of TES 50.38 MWy
Estimated Heat Loss 0.0436 MWy,
HTF outlet temperature 525°C
Design inlet temperature of HTF | 293°C
Cycle
HTF mass flow rate 35.9 kg/sec

Power Block

Rated cycle conversion efficiency | 39.7%

Net electrical output of the plant | 4.5 MW,
at Nameplate

Table. 2. Simulation parameters of Thermal Energy conversion cycle parameters of 5 MWe..




2.2.2. HTF and TES flow arrangement:

HTF fluid selected for this simulation and modelling is molten salt and is flowing through the solar field array
with 10 kg/hour that gets settled in hot and cold tanks. Hot and cold tanks are big cylindrical structures of the
size of 4.23 diameter. The variation of HTF mass flow rate vs. the solar time is presented in the figure 4. It can
be understood that outlet temperature of the HTF is almost directly proportional to the mass flow rate and is
maximum during the noon. Field HTF is maintained at a minimum operating temperature of 238°C and a
maximum operating temperature of 593°C. TES hot tank temperature is varying with solar time and reaches a
maximum of 475°C and at 2 PM, it starts decreasing till 465°C up to 10 PM. The simulation tool has provision
to use variety of Molten salts known as Hi-Tec Solar Salt, Therminol VP-1 and Dowtherm RP. Out of three
HTFs, Hitec salt is found to be superior in performance. Hitech Salt (Solar Salt) used in solar plants consists of
potassium nitrate (53% by weight), sodium nitrite NaNO, (40% by weight), and sodium nitrate (7% by weight)
with a liquid temperature range of 149°C - 538°C. TES is also Hitec salt here, whose minimum storage
temperature is 238°C in the simulation cycle. For 4-hours storage, Total tank volume is 313 m® for a thermal
capacity of 56 MWy, TES fluid density is 1829.33 kg/m?. Cold tank set point is 263°C. The power plant design
parameters are presented in table 1. The variation of mass flow rate and hourly variation of outlet temperature of
HTF flowing in the receiver tubes of the solar field along with solar time is represented in the graph for
Ananthapuramu Location at a mean day of the year. In between 8AM to 6PM the temperature and mass flow
rate of the designed plant are around 500°C and 160 Tonnes per hour respectively. Hourly variation of mass
flow rate and HTF outlet temperature during a solar day is represented in Fig 4.

Fig. 4. Variation of Mass Flow rate of HTF during a solar day in the field
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Fig 5 shows the variation of TES material Molten Salt in the cold tank vs. hot tank during the solar hours or
plant operation hours. It becomes crucial for the plant operation to maintain the temperatures of hot and cold
tanks at a minimum of 475°C so as to avoid the problems of HTF becoming frozen during cold climates.

—®— January
—&— February

900 - March
./'\ —y— April
200 4 / = R May
. - T —4— June
-
700 4 » /‘ July
. /vrrfvi—v S —#— August

v
600 4 ;: /4'\\

: e
500 4

400 R 7 ﬁ
i —

Y
)
[/
S
L

—&— September
—&— October
—&— November
'\. —+— December
\

L
v

Beam Radiation in WW/m

300
200 Y
100
0 T T T T T T 1
96'@ ?359 *\fb-'QQ *\7’-"@ ?@QQ *\6'QQ (\-'@ ?\%"@

Time in hours

Fig 6. Distribution of Solar beam radiation in Ananthapuramu (Anantapur), India Long. Latt.

Fig 6, depicts the daily solar radiation spectrum around the year in Ananthapuramu location which happens to
be highest of all the sites considered in this work. This place is the most favourable location for installing the
solar thermal power plants in India.

Fig 7, displays the mean monthly net energy generation by a LFR solar thermal plant of 5 MWe capacity. The
total number of electrical units generated Ananthapuramu in kWh has been found to be the highest.



—a— Adilabad

—=&— Anantapur

1600000 —&— Aurangabad
g 1500000 4 —w— Bhadrachalam
= Hyderabad
-é 1400000 4 —4— Pune
= 1300000 Puri
o —@— Solapur
5 1200000 + —#— Tiruvananthapuram
(2 1100000 —&— Visakhapatnam
[

L A

£ 1000000 A
o
> 900000 4 N )
S : X
£ 800000 o F
= *
= 700000 ~ ——
m
2 $00000 A
=

500000

400000 .

T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec
Months

Fig 7. Mean monthly net energy generation units at various sites

I Average energy yield without thermal energy storage
13000 - [ Average energy yield with (t+2) hours of thermal energy storage

I Average ener ield with (t+4) hours of thermal energy storage
g9 ayy qy 9

19500 4 1 Average energy yield with (t+6) hours of thermal energy storage

12000
é 11500 4
=
£ 11000
=
2
> 10500 4
>
2
@ 10000 4
c
7]
w 9500 4
3
E
< 9000 H

8500 A

8000 4 L

> ’ & ; & $ & &
EAF A A AR A
Al & Qsﬁ & &
V@Q v & @

&

<&

Fig.8. Annual Energy yield in kWh at various locations in India

Graph 8, compares the annual energy yield with and without storage at each location with
Ananthapuramu being the location with the highest AEY.



Fig 9 and 10 show the variation of thermal and electrical power output from a 5 MW LFR
plant installed at Ananthapuramu with its input Solar radiation i.e DNI. This annual
average value is the point of interest to the power plant developer in preparing their
detailed project report to be submitted for bankability.
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3. CONCLUSIONS

Solar thermal power plants are a preferable option to electricity where transportation of
fuel is expensive such as deserts and dry arid land areas. Linear Fresnel Reflector (LFR)
based solar thermal is a reliable, cost-effective technology for power generation in India.
Ten industrially significant locations have been taken for analysis in this study and
simulations have been performed to predict the Annual Energy Yield (in MWH, per year)
of a 5 MW, LFR solar thermal power plant with TES, across all these locations. Out of all
these locations, Ananthapuramu, Andhra Pradesh has been identified as a potential site for
a 5 MW LFR plant. Ananthapuramu with the longitude and latitude values of 14.36 and
77.65N is a popular solar site with the high values of measured DNI. LFR technology has
the advantage of cost vs. performance over the other concentrated solar thermal
technologies. A 5 MW LFR solar thermal plant can generate 12500 MWH of Annual
Energy Units at Ananthapuramu with energy storage being considered. The modelling &
simulation performed in this work will be useful for analysing the daily and monthly
performance of the plant with TES. This work highlights the usage of SAP modelling
software for the simulation of concentrated solar thermal plants. With such analysis, power
plant designers and developers can get an initial estimate on performance and can analyse
the techno-commercial feasibility of the power plant in the location of interest. Currently
CSP Projects in India, have been suffering with lack of policy upgradation & proper DNI
assessment. Increased infrastructure costs, high maintenance costs and lack of
indigenously manufactured LFR mirrors are the major hurdles for the growth of solar
thermal power plants in India. More practical and industry-grade installations would
ensure stabilised growth both in kW and MW scale in India. This research work is an
attempt to help designing the solar thermal power plants for process industries having few
acres of barren lands.

