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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 simultaneous 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 (D1&D2) and power switches (S1-Sm) along with the inductor 
and capacitor. With the proper control of S1, S2 and S3, the individual, concurrent 
operation of the inputs can be realized. The conduction of diodes and Sm 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 S1 and Sm are ON, 
where the other devices are non-conducting. Thus V1 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 
S2 and Sm and all other devices are turned OFF. Here, energy to the load is given 
by the capacitor, source V2 charges the inductor. 

 

            Figure 1. Basic circuit of DIBC converter. 



 3 

 
(a)      (b) 

    
(c)      (d) 

Figure 2.States of DIBC converter (a) V1 is delivering the power (b)V2 is delivering the 
power (c) V1 and V2 simultaneously supplies the power (d) Freewheeling state. 

State 3: Figure 2c displays, the converter circuit in state 3. The conducting devices 
are S3 and Sm, and all other devices are in non-conducting state. S3conduction 
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 D1 and D2. 

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 

𝑉 𝑑 𝑉 𝑑 𝑉 𝑉 𝑑 𝑉 1 𝑑 𝑑 𝑑 0         (1) 

Hence the expression for the output voltage is 

 𝑉
 

                                                            (2) 

The value of the inductor can be determined from the below expression; 

𝐿
∆

                                        (3) 

Similarly, the capacitor value can be determined as 

𝐶
∆

                                                                    (4) 
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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 (V1+V2) 
for d3 and is de-energized with -240 V (-Vo).  

Table 1.  Simulation parameters of DIBC converter. 

 Input 1 (V)  Input 2 (V) L (mH) C (µF) F (kHz) 

             Vo (V) 

  Buck-boost  

90 70 5 470 20  240/80  

   
 (a) 

     
         (b) 

Figure 3. Simulation wave form: (a) output voltage, current (b) inductor voltage, current (d 
> 0.5). 

 
(a) 

 
(b) 

Figure 4. Simulation wave forms: (a) Load voltage, current (b) voltage, current of inductor 
(d < 0.5). 
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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 d1, d2 and d3 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. 
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(a)      (b) 

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 
proposed 

Switching 
Devices 

Inductor Capacitor 
Voltage 
stress  

 

Efficiency 

     (%) 

Converter in [4] 2n n 1 Vo 78-91 

Converter in [6] n+4 1 1 Vn 80-92 

DIBC converter n+4 1 1 Vn 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 
[6-7] [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]. 

k
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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]. 

 

 

 

 

 

 
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. 

Set the specific 
object as a Bus 

Severity 
Prediction

Data 
collection 

from 
simulation

Data 
Preparations

Data mining 
techniques

Evaluating results 
and predicting the 
severity of the Bus 

Condition



 

Step No. 3: 
Calculate Voltage collapse proximity indicator for different load 
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 

Step No. 8: 
Click on classification and save file in .arff format after selecting Select 
Classification-Tree-J48, and use training set and click on the start option 
to predict the severity and ranking of the each line. 

Step No. 9: Right Click for option of tree J48 which is shown on the Result List 
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.  

Bus 
Rank 
No 

Bus No. 
when line 
4 outaged 

Bus No. 
when line 

18 outaged 

Bus No. 
when line 24 

outaged 

Rank 
No 

Bus No. 
when line 
4 outaged 

Bus No. 
when line 18 

outaged 

Bus No. 
when line 
24 outaged 

1 11 11 11 16 22 20 1 

2 3 13 13 17 24 19 25 

3 13 12 12 18 27 6 6 

4 12 2 15 19 5 5 5 

5 16 17 17 20 23 24 28 

6 14 16 2 21 4 15 8 

7 10 21 16 22 29 18 27 

8 1 9 20 23 25 29 23 

9 2 1 14 24 9 8 30 

10 21 3 22 25 30 25 10 

11 17 14 21 26 7 30 24 

12 15 22 9 27 8 10 26 

13 19 27 19 28 26 23 4 

14 20 11 18 29 6 26 7 



 

15 18 13 3 30 28 4 29 

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 
Sl. No Condition Ranks 

1 Critical 1 to 10 

2 Semi- Critical 11 to 20 

3 Non-critical 21 to 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.  
Sl. No C No. VCPI Condition Sl. No C No. VCPI Condition 