4. REFERENCES

1. Jamil, B., Siddiqui, A. T., & Akhtar, N. (2016). Estimation of solar
radiation and optimum tilt angles for south-facing surfaces in Humid
Subtropical Climatic Region of India. Engineering Science and
Technology, an International Journal, 19(4), 1826-1835.11

2. Sharma, C., Sharma, A. K., Mullick, S. C., & Kandpal, T. C. (2015).
Assessment of solar thermal power generation potential in
India. Renewable and Sustainable Energy Reviews, 42, 902-912.

3. Desai, N. B., Bandyopadhyay, S., Nayak, J. K., Banerjee, R., & Kedare, S.
B. (2014). Simulation of 1MWe solar thermal power plant. Energy
Procedia, 57, 507-516.

4. Desai, N. B., & Bandyopadhyay, S. (2017). Line-focusing concentrating
solar collector-based power plants: a review. Clean Technologies and
Environmental Policy, 19(1), 9-35.

5. https://cleantechnica.com/2014/11/14/worlds-largest-linear-fresnel-csp-
project-commissioned-india/



10.

11.

12.

13.

14.

15.

16.

17.

11

Karathanasis, S. (2019). Linear Fresnel Reflector Systems for Solar
Radiation Concentration. Springer International Publishing.

Sun, J., Zhang, Z., Wang, L., Zhang, Z., & Wei, J. (2020). Comprehensive
Review of Line-Focus Concentrating Solar Thermal Technologies:
Parabolic Trough Collector (PTC) vs Linear Fresnel Reflector
(LFR). Journal of Thermal Science, 1-28.

Reddy, K. S., Ravi Kumar, K., & Devaraj, V. A. (2012). Feasibility
analysis of megawatt scale solar thermal power plants. Journal of
Renewable and Sustainable Energy, 4(6), 063111.

Bishoyi, D., & Sudhakar, K. (2017). Modeling and performance
simulation of 100 MW LFR based solar thermal power plant in Udaipur
India. Resource-Efficient Technologies, 3(4), 365-377.

A. Buscemi, D. Panno, G. Ciulla, M. Beccali, V. Lo Brano, Concrete
thermal energy storage for linear Fresnel collectors: Exploiting the South
Mediterranean’s solar potential for agri-food processes, Energy
Conversion and Management,Volume 166,2018,Pages 719-734, ISSN
0196-8904, https://doi.org/10.1016/j.enconman.2018.04.075.

Danish, S. N., Almutairi, Z., El-Leathy, A., Al-Ansary, H., Jardan, Y., &
Alagel, S. (2021). Modeling and Performance Simulation of an Innovative
Concept of Linear Fresnel Reflector based CSP System. Journal of
Thermal Science, 1-11.

Baba, Y. F., Ajdad, H., Al Mers, A., Bouatem, A., Idrissi, B. B., & El Alj,
S. (2020). Preliminary cost-effectiveness assessment of a Linear Fresnel
Concentrator: Case studies. Case Studies in Thermal Engineering, 22,
100730.

Jamil, B., Siddiqui, A. T., & Akhtar, N. (2016). Estimation of solar
radiation and optimum tilt angles for south-facing surfaces in Humid
Subtropical Climatic Region of India. Engineering Science and
Technology, an International Journal, 19(4), 1826-1835.

Mousavi Maleki, S. A., Hizam, H., & Gomes, C. (2017). Estimation of
hourly, daily and monthly global solar radiation on inclined surfaces:
Models re-visited. Energies, 10(1), 134.

Compact Linear Fresnel Reflector Technical Data sheet by Industrial Solar
GmbH (www.industrial-solar.de)

Ghodbane, M., Boumeddane, B., Said, Z., & Bellos, E. (2019). A
numerical simulation of a linear Fresnel solar reflector directed to produce
steam for the power plant. Journal of cleaner production, 231, 494-508.
https://helioscsp.com/india-reliance-powers-dhursar-concentrated-solar-
power-csp-project-nears-completion/



12

18. System advisor model (SAM) general description (Version 2020.11.
29). National Renewable Energy Laboratory Technical Report.
19. https://solarpaces.nrel.gov/project/dadri-iscc-plant



Ensuring energy sustainability in rural areas by the

provision of solar street lighting system

!Arjyadhara Pradhan, 2Lipika Nanda, 3Babita Panda, “Chitralekha Jena

School of Electrical Engineering, KIIT Deemed to be University,

Bhubaneswar, Odisha
arjyadhara.pradhanfel(@kiit.ac.in
Inandafel@kiit.ac.in

Abstract

Odisha is a state of hills, and mountains, plains and rivers, forest, villages, and a
good diversity of wildlife. Even though government of Odisha has developed
many places and interconnected them with roadways and electricity, still there are
places where proper communication by both roads and rail services are lagging.
Streetlight facilities can someway help to overcome these problems and make life
of rural people easier. Another critical problem lies in the remote areas is the
communication system. Proper electric supply also has not reached these places,
frequent power cuts, lack of maintenance, illiteracy, lack of technology are some
of the problems faced by the people of these areas. Hence use of solar powered
streetlight can solve these problems. Solar energy is freely available and only
major cost is involved in the installation process. The maintenance cost is very
minimal and with local technicians the maintenance work can also be done. In this
paper solar street lighting system is designed using LED for ensuring energy
sustainability in rural Odisha.

Keywords. Inverter, LED, Microcontroller, Photovoltaic, Rural, MPPT

1 INTRODUCTION

In the present scenario improving lighting efficiency is one of the ways of energy
conservation and build sustainable energy development. The consumption of
electricity from lighting sector is nearly 22% [1]. Moreover, emphasize is made on
the use of renewable as it decreases the presence of carbon dioxide in the
atmosphere [2]. Even use of non-conventional source helps nation to get rid of
dependence on fossil fuels which causes much pollution [3]. From several years it
has been seen that among various lighting systems solar streetlight using LED is
more common [4]. Generating electricity from solar energy through the process of
photovoltaic (PV) is safer, noise free, environmentally benign and is rugged [5].
Solar energy has the ability to enhance resilience in the communities by providing
power even if the grid is not there.

In comparison to other lights LED has many advantages like provides uniform
illumination, consumes less energy, comfortable to eye, hence drive compatible.
Many road accidents can be avoided with proper street lighting system.A.P.
Niruka designed SSL for campus environment [6] L.P. Huai compared
conventional street lighting system with that of solar streetlight and found that the
solar streetlight saves 64.7% of the total cost in comparison to conventional
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method. He also explained that the SSL system provides greater stability and
very less chance of electrocution. [7]. People are deprived of basic necessities in
the remote hilly and rural areas. With the sunset life comes to a hault at these
remote places. Movement of people to different places becomes difficult [8]-[9].
The main objective of this paper is to design provision of solar streetlights for

illumination of village roads and open meeting grounds. The paper mainly focuses
on the rural villages of Odisha like Kalahandi and Mayurbhanj districts. Village
people often gather in common places for meetings and evening is the best free
time for them as most of them are busy with field work during the daytime. Solar
streetlights can be beneficial for them so that they can move around during off
sunshine hours. Even if some villages are getting electricity supply from common
grid but frequent local problems like theft, falling of trees, branches during stormy
weather are common happenings in these rural areas. The critical problem lies in
that once the power failure occurs for days on no service and no maintenance
happens. Thus, the rural people suffer a lot. Hence solar based streetlights are
standalone system which are capable to generate the own electricity sufficient to
charge the LED unit. The various advantages of solar street lighting system are as
follows.