1 C_No_3 0.1373 Critical 31 C_No_12 0.1674 Critical 
2 C_No_3 0.1340 Critical 32 C_No_12 0.1596 Critical 

3 C_No_3 0.1649 Critical 33 C_No_12 0.1598 Critical 
4 C_No_3 0.1026 Non Critical 34 C_No_12 0.1154 Semi Critical 
5 C_No_3 0.1054 Semi Critical 35 C_No_12 0.1043 Semi Critical 
6 C_No_3 0.0522 Non Critical 36 C_No_12 0.1318 Critical 
7 C_No_3 0.0879 Non Critical 37 C_No_12 0.1323 Critical 
8 C_No_3 0.0866 Non Critical 38 C_No_12 0.1021 Semi Critical 
9 C_No_3 0.0963 Non Critical 39 C_No_12 0.1094 Semi Critical 

10 C_No_3 0.1420 Critical 40 C_No_12 0.1107 Semi Critical 

11 C_No_3 0.1915 Critical 41 C_No_18 0.1099 Semi Critical 
12 C_No_3 0.1551 Critical 42 C_No_18 0.1307 Critical 
13 C_No_3 0.1644 Critical 43 C_No_18 0.1125 Semi Critical 
14 C_No_3 0.1445 Critical 44 C_No_18 0.0513 Non Critical 
15 C_No_3 0.1320 Semi Critical 45 C_No_18 0.1029 Semi Critical 
16 C_No_3 0.1468 Critical 46 C_No_18 0.1041 Semi Critical 
17 C_No_3 0.1324 Semi Critical 47 C_No_18 0.0469 Non Critical 
18 C_No_3 0.1293 Semi Critical 48 C_No_18 0.0936 Non Critical 
19 C_No_3 0.1315 Semi Critical 49 C_No_18 0.1196 Semi Critical 
20 C_No_3 0.1297 Semi Critical 50 C_No_18 0.0819 Non Critical 
21 C_No_12 0.1199 Critical 51 C_No_18 0.1636 Critical 
22 C_No_12 0.1346 Critical 52 C_No_18 0.1542 Critical 
23 C_No_12 0.1166 Critical 53 C_No_18 0.1560 Critical 
24 C_No_12 0.0554 Non Critical 54 C_No_18 0.1252 Critical 
25 C_No_12 0.1069 Semi Critical 55 C_No_18 0.1363 Critical 
26 C_No_12 0.1077 Semi Critical 56 C_No_18 0.1288 Critical 
27 C_No_12 0.0506 Non Critical 57 C_No_18 0.1313 Critical 
28 C_No_12 0.0976 Non Critical 58 C_No_18 0.1172 Semi Critical 
29 C_No_12 0.1214 Critical 59 C_No_18 0.1194 Semi Critical 
30 C_No_12 0.0816 Non Critical 60 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. 



 

 

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 
Sl. No C No. VCPI Condition Sl. No C No. VCPI Condition 

1 C_No_3 0.1336   Critical 16 C_No_12 0.0705 'Non Critical' 
2 C_No_3 0.126 'Semi Critical' 17 C_No_12 0.1133 'Semi Critical' 
3 C_No_3 0.1034 'Semi Critical' 18 C_No_12 0.0164 'Non Critical' 
4 C_No_3 0.1224 'Semi Critical' 19 C_No_12 0.0989 'Non Critical' 
5 C_No_3 0.0984 'Non Critical' 20 C_No_12 0.0896 'Non Critical' 

6 C_No_3 0.078 'Non Critical' 21 C_No_18 0.12 Critical 
7 C_No_3 0.1173 'Semi Critical' 22 C_No_18 0.1218 Critical 
8 C_No_3 0.0091 'Non Critical' 23 C_No_18 0.0894 'Non Critical' 
9 C_No_3 0.1025 'Non Critical' 24 C_No_18 0.0797 'Non Critical' 
10 C_No_3 0.0931 'Non Critical' 25 C_No_18 0.1057 'Semi Critical' 
11 C_No_12 0.1222 Critical 26 C_No_18 0.0712 'Non Critical' 
12 C_No_12 0.1146 'Semi Critical' 27 C_No_18 0.0929 'Non Critical' 
13 C_No_12 0.0763 'Non Critical' 28 C_No_18 0.1003 'Non Critical' 
14 C_No_12 0.1062 'Semi Critical' 29 C_No_18 0.0043 'Non Critical' 
15 C_No_12 0.0905 'Non Critical' 30 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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Abstract   
 