= Rural electrification focusing on the streetlights powered by solar
= Convenience to village people

= Improved transport system

=  Energy conservation

» Less maintenance

= Improved lifestyle of rural people.

2 SOLAR STREET LIGHT SYSTEM

Solar PV based street lighting system is a standalone application of solar energy
which is used for illumination of streets, corridors, basement, and open areas.
There are different types of lights which are commercially available in market like
CFL, tungsten filament, mercury vapour lamp, LEDS. Among all these LEDs
leads the present time in terms of light intensity, efficiency, lumens, and long life.
Lighting through LEDs have been used at different places and also finds its market
in street lighting systems. Solar energy is clean and green form of energy hence
combination of solar energy and low power consuming LEDs provides a
promising solution for streetlights [10]-[11].

The fundamental components of a solar powered street lighting system using LED
consists of the following components:



= Solar Photovoltaic Module

= LED unit

= Rechargeable Battery (Deep cycle)

= Control Circuit consists of Solar charge controller
= Pole

= Supporting structures

3 COMPONENT DESCRIPTION
3.1 Solar PV Panel

Photovoltaic modules are used to convert solar energy i.e., photons to electrical
energy in DC form by the principle of photoconduction. There are different types
of panels like crystalline like monocrystalline, multicrystalline, thin film like,
amorphous and dye-sensitized, nano based, cadmium telluride etc. While choosing
solar module for the project careful selection based on material is require so that
irrespective of any climate condition the efficiency will be better, and output will
be more.

Table 1 Shows comparison of different types of Solar module

Solar Module Efficiency Lifetime Price Power/Area
Monocrystalline 10-13% 25 years High High
silicon

Polycrystalline ~ 9-13% 10 years Moderate Moderate
silicon

Amorphous 6-8% 10 years Low Low

silicon

3.2 Light emitting diodes

Lighting system uses lamp which converts gas or electrical energy into light
energy. Depending upon the device efficiency depends on the amount of light
produced. The unit of measurement of visible light is lumen. Different types of
lamps are used for lighting purpose like compact fluorescent lamp, mercury
vapour lamp, tungsten filament lamp, metal halide lamps, light emitting diodes,
organic light emitting diodes, light emitting polymers etc. Different types of these
lamps have different efficacy and different ratings. Mostly LEDS are convenient
for street lighting system. LED stands for Light emitting diode. They have a better
life span and higher efficiency in comparison to other lamps. LED emits more than
100 lumen per watt. For solar lighting systems LEDS are most preferred as it takes
very less voltage, less heat and less power. The components are made of Gallium
nitride material doped by phosphorous. LEDS does not require warm up time to
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come to its full brightness. These require controlled DC supply for its operation
and are affected by high temperature hence special heat sinks and cooling fans are
included in its circuit.

Table 2 Specification of different types of solar street lighting system

SSLA Lamp PV Battery Battery Charge Pole
Type size module Size for size for controller  height
(Watt) size (Wp) Lead Acid Lithium (Ampere) (m)
(AH) Ion
(AH)
1 10 50 40 30 5 7
2 20 100 60 45 10 7
3 30 150 80 60 12 7
4 40 200 100 75 15 8
5 60 300 150 115 25 8
6 80 400 200 150 30 9
7 100 500 250 180 40 10
3.3 Battery

For storing electricity generated by solar PV panels batteries are used. Battery acts
like backup. During daytime electrical energy generated by the PV panels are
supplied to the battery and when the load demand exceeds or during sunset these
batteries supply the load. Different types of batteries are available in the market.
Among them deep cycle batteries are commonly used as they can withstand deep
discharges. The various rechargeable batteries include:

3.1.1 Lead-Acid (LA) Battery

Lead acid batteries finds its wide application in solar systems as its technology is
matured and are also available at low cost. For extending its life they are used with
low depth of discharge (DOD) i.e., 65%-80%. Basically, there are two varieties of
lead acid batteries like flooded type and valve regulated lead acid batteries. These
types require very less maintenance.

3.1.2 Nickel-Cadmium (Ni-Cad) Battery

Nickel batteries are costly and are also dangerous as cadmium disposal is
hazardous. These batteries have many merit points like greater life span, high
discharge tolerance. Foe solar powered system Nickel cadmium batteries are not
often used as they are very costly and also available in limited edition.



3.1.3 Lithium-lon (LI) or Lithium-Polymer (LP) Battery

Studies shows that lithium-ion batteries are better than Nickel cadmium batteries
with high depth of discharge, more number of charging cycles and high energy.
But still these are also not preferred for PV application-based lighting systems as
these are available at higher price.

3.4 Charge Controller

One of the major components of solar streetlight system is the charge controller.
Charging of batteries are controlled by charge controllers. Photovoltaic panels
provide variable output which needs to be adjusted hence controller comes into
picture as it takes the variable input from solar panels like voltage or current
conditions it with its logic to fit the battery charging process. Over-charging of
batteries can be prevented by the use of these charge controllers. Charge controller
uses either pulse width modulation or maximum power point tracking technique to
perform its operation. There are different types of MPPT techniques which can be
used for the operation. The operation of charge controllers is mostly at three
stages. But these stages vary depending on battery voltages.

3.5 Sensors

Sensors are essential electrical components require to sense the ON/OFF the solar
powered LEDS. It makes the system economically and technically viable. There
are different types of sensors available in the market to be used for PV system like
infrared sensors, LDRs, ultrasonic sensors. These sensors control the LED lamp
functionalities such that the system can be made more energy efficient. Depending
upon the intensity of the light these sensors get activated.

4 INSTALLATIONS

Design of a solar streetlight system must be strong and robust as these are
generally installed in the roadsides where it is exposed to different weather
conditions like rain, pollution, dust, snow, fog, mist, sun etc. Moreover, care
should be taken while its design that it should not affect the street plan and beauty
of the roadways and any hindrance to the city structures.



Figure 4.1. Shows pole mounted installation of solar based streetlight system

The components of the solar powered lighting system include PV module mounted
on the structure. The module mounting structure is 32*32*3mm. The luminary
part consists of LEDS supported with the help of bend pipe. A single pole M.S
class B is used of height 8 m. Battery box along with the control circuit is
positioned towards the base of the pole. The pole rests on a solid base of broader
cross section area. Generally solar panels are mounted on the top to avoid any kind
of shading effect on the panel and prevent ground hindrance and local dust.

Figure 4.2. Shows the wiring connection of the solar streetlight system

The solar module provides the necessary DC current to the battery such that it gets
charged during the sunshine hours. The charging and discharging of the battery is
controlled by the control unit which is a solar charge controller. The LED unit is
controlled by sensors i.e LDR light dependent resistor, current and voltage
Sensors.

5 WORKING PRINCIPLE

Solar radiations fall on the solar PV panel and by the effect of photo conduction
produces electrical energy. The output of the solar panel is fed to the charge
controller and the control circuit. The control circuit consists of micro controller



7
and two sensors one is light or dark sensor, and the other is infrared sensor. The
output of the micro controller is fed to the light driver circuit and hence the light
driver circuit supplies the LED lamp which glows.

Figure 5.1. Shows the block diagram representation of the solar powered streetlights using
LEDs

6 CALCULATION OF DESIGN OF SINGLE POLE

We consider the solar streetlight system consists of 1 unit of 60 watt LED lamp
and 12 V Lithium battery.

Therefore, current capacity is given as

Current (I = Fower(Wat ] /Foltags (valt) (6.1)
=60W/12V=5 A

6.1 Battery capacity

Considering different cases like evening hour, night and rainy time the total
lighting time per day is 7 hours. Hence the battery capacity can be calculated as
SA* 7 hours* 6 days= 210 Ah. Battery just discharges up to 80%. Therefore,
actual battery capacity can be taken as 210Ah *125%=262.5Ah.

6.2 Calculation of Illumination in Lumen
Considering E= 32 Lux and d =height of the pole =6m

Illumination id defined as
[ =Exdf (6.2)
=32%*36

=1152 lumens ~ 1200 lumens
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6.3 Calculation of Power of solar panel (Wp)

The solar module has voltage 17.4 volt.

solar streetlight works for 7 hour each night. But it is observed that the solar panel
takes solar radiations for 4.5 hours. Therefore, power is calculated as

Wp _SAXTRXI2% .
17.4 4.3 - Re s (6.3)

In real case there are different constraints like power consumption of controller,
connections, rectifier unit hence a little higher side PV rating is considered. Thus,
we take 200-Watt PV panel. Therefore, two solar modules with 100-120Wp are
best suited. This is the design for one solar powered pole. Therefore, for designing
the solar powered street lighting system for the entire village we consider fifty
such poles supplying electricity to the village.

7 CONCLUSION

Energy from sun is the cleanest form of renewable energy. Moreover energy
suitability in the rural areas mostly villages can be ensured by provision of solar
operated street lights. Use of LED in comparison to other lamps are more
beneficial and also the efficiency improves by 755. Not only this there is also an
increased percentage of energy saving by the use of solar streetlight system.
Lifestyle of the village people can be improved with this facility, empowering
them with the modern system. In this paper advantages of LED is highlighted.
Design of one single solar powered LED lighting pole is done. The current,
battery, power rating of the panel are calculated and thus with the calculation a
rough estimation is made for the entire village.
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Abstract

This paper deal with 3rd harmonic-based pulse width modulation techniques
for 3 phase voltage source inverters. In this work DC voltage is converted
in AC voltage with the help of inverter. 3rd harmonic is generated with the
help of fundamental component in power supply, that is used for generating
the pulse for inverter. Three phase inverters have been adopted in this work,
that having the capability to generate the pure sinusoidal output voltage for
load. 3Phase LC filter also proposed in this work to getting the voltage for
load without any harmonics. This study have been carried out with the help
of modeling and simulation with MATLAB.

Keywords: PWM, Voltage source inverter, Load, Supply.

1.1 Introduction

Harmonics definition changes to way we see the harmonics in the nature.
In the harmonics for the power system say “positive integer multiples of
the fundamental frequency. Harmonics are sometime these harmonics are
destruction and distraction in transmission lines. Those harmonics produced
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© 2021 River Publishers. All rights reserved.



2 Modeling of PWM Technique for Three Phase Voltage Source Inverter

by the components of power electronic such as rectifiers, transistors, or but
the electrical motor with unbalanced loads. Those frequently affects power
quality problems in the equipment which cause the conductor heating, vari-
able speed drives get misfired. In fundamental frequency is also SOHz, then
the second harmonics will be in 120Hz, The third will be in the range of
150Hz. In generally to know the nth harmonics then nth harmonics will be
(n*50) Hz. Majorly the harmonics are classified as follows of single-phase
system: (1) Current harmonics; (2) Voltage harmonics Harmonics of three
phase systems can be found in following parts for current and voltage:

* Even harmonics

* Odd harmonics

* Triplen harmonics

* Non triplen odd harmonics

Basis of sequence harmonics are categorized in three major parts

* Positive sequence harmonics
* Negative sequence harmonics
* Zeros sequence harmonics

Level of harmonic distortion present in power system are measured in total
harmonics distortion (THD). THD methods are either to related to current
or voltage harmonics. That can be defined as ratio of RMS value of all har-
monics to the RMS value of the fundamental element times 100%. Then DC
component is not considered for calculating the THD in power system. The
effects of harmonics on motor and communication (Telephones lines majorly
effects by increasing the current in the system, In that area harmonics are
always exhibits based third harmonics majorly, those will increase the har-
monics in neutral lines of transmission lines. Motors will experience losses
due to eddy currents and hysteresis set in the iron core of motor[1, 2, 3, 4].
If there is more harmonics then results in higher core losses in motor core.
Counter electromotive force (CEMF) from 5th harmonics in larger motor
which acts in opposite direction of rotation. Those CEMF is not large enough
to counteract the rotation So, it does play role in rotation speed of motor Now
a days telephones are become old due to evolution of wireless communication
evolved. Usually, those transmitted frequency 300 and 3400Hz.It normally
does not interfere with telephone communications because its frequency to
low so. Inverters are widely used now a days to fulfill the need of day to day
requirements of industries, offices and home appliances. AC power cannot be
stored But DC can be stored using battery . Appliances we use are mostly
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Figure 1.1 Proposed work with simulink diagram

Figure 1.2 3rd harmonics generation using simulink

Figure 1.3 Inverter modeling in MATLAB Simulink.
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Figure 1.4 DC voltage supplied to inverter for conversion
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of AC in nature. So DC is converted to AC by inverter. In the processes
of converting DC to AC and depending up on the converter technology ,
control, type of load harmonics are introduced in the inverter[S, 6, 7, 8].
Harmonics are unwanted components which leads to distortion of current
and voltage waves leading to increased power losses, hence reduced effi-
ciency. Also reduces life of the device, components[9, 10, 11]. Harmonies
are positive integer multiple of fundamental frequency like third harmonics,
fifth harmonics, seventh harmonics etc. when fundamental frequency is 50hz,
frequency of third fifth harmonics is 3*50=150 hz , 250hz respectively. In this
proposed work, third harmonics is modeled for three phase voltage inverter
using MATLAB which keeps the HD value less than the acceptable value by
novel Mathematical modeling strategical control algorithm. Harmonics is an
important phenomena in power system, healthy signal having the minimum
total harmonics distortionHarmonics in single phase transformer in divided
in three several cases [12, 13, 14, 15]. when flux is sinusoidal and linear (B
= H). In this case EMF is in sinusoidal as well as the current will also be
sinusoidal, that is an ideal case.