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/m2-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/m2/year and 36 GW with a threshold DNI of 
1800 kWh/m2/year [6].  There are a few important industrially popular sites in India with interesting 
values of DNI (with averages above 500 kW/m2) 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 4500C 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 

Techno-Commercial Performance Parameters reported 

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

Solar thermal power plant 

100 MW Modelling & Simulation 
[8] 

Net Energy Efficiency of 1 MWe -   16% 

Net Energy Efficiency of 50 MWe – 27.21% 

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

Software used – Cycle Tempo 

2 Deepak and Sudhakar (2017) 

[9] 

 

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) 

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 

4 A. Buscemi, et al.  Concrete 
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 m2 

Electricity units generated 4.3152 GWH  

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

Software Used: TRNSYS 

5 Reliance Solar thermal power 
plant 125 MW, Rajasthan, India 
(2014) [17] 

280 GWh of electricity every year and can offset over 2.1 
million tonnes of carbon dioxide for 10 years. Software used: 
Not Applicable. 

6 LFR Solar thermal power plant 
Dadri Uttara Pradesh, India 
(2015) [19] 

14MW plant developed by Thermax Ltd and Frenell GmbH, 
30000 m2 and Annual Energy Yield 14 GWh. 

Software used: Not Applicable. 



7 Danish et al. Innovative 
Greenhouse-LFR concept (2021) 
[11] 

greenhouse-LFR, the maximum thermal efficiency was 
73.2% whereas for conventional-LFR it was 37.2% 

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 MWe 

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        ---(1).  

                   Where n is the number of day and India, which is in Northern hemisphere, δ > 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  δ < 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 22m2 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 4000C with a thermal loss coefficient of 0.000043W/m2/K2. Thermal 
output of the LFR module shown in the figure 3, is given by 12.3 kW/m2 with a total installation 
surface area of 377 W/m2. Single loop aperture area is 7524.8 m2 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 m2. Field are is 13 acres multiplied by non-solar field multiplier of 1.6.  
 
         

       
 
                     Fig.3. Drawing of the Fresnel solar collector module 
 
Simulation 
block  

Elements of interest Remarks 

Solar 
Resource 
Assessment 

Ibn Direct Normal Irradiance (data available from 
NSDRB data base directly) in kWh/m2 

Solar Field Solar Collector Assembly (SCA) Area of SCA ( 7.5 m X 4.6 m ) = 22 m2  
Thermal output 12.3 kW per module [LF 11 ] 
377 W/m2 as per total installation surface area  

 Conversion efficiency of the 
collector loop  

Maximum efficiency 66.3% 

 Total area of the solar field 52673.47 m2 with Solar Multiple Value = 2.3 
 Thermal energy output from solar 

field 
30 MWth 

 Net-Effective land area required 
by the plant 

85000 m2 

Heat transfer 
fluid (HTF) 

Full load storage hours considered 4 Hours 

TES Storage volume 282.289 m3 
 Storage Tank diameter 4.23 m 
 Minimum Fluid Volume 14.1144 m3 
 Thermal capacity of TES 50.38 MWth 
 Estimated Heat Loss 0.0436 MWth 
 HTF outlet temperature  5250C 
 Design inlet temperature of HTF 

Cycle 
2930C 

 HTF mass flow rate 35.9 kg/sec 
Power Block   
 Rated cycle conversion efficiency 39.7% 
 Net electrical output of the plant 

at Nameplate 
4.5 MWe 

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 2380C and a 
maximum operating temperature of 5930C. TES hot tank temperature is varying with solar time and reaches a 
maximum of 4750C and at 2 PM, it starts decreasing till 4650C 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 NaNO2 (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 2380C in the simulation cycle. For 4-hours storage, Total tank volume is 313 m3 for a thermal 
capacity of 56 MWth. TES fluid density is 1829.33 kg/m3. Cold tank set point is 2630C.  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 5000C 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 



 

Fig. 5. Hourly variation of TES tanks temperature 

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 4750C so as to avoid the problems of HTF becoming frozen during cold climates.   