1.2 Methodology

The proposed work consisting of the structure of three-page voltage source
inverter with six pulse width modulation. The proposed work consisting of
the DC voltage as input to voltage source inverter, three phase bridge con-
verter, LC filter, PWM gate pulse and the three-phase load is discuss in the
next paragraph. Figure 1.1 represents the proposed work. Primary prime ap-
plication of the VSI is converting the DC input to AC output. In this work
DC voltage is taken as 415*2*sqrt (2). Here 415 is considered as line-to-
line voltage, the output of the voltage source inverter to feed the load that
is showing in Figure 1.4. 3 Phase Bridge converter: 6 MOSFET have been
used for this configuration with internal diode resistances 0.01 ohms and R
on equal to 0.1 ohm, Snubber resistance is taken 1e5 for the proposed circuit
that is mentioned in Figure 1.3.

1.2.1 Pulse Width Modulation

PWM pulse width modulation is the important part of the proposed work
switching frequency is taken as 20 kilo hertz and control signal frequency is
taken as 50 hertz for generating the gate pulse. Three inputs are considered
that is showing in Figure 1.2.



1.2 Methodology

Figure 1.5 Distorted power supply with 3rd harmonics

Figure 1.6 Inverter output voltage without filter.

Figure 1.7 Results for reference voltage input to 3rd harmonics generation

Figure 1.8 Load voltage for with pure sinusoidal condition.
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* 3rd harmonic sin(3wt)
* Injection (constant value)
* Fundamental control sin(wt)

LC filter: The parameters values of the LC filter is taken as L= 10e-3 and C
= 20micro farad. Three phase parallel RLC load has been applied for the
purposed work. Nominal phase two phase voltage is 415 V and nominal
frequency is considered as the 50 Hertz.

1.3 Results and Discussion

This paragraph representing the output obtained from the proposed work.
Figure 1.5 showing that distorted power supply with third harmonics, Figure
1.6 represents the VSI output without Filter. Figure 1.7 is about the reference
voltage is taken during the PWM generation. Load voltage is mentioned in
Figure 1.8. Here load voltage is 415 volts with pure sinusoidal wave form.
Total harmonics distortion is obtained minimum as per IEEE standard. The
overall output of the proposed work is to maintain the load voltage. Novelty
of the research is generating the PWM gate pulse with the distorted reference
input.

1.4 Conclusion

This research intends to modeling of voltage source inverter by following the
proposed PWM method. 3rd harmonics-based pulse width modulation inves-
tigated. All results obtained from this research is showing the good agreement
with published results in same domain. The research has been carried out is
based on the MATLAB and Simulink. The outcomes of the proposed work
can be applied in inverter (DC to AC) based applications.
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Abstract. - The transport industry is regarded as the futuristic and most powerful industry among all the industries.
Since this industry is mostly driven by Electric Vehicle (EV)/Hybrid Electric Vehicles (HEV) powered by information and
communication technologies (ICT) in future. These vehicles require advanced and efficient converters to drive. The paper
presents the current Z-source converters applicability to drive EV/HEV to aid the transportation industry. The various
topologies of Z-source converters have been discussed. The summary of the literature survey of the suitable Z-source
topologies for EV/HEV application is also presented. The need for the new control technique along with new trans-Z source
converter topology to drive EV/HEV is discussed. The paper also presents the authors proposal of dual power source trans-Z
source converter for the EV/HEV applications.

Index Terms—~Z-source, Inverter, Topologies, Drive, Electric Vehicle, Hybrid Electric Vehicle. Trans-Z source.
Introduction

The environmental and ecological issues are directly related to the transportation vehicles running on fossil
fuels. Therefore, Electric Vehicles/Hybrid Electric Vehicles (EVs/HEVs) are being introduced into the
market due to their environmentally friendly operations. In these vehicles the power electronic converter
plays an important role in driving the motor reliably and efficiently. The traditional inverters like voltage
source inverters (VSI), current source inverters (CSI) were used to drive these vehicles with limitations.
The limitations of the CSI drives are high harmonics in the output current, requiring additional filters at the
input & output, results in high components count. Whereas, VSI drives are not suitable for high power
applications, but suitable for highly dynamic applications. These topologies have two stage structure and
do not have buck & boost capabilities. In order to overcome the above drawbacks of these traditional VSI
& CSI inverters, an improved topology known as Z-source (Impedance Source) inverter topology was
introduced by F.Z. Peng in 2003 [1]. The paper covers the review of Z-source inverter and its derivatives
and proposes a technically viable inverter for electric drive applications.

The rest of the paper is arranged in to various sections: section 2 discusses the traditional Z-source inverters,
section 3 delas with other topologies of Z-source inverters, section 4 presents the control techniques



employed in the various inverters, section 5 deals with summary of the literature review, section 6 presents
the authors proposal and section 7 presents the conclusion.

Z-SOURCE INVERTERS

The Z-source inverters (ZSlIs) are the derivative of traditional VSI & CSI converters with an ability of
buck-boost [2]-[3]. These converters are used as AC-DC, AC-AC, DC-DC and DC-AC converters in
various applications [3]. The traditional Z-source inverter is depicted in figure 1.
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Fig.1: 30 Traditional Z-source inverter [3]

As seen from Fig.1 the Z-source inverter has a unique impedance network consisting of split inductance
(L1, L) and capacitance (Ci, C,). The structure of this impedance network results in three operational states
namely, initial/start-up state, active state and shoot-through state [3]. These three states of Z-source inverter
are shown in figure 2(a), 2(b) and 2(c).
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Fig.2 (a) Start-up state [3]

Fig.2 (b) Active state (Non-Shoot
Through state) [3]
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Since the Z-source inverter is symmetric, the parameters Li=L, =L and C;=C,=C are equal. The converter
operates in active and shoot-through state due to its symmetrical nature. The converter operates in active
state (Non-Shoot Through Mode) for a period of T, of switching period T. The switching period is:

T=T,+T, (1)
Referring to figure 2 (b), it can be observed that, the inductors are discharging and capacitors are charging

during active mode. By applying KVL around a loop consisting of Vi,, L, C and DC link voltage Vg, the
voltage relations are given by:

Vac =Vin + Ve =V, (2a)
Vi=-Vc (2b)
Ve = Vin +2V¢ 3)

Where V;,, => Input dc voltage, V,;. => dc link voltage, V; => voltage across inductor and V.=>voltage
across capacitor.

Next converter operates in shoot-through state for a period of Ty of switching period T. During this state
the dc link voltage is zero and voltage across inductor and capacitor are equal. Applying KVL around a
loop consisting of Vi, L, C, the voltage relations are given by:

ViTL - VC - VL =0

VL =Vin =V “4)

Vac =0 ()

The voltage relations during active and shoot-through states are

TstVc+T1(Vin—Vc) _
T

% foT vV, (Ddt = 0 ©)



Solving (6) for voltage across capacitor,

Ve — Ty — 1-Dgt (7)
Vin T1—Tst 1-2 Dyt

From (7),

_ Ve—Vin
e ®)

Where Dg; = % is the shoor-through duty cycle.From equations (3) and (7), the dc link voltage is given
by:

T
Vac =7—-Vi )

- Ty—Toe T
Equation (9) can also be expressed as:

1

Vie = ———
de = 1 _5p,,

Vin = BViy (10)

Where B is the boost factor depends upon shoot through duty cycle Dy;.

The Z-source converters are preferred in various industrial applications like, traction, energy conversion
systems as they can operate in both buck and boost modes. The basic types of Z-source inverter topologies
have been discussed in proceeding sections.

Quasi Z-Source Inverter [1]

The impedance network elements of the traditional Z-source inverter have been rearranged to achieve a
reliable power conversion along with a high conversion efficiency. The resultant topology is known as
Quasi Z-source inverter topology. The re-structured impedance network has resulted in 4-operating modes
as shown in figures 2,3,4 and 5.
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Fig.2: Voltage fed continuous current Z-source inverter [1] ~ Fig.3: Voltage fed dis-continuous current Z-
source inverter [1].
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Embedded Z-Source Inverter [1] & [4]
The embedded impedance source inverter is realised to achieve a continuous input current with lower
capacitor voltage rating. The embedded z-source inverter schematic is shown in figure 6.
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The major advantage of this topology is that it reduces the voltage and current ripple. In this structure the
dc sources are embedded with z-source elements.
Embedded Quasi Z-Source Inverter [1] & [5]

The basic features and operation of embedded quasi z-source inverter is exactly similar to embedded Z-
source inverter [1] & [5]. The structure of this inverter is depicted in figure 7.
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This topology can operate with two sources without altering the voltage gain of traditional quasi z-

source inverter [1].

Trans Z-Source Inverter [1] & [6]

The trans Z-source inverter is an improved version of traditional Z-source inverter with high voltage gain
and less stress on the switches. The typical structure of the trans Z-source inverter is depicted in figure 8.
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Shoot through barriers have been eliminated in this inverter due to restructured impedance network. The
cost of the circuit is high due to transformers and coupled inductors.



OTHER Z-SOURCE TOPOLOGIES

It is observed that various researchers have worked on z-source converters to improve their boost factor,
current delivering capability by modifying the structure of the impedance, and dc input source location in
the converter circuit. The Jing Yuan et al [7] have proposed an embedded enhanced-boost Z-source
inverter. The converter design is such that the stress on the semiconductor switches has been reduced, the
dc link voltage remains zero during shoot through state but the inductor currents increase. Since the dc
sources are embedded in to the z-source network, the current becomes continuous. The circuit complexity
is high due to the additional circuit elements in the modification of Z-network. This modified Z-source
inverter is suitable for the applications which employs fuel cells as their energy source. The embedded
switched capacitor Z-source inverter has been proposed in [8]. This converter performance is same as the
converter proposed in [7]. The structure of the impedance network is different.

It is true that the performance of the converter can be improved by employing proper control
mechanism of semiconductor switches. Malathi et al [9] have proposed a photovoltaic fed Z-source inverter
with proportional integral (PI) and proportional, integral & derivative (PID) based control mechanism to
improve the performance of the inverter. It is observed and claimed by the researchers that the performance
of the inverter was better with PID rather than PI control mechanism. The gamma Z-source inverter is
another variant of ZSI [10]. It has an impedance connected in a way that it resembles gamma letter and
hence the name gamma Z-source (I'-Z-source) inverter. The voltage gain of the inverter can be changed by
varying the transformer ratio. This type of inverter is much suited for AC/DC microgrid.

The differential mode I'-Z-source inverter is proposed in [11]. In this inverter the inductors are
located in such a way that the ripple content in both voltage, currents of Z-network is less. The stress on the
switches is also reduced but the total harmonic distortion (THD) is considerably high. Enhanced-Boost Z-
Source Inverters with Switched Z-Impedance has been proposed by Fathi Kivi [12]. This inverter has two
impedance networks to achieve high voltage gain with low shoot through state. The output wave form
quality is high with high modulation index with short shoot through state.

The Z-Source Dual Active Bridge Bidirectional AC-DC Converter for Electric Vehicle Applications is
proposed by Srijeeth et al [13]. The proposed inverter is mainly suitable for vehicle to home and grid to
vehicle applications.  ReddyPrasad Reddivari et al [14] have proposed a modified gamma z-source
inverter for fuel cell -battery fed hybrid electric vehicle application. In this paper the proposed inverter
performance was studied through simulation. The performance of the modified gamma z-source inverter is
better than that of traditional gamma z-source inverter. The modified gamma z-source inverter study
revealed that the battery size can be reduced in hybrid electric vehicles.

The traditional Z-source inverters have discontinuous input current, as a result the dc voltage becomes
uncontrollable and hence the stability of the system. Thilak Senanayake et al [15] have introduced an
improved impedance source consisting of input LC filter, a semiconductor switch in lieu of input diode and
an impedance network. This structure helps the inverter to draw a continuous current from the dc source
with less ripple as the LC filter present at the input of the inverter. The stress on the semiconductor devices
also reduces. The presence of the input switch makes the inverter to function in both directions which is the
necessary requirement of electric vehicles /hybrid electric vehicles. Also, dc link voltage can be controlled
and there will be a continuous input current from the power source. Zeeshan Aleem et al [16] have proposed
an improved gamma z-source inverter. An improvement is achieved by incorporating the diodes into the
impedance network. The performance of the proposed inverter is same as that of its predecessors but for
reduced leakage inductor currents.

The bidirectional quasi-Z-source inverter has been proposed in [17] for electric vehicle applications. The
bidirectional operation of the inverter is achieved by connecting an active switch in antiparallel with the
diode. An inner current control loop at the dc side, voltage control mechanism is used to achieve the better
performance.



CONTROL STRATEGIES IN Z-SOURCE INVERTERS

The performance of any inverter completely depends upon efficient & reliable control strategy. It is
understood that the Z-source inverters with modification can be employed in electric vehicle/hybrid electric
vehicle drive applications. The review on the impedance network modification along with the control
strategies employed in the Z-source inverters is carried out and the details are presented in the proceeding
paragraphs.

M. Z.Zizoui et al [18] have proposed a 9 switch z-source power inverter driving double induction motors
for electric vehicle application. The inverter uses a maximum constant boost control mechanism to operate
the dual induction motors. Sertac Bayhan et al [19] have introduced a Z-Source (ZS) four-leg inverter fed
with photovoltaic system along with a Model Predictive Control (MPC) strategy. The load employed in the
experimental setup is unbalanced. In this inverter an LC filter is used in stead of boost converter and thus a
single stage power converter is obtained. The control strategy and the structure of this modified z-source
inverter can handle both balanced and unbalanced loads.

Siddhartha A.et al [20] presented a modified Z-source inverter connected to a grid integrated with
charging mechanism for storage systems. The control mechanism used is pulse width modulation (PWM)
technique. The input power source employed in this study was photovoltaic (PV) array. The performance
of the presented inverter indicates that it can be employed commercially for standalone applications of
power at malls, parking lots etc. It can also be utilized for charging EVs. In the next paper, the practical
limitations of embedded Z-source dc-dc converters for PV applications have been studied and presented
[21]. The modified Trans Z-source inverter is presented in [22] where in the input current is continuous and
the high boost factor. The output voltage can be varied by varying transformer turns ratio and shoot through
duty ratio. The control technique used in this converter is PWM.