 

 

 

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.   



 

 

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

 

  

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.   



 9 

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.  

 

Fig.9. Electrical energy output of 5 Mwe LFR plant at Ananthapuramu location 

 

Fig. 10. Daily avaerage thermal energy output of LFR plant at Ananthapuramu   



 10

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 MWHe per year) 
of a 5 MWe 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.     
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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 

Ensuring energy sustainability in rural areas by the 

provision of solar street lighting system 
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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: 
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 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 
silicon 

10-13% 25 years High High 

Polycrystalline 
silicon 

9-13% 10 years Moderate Moderate 

Amorphous 
silicon 

6-8% 10 years Low Low 

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 
Type 

Lamp 
size 

(Watt) 

PV 
module 

size (Wp) 

Battery 
Size for 

Lead Acid 
(AH) 

Battery 
size for 
Lithium 

Ion 
(AH) 

Charge 
controller 
(Ampere) 

Pole 
height 

(m) 

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. 
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3.1.3 Lithium-Ion (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. 
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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 
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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  

                                                           (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 
5A* 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  

                                                                                                            (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 

                                                         (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. 

8        REFERENCES 

[1]. Aung, N. S. M., & Myint, Z. H. (2015). Design of stand-alone solar street 
lighting system with LED. International journal of scientific engineering 
and technology research, 3(17), 3518-3522. 

[2]. N. Kannan and D. Vakeesan, "Solar energy for future world: - A review", 
Renewable and Sustainable Energy Reviews, vol. 62, pp. 1092-1105, 
2016. 

[3]. B. Ng and Z. Akasah, "An Overview of Malaysia Green Technology 
Corporation Office Building: A Showcase Energy-Efficient Building 
Project in Malaysia", Journal of Sustainable Development, vol. 4, no. 5, 
2011. 

[4]. B. Ng and Z. Akasah, "Energy-efficient buildings: an in-depth look into 
definitions and design problems", International Journal of Emerging 
Sciences, vol. 3, no. 4, 2013. 



 9 
[5]. Herzog, T. Lipman, J. Edwards and D. Kammen, "Renewable Energy: A 

Viable Choice", Environment: Science and Policy for Sustainable 
Development, vol. 43, no. 10, pp. 8-20, 2001. 

[6]. Acharya, A., Nanda, L., Roy, T., Misra, B.,”Boost Converter with 
Generalized Quadratic Boosting Cell with Reduced Capacitor Voltage 
Stresses”, Lecture Notes in Electrical Engineering, 2021, 691, pp. 79–91, 
2021 

[7]. Nanda, L., Acharya, A.,”Evaluation on various Dc-Dc non-isolated 
maximized voltage gain converter topology”,11th International 
Conference on Advances in Computing, Control, and Telecommunication 
Technologies, ACT 2020, pp. 173–178,2020 

[8]. Arjyadhara Pradhan, Bhagabat Panda, “Performance analysis of 
Photovoltaic module at changing environmental condition using 
MATLAB/Simulink” International Journal of Applied Engineering 
Research ,ISSN 0973-4562 Volume 12, Number 13 (2017) pp. 3677- 3683 

[9]. Arjyadhara Pradhan, Bhagabat Panda, "A simplified design and modeling 
of boost converter for photovoltaic sytem”,International Journal of 
Electrical and Computer Engineering, 2018, 8(1), pp. 141–149. 

[10]. Arjyadhara Pradhan, Bhagabat Panda, “Experimental analysis of 
factors affecting the power output of the PV module”International Journal 
of Electrical and Computer Engineering, 2017, 7(6), pp. 3190–3197. 

[11]. Arjyadhara Pradhan, Babita Panda, Bhagabat Panda, Aradhana 
Khilo,”An Improved MPPT Technique for improving efficiency of PV 
module”1st International Conference on Conference on advances in 
electrical control and signal systems (AECSS-2019),8th-9th November 
2019 SOA | SIKSHA 'O' ANUSANDHAN vol 665, pp 633-644. 



1
Modeling of PWM Technique for Three Phase

Voltage Source Inverter

Bansilal Bairwa, Sanjeeva Kumar, Santoshkumar Hampannavar,
Raghu C N

bansilal.bairwa@reva.edu.in

School of Electrical and Electronics Engineering,REVA University,Bangalore, India
560064

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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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 50Hz, 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.

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[5, 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 distortionḢarmonics 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.
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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(3ωt)
• Injection (constant value)
• Fundamental control sin(ωt)

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 (ZSIs) 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: 3Ø Traditional Z-source inverter [3] 

As seen from Fig.1 the Z-source inverter has a unique impedance network consisting of split inductance 
(L1, L2) and capacitance (C1, C2). 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] 
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Fig.2 (b) Active state (Non-Shoot 
Through state) [3] 



C1

L1

C2

L2

DC

D1

S4

AC 
Motor

 

Fig.2 (c) Shoot-Through state.[3] 

Since the Z-source inverter is symmetric, the parameters L1=L2 =L and C1=C2=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 T1 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 Vin, L, C and DC link voltage Vdc, the 
voltage relations are given by: 

𝑉 𝑉 𝑉 𝑉           (2a) 

 𝑉  𝑉            (2b) 

V V 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 T0 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 Vin, L, C, the voltage relations are given by: 

𝑉 𝑉 𝑉 0                                                 

𝑉 𝑉 𝑉            (4) 

𝑉 0            (5) 

The voltage relations during active and shoot-through states are 

 V t dt  0           (6) 



Solving (6) for voltage across capacitor, 

 

 

 
          (7) 

From (7),  

D
 

 
           (8) 

Where D   is the shoor-through duty cycle.From equations (3) and (7), the dc link voltage is given 

by: 

V
 

𝑉            (9) 

Equation (9) can also be expressed as: 

V
 

𝑉 BV          (10) 

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

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] 
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Fig.3: Voltage fed dis-continuous current Z-
source inverter [1]. 
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Fig.4: Current fed continuous current Z-source inverter [1] 
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Fig.5: Current fed dis-continuous current Z-

source inverter [1]. 
 

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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Fig.6: Embedded Z-source inverter [1] 

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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Fig.7: Embedded Quasi Z-Source Inverter [5] 
 
 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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Fig.8: Trans Z-Source Inverter 

       
  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 (Γ-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 Γ-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 Γ-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.  The 
traditional z-source inverters comparative topologies are tabulated in table 1. 

 
Table-1: Z-Source Topologies Comparison 

 
Impedance network Boost Factor Number of 

Capacitors 
Number of 
Inductors 

Voltage stress on the 
switches 

Z-Source  where  

0 𝐷 0.5D 

2 2 1
1 2𝐷

 𝑉  

Q-Z-Source  where  

0 𝐷 0.5D 

2 2 1
1 2𝐷

 𝑉  

Embedded 
Z-Source 

 where  

0 𝐷 0.5D 

2 2 1
1 2𝐷

 𝑉  

Embedded 
Q-Z-Source 

 where  

0 𝐷 0.5D 

2 2 1
1 2𝐷

 X  

 
𝑉  𝑉  

Trans-Z-Source  where  

0 𝐷 1 𝑛 D 

1 Integrated 2 
windings 

1
1 1 𝑛 𝐷

 

 
X   𝑉  

 
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  
Γ-Z-source Inverter 

HEV 

Improved Z-Source 
Inverters / Trans-Z-
source inverter 

EV/HEV 

Modified  
Γ-Z-source Inverter 

EV 

Bidirectional  
Q-Z-Source 

EV 

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 study, 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.  
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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 is 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 
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                      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 

Table 2.1.2: PID Controller gains from auto – tuning of PID Controller 

Table 2.2.1: Parameters and values used for modelling 

 
 
 
 
 
 
 