Catherine Amala Priya. E et al [23] have presented a renewable energy source fed grid connected gamma
z-source inverter with harmonics optimization technique. The converter employs both PWM and SVPWM
as control mechanism. The performance study was conducted on I'-Z-source inverter. The performance
study reveals that the SVPWM controlled inverter has better performance due to reduced harmonics. A
Single stage high boost Quasi-Z-Source inverter for off-grid photovoltaic application has been proposed in
[24]. In this study a current fed control at AC side is used with second order filter. The result of the study
was that there is a reduction output disturbance. In [25] & [26] the high voltage gain, reduced transformer
and shoot through duty ratio z-source inverters are presented. An embedded z-source inverter with three
dc sources of small magnitude is presented in [27]. The modified topology reduces the stress on the
capacitors. The control techniques used to study the performance of the proposed modified embedded z-
source inverter was PWM with a reduced ripple inductor current.

In [28] the performance analysis of Induction motor drives fed with traditional inverters such as VSI,
CSI, Z-source has been presented. It is a simulation-based study and PWM technique was employed in the
simulation study. In [29] a comparative study of Z-source inverter and dc-dc converter fed VSI has been
presented. A simple boost control technique and sinusoidal PWM were employed in the study. The
comparative analysis of various topologies of traditional z-source inverters have been studied and presented
in [30]-[33]. The z-source inverter is more suitable for various traction applications as they have both buck
-boost capability.

SUMMARY OF THE REVIEW STUDY

The review study conducted so far suggests that the advanced power electronic control systems and z-
source inverters are the future trends in transportation industry. The simplicity and ease of modification in
impedance network employed in the design of the inverter/converter are the major contributors to achieve
high performance of the systems wherever these converters employed. The structure and the control



mechanisms must be carefully selected to achieve the required performance of the converter.
traditional z-source inverters comparative topologies are tabulated in table 1.

Table-1: Z-Source Topologies Comparison

Impedance network Boost Factor Number of | Number of | Voltage stress on the
Capacitors Inductors switches
Z-Source where 2 2 1 v
1-2D in
0< D < 0.5D 1-2D
Q-Z-Source where 2 2 1
1-2D 1-2D Vin
0<D <0.5D
Embedded 1 where 2 2 1 v
_ 1-2D n
Z-Source 0< D < 0.5D 1-2D
Embedded where 2 2 ! X
1-2D
Q-Z-Source 0< D < 0.5D 1-2D
i+ V)
Trans-Z-Source — 1  where 1 Integrated 2 1
1-(1+m)b indings _
0<D < (1+n)'D winding 1-(@+mD
X Vin

The

Further, the review study involves the other modified z-source inverter topologies proposed by various
researchers. These topologies were derived from traditional Z-Source inverter topology. The modifications
were done by considering the structure of the impedance, switching device change/connectivity, in order to
achieve high boost factor, voltage gain, low THD, continuous input current, reduced ripple in inductor
currents and so on. These z-source variant topologies were proposed with various input power sources such
as DC source, PV source etc. Table-2 shows the other Z-source inverter topologies suitable for EV/HEV

applications.

Table-2 Other topologies of Z-Source Inverter for EV/HEV

Impedance network | Type of vehicle
Modified HEV
I'-Z-source Inverter

Improved Z-Source | EV/HEV
Inverters / Trans-Z-

source inverter

Modified EV
I'-Z-source Inverter
Bidirectional EV
Q-Z-Source

9 Switch Z-Source EV

The review of the literature on the z-source converters, their variants suggests that the z-source converters
can be a suitable system for various EV/HEV future transportation vehicles. The various technicalities
involved in the design, development and implementation of these z-source topologies are very challenging.
The study has revealed that:



i.  There is no particular topology of ZSI which can be utilized for drive application with high efficacy,
reliability and low cost.

ii.  Most of the proposed models have complex hardware requirements and control, techniques.
iii.  Knowledge on the techniques of control employed for the ZSI variants have to be studied and
assessed.

iv.  Knowledge on the various parameters which contributes to the overall cost of the systems must be
gathered and minimized.
v.  The requirements of passive elements for Trans-ZSI for drive applications with multiple power input
sources have to be clearly defined and used in the construction of ZSI for drive application.
vi.  The critical parameters associated with converters for the drive application must be clearly spelt and
defined, which is a missed link.
vii.  The topologies studied have not specified about the quality of the power delivered to the load.

viii.  Is the quality of the power delivered by the converter to drive EV/HEV acceptable?

ix.  The minimum possible input DC voltage, boost factor, ripple in the inductor current, passive
components cost, size, details have to be clearly specified before suggesting any of the converter for
drive applications.

x.  The converter cost, power quality, battery life extension technologies, low power devices utilization
are the major consideration.

PROPOSED AUTHORS SOLUTION

The fundamental topologies of Z-source inverters discussed in preceding sections were employed in
various applications such as traction, energy conversion due to their high voltage gain and input current
handling capacity. Since Z-source topologies can be easily modified to suit the applications and especially
for electrical drive application. Based on the literature review studys, it is noted that the future transportation
vehicles can be driven with the modified z-source topology converters. The transportation vehicles which
can be driven by these converters are electric vehicles and hybrid electric vehicles.

Further, Electric Vehicles/Hybrid Electric Vehicles (EVs/HEVs) are means of the future transportation
vehicles. These transportation vehicles do not contribute to pollution as they operate on clean energy. These
vehicles bring in string of benefits to the public and transportation industries.

These vehicles need highly efficient and reliable power converters to yield better performance. The power
converters those are employed in electric drive applications are mostly pulse width modulation (PWM)
based. These are voltage source (VS) and current source (CS) inverters. But these inverters are limited by
a range as VSI performs as buck converter whereas CSI performs as boost inverter. In order to extend the
range of operation, these inverters are combined with additional dc-dc converter to operate in both buck-
boost mode. This increases the cost and complexity of the inverter as it becomes the double stage converter
instead of single stage. Therefore, to extend the range of operation a magnetically coupled inverter known
as Trans-Z Inverter has been developed for electric drive and other applications. It should be noted here
that the trans-Z inverter is not specifically developed for EV/HEV applications.

The Trans-Z inverter is a type of inverters in which energy flows in two ways with the help of single
diode, performs as buck-boost converter, has wide range, single stage in nature. Since, the EVS/HEVs
vehicles need still improved and advanced converters, the researchers are concentrating on Trans-Z
inverters. The Trans-Z source inverters have less capacitor counts in the circuitry and hence the cost
reduction. The control mechanisms play a very important role in the performance of the inverter and end
applications. Most commonly employed control mechanism in Trans-Z source inverter is predictive control
and has variants. The predictive control variants are:



a. Trajectory based predictive control,
b. Hysteresis based predictive control, and
c. Model based predictive control

Model based predictive control is also known as finite control set and is more popular due to its design

simplicity i.e. No modulator is required. These control techniques need to be reviewed carefully to bring
in certain changes such that the performance of the converter is high along with reliability.

The proposed research is to throw a light on the control techniques, structure of the trans-Z source inverter

such that the range can be increased. In addition, use of two inputs helps the Trans-Z source inverter to be
independent of the fuel shortage if correct capacity fuel sources are not employed. The advanced power
electronic devices with high operating characteristics makes the inverter design simple, increases
efficiency, reliability and performance due to low count of components in design. The proposed research
work is to focus on the development of new control technique for trans-Z source inverter with two input
power sources that results in wide range of operation and hence the reliability.
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Abstract

This paper briefs about the performance of a Bidirectional DC — DC Converter in
the domain of Electric Vehicles along with achieving the required speed of the
motor while applying different loads. A Half Bridge Bidirectional Converter
linked to a battery on Low Voltage(LV) side and a separately excited DC motor on
the High Voltage(HV) side is employed in this paper along with the closed loop
configuration of the motor drive by utilizing a PID Controller. The gains of the
PID Controller are determined by the auto-tuning algorithm in
MATLAB/SIMULINK. The converter’s performance was analysed for the two
modes.

Keywords: Electric Vehicle, Regenerative Braking Mode, Half Bridge Converter,
Separately Excited DC Motor, PID Controller, Auto — Tuner.
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1. INTRODUCTION

Ever since the hike in gasoline prices and the harmful pollution caused by
conventional vehicles, the demands for the Electric Vehicle (EV)/Hybrid Electric
Vehicle (HEV) has increased. An EV depends on an Energy Storage System
(ESS) for the traction power and, the HEV depends on both ICE and an ESS
[1][2][7]. But the EV/HEV ESS have lot of limitations when it comes to pricing,
storage capability and providing better mileage to the vehicle. These constraints in
the ESS technology of the Electric Vehicle prevents them from advancing in the
market. Since the primary concern, while EV/HEV drive design, is to boost the
performance, many developments are made to achieve the same [3]. In our work
we have demonstrated the performance of an EV drive comprising of a DC motor
fed by a Bidirectional Converter. The utilization of the Bidirectional Converter in
an EV drive increases the efficiency since it provides the provision of bidirectional
power flow [8][9]. The closed loop control of speed of the DC motor by a PID
Controller is also presented to achieve the required speed during varying loads.



2

1.1. Bidirectional DC — DC Converter

It was inferred that to improve the reliability of the ESS in the motor drive, the
voltage level of the ESS must be greater. This can be accomplished by adding
more cells to the battery pack of the ESS. But this method can increase the
bulkiness of the drive which is not a desirable feature [1][2][7]. The solution for
this problem 1is the utilization of a Bidirectional Converter which has the
characteristic of flow of power in two directions. Bidirectional converters lower
the current level to raise the level of voltage of an energy storage device to a
greater level reducing the losses giving a rise to the performance of the motor
drive. The Bidirectional DC — DC Converters are broadly divided into two general
divisions i.e., Non — Isolated and Isolated Bidirectional Converter topologies.
Since the Isolated Converters are to be provided with transformer and galvanic
isolation, these converters are considered to be heavy for an EV drive train.
Therefore, we have opted for the Non — Isolated Bidirectional Converters for the
work.

The different Non — Isolated Bidirectional converters are basic Buck — Boost,
Buck — Boost Cascaded, Cuk, Half Bridge, SEPIC/Zeta, Switched — Capacitor,
and Interleaved Converters. In Buck — Boost Converters, the passive components
and the power switches operates under high thermal and electrical stress resulting
in high power loss. The Buck — Boost Cascaded converter requires a greater
number of components [2][4][5]. The Half - Bridge converter has only one
inductor and have greater performance due to the lower inductor current. The
Switched — Capacitor converters suffer from high ripple current which causes
Electro — Magnetic Interference (EMI) at the output due to the presence of a
greater number of passive components. The Interleaved converters are extremely
expensive and have a complex control strategy [2][6][7]. Out of all the converter
topologies, the Half — Bridge topology was selected for our work since it was
compact, efficient and easy to implement its control strategy [1].

2. BIDIRECTIONAL DC — DC CONVERTER WITH BATTERY AND DC
MOTOR

Figure 2.1 shows the Bidirectional Converter fed Separately Excited DC Motor
drive. MOSFET switch Q2 with the diode D1 is modulated to accomplish the
boost converter operation. MOSFET switch Q1 with the diode D2 is modulated
for the converter to work in buck mode which reverses the flow of power. It
should be remembered that the inductor current directions in the two modes are
opposite. To achieve motoring and regenerative braking of the engine along with
the motor’s speed control, a control model is provided using a PID controller. In
this model, a Lead Acid battery model was used to validate the motor output in
both the modes. This strategy produces the required results when various speed
commands are applied



Figure 2.1. Bidirectional Converter fed DC motor

2.1 Determining PID Controller’s gain by PID Auto — Tuner in Simulink

The PID Tuner uses the auto-tuning algorithm to identify a linear transfer function
from the input and output data sets and tune the controller gains. The PID
Controller’s step response was tuned to have the following responses as shown in
Table 2.1.1 and the Controller gains are determined as shown in Table 2.1.2.

Table 2.1.1: Step response parameters from auto — tuning of PID Controller

PID CONTROLLER STEP RESPONSE PARAMETERS

SI. No. Parameters Values
1 Rise Time (s) 0.5s
2 Settling time (s) 0.15s
3 Overshoot (%) 2.8%
Table 2.1.2: PID Controller gains from auto — tuning of PID Controller
PID CONTROLLER GAINS
SI. No. Parameters Values
1 Kbp 0.015
2 Ki 0.1
3 Kb 0.0002

Table 2.2.1: Parameters and values used for modelling

Parameters Values
Motor Ratings 5HP, 240V,1750rpm

Inductor (L) 50uH
Capacitor (C) 220pF
Capacitor (C) 220pF
Battery voltage 48V

Battery capacity 140AH
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2.2 Closed loop simulation of the drive

The MATLAB Simulation of the drive is as shown in figure 2.2.1. The parameters
used for the simulation is given in Table 2.2.1. The total simulation time was
considered as 2 seconds out of which the converter works in boost mode for the
initial 1 second and buck mode for the other 1 second. The required speed of 60
rad/s (3600 rpm) is to be achieved for both the modes.

Figure. 2.2.1 Closed loop simulation of Bidirectional DC-DC Converter fed separately
excited DC Motor.

2.3 Simulation results

Various system parameters obtained from the closed loop simulation of DC-DC
converter fed separately excited DC motor are presented in this section along with
the waveforms. Consolidated data is given in Table 2.3.1.

Figure 2.3.1 Battery Voltage in Volts Figure 2.3.2 The SOC of battery in %

Battery Voltage and SoC of the Battery: The battery is discharged to run the
motor during motoring mode and the battery gets charged during regenerative
braking mode.Therefore the battery voltage decreases till 1s and increases till
another 1s as shown in figure 2.3.1. As battery gets discharged during forward
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motoring mode, its SoC is seen to decrease and when the battery gets charged
during regenerative mode the SoC of the battery rises as in figure 2.3.2

Battery Current: The battery current increases since the current is drawn to
power the motor during motoring mode and decreases during regenerative braking
mode which is shown in figure 2.3.3.

Inductor Current: During forward motoring mode the inductor gets charged by
the battery and the current rises and is discharged to charge the HV side capacitor
to run the motor. During regenerative braking mode the HV side charges the
inductor and the output capacitor and then gets discharged to charge the battery.
Waveforms are given in figure 2.3.4

Figu