PID CONTROLLER STEP RESPONSE PARAMETERS 
Sl. No. Parameters Values 

1 Rise Time (s) 0.5s 
2 Settling time (s) 0.15s 
3 Overshoot (%) 2.8% 

PID CONTROLLER GAINS 
Sl. No. Parameters Values 

1 KP 0.015 
2 KI 0.1 
3 KD 0.0002 

Parameters Values 

Motor Ratings 5HP, 240V,1750rpm 

Inductor (L) 50µH 

Capacitor (C) 220µF 

Capacitor (C) 220µF 

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 



     5 

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 

   Figure 2.3.3  Battery Current  in Amps            Figure 2.3.4  Inductor Current in Amps 

Motor Torque: For the PID Controlled drive, during forward motoring mode a 
torque of 10Nm is applied to the motor up to 1 second and a torque of -10Nm is 
given for the next 1 second so that battery gets charged by the motor during 
regenerative braking mode since it acts as a generator as in figure 2.3.5. 

Armature Current: Since the torque and armature current is directly proportional 
to each other it is positive during forward motoring mode and negative during 
regenerative braking mode and is around 9A.Waveforms are given in figure 2.3.6. 

 

 

Figure 2.3.5   Motor Torque in Nm            Figure 2.3.6 Motor Armature Current in Amps 

Motor speed: The speed of the motor is to be maintained constant during both 
the modes. The required speed of 60 rad/s is reached and the desired speed is 
reached at a very fast rate during both the modes as shown in figure 2.3.7. 
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Armature Voltage: During motoring mode, the back emf is always less than the 
armature voltage as the duty ratio changes itself to run the motor at the required 
speed. Waveforms are given in figure 2.3.8. The back emf should be greater than 
the armature voltage to maintain the constant speed during regeneration. 

 

 

 

 

 

Figure 2.3.7 Motor speed in rad/s          Figure 2.3.8 Motor Armature Voltage in Volts 

 

Table 2.3.1: Observations from simulation results of PID controlled Drive 

3. CONCLUSION 

In this work, we have demonstrated the Motoring and Regenerative action along 
with the control of speed of the separately excited DC motor drive. The Half-
Bridge Converter configuration was chosen for the work because it provides 
higher efficiency compared to other topologies of the Bidirectional Converter. The 
PID Controlled closed-loop system was efficient for the control of speed as the 
desired speed was reached at a faster rate at a time of 0.5s and hence the battery 
charge drawn to power the motor was less. The model was analysed in 
MATLAB/SIMULINK and the outcomes are supported by the waveforms.  

Sl. 
No. 

Parameters Motoring Mode Regenerative Braking 
Mode 

1 Battery Voltage (V) Decreases from 48.84V to 
48.81V 

Increases from 48.81V 
to 48.96V 

2 Battery SOC (%) Decreases from 86.68% to 
86.676% 

Increases from 86.676% 
to 86.678% 

3 Battery Current (A) Range of 10A to 12A Range of 10A to 12A 
4 Inductor Current (A) 10A -10A 
5 Motor Torque (Nm) 10Nm -10Nm 
6 Armature Current (A) 9A -9A 
7 Motor speed (rad/s) 60 rad/s at 0.5s 60 rad/s at 1.5s 
8 Armature Voltage (V) Increases to 77V Decreases to 68V 
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4.      FUTURE WORK 

Despite its low cost, high reliability, and high dynamic efficiency, the PID 
Controlled drive is less efficient and fragile in the presence of disturbance and 
instability, as well as in avoiding large transients between directions. These issues 
can be addressed by using sophisticated control schemes like fuzzy logic which 
offers a fast solution as well as robustness due to adaptive characteristics relevant 
to non-linear and systems which are not accurate, instability, varying parameters, 
and load distortions. 
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Abstract:  In the low-voltage microgrid system with multi-inverter running in parallel, due to the 
impedance difference of each inverter output line, it is difficult for the distributed power generation units 
in the system to allocate the active power of the public load according to the traditional anti-droop control 
strategy, which affects the stability of the system. In view of this problem, the output power distribution 
performance of low voltage microgrid system is analyzed theoretically, and the main factors affecting the 
power distribution performance are obtained. The introduction of virtual resistance into the double-closed-
loop control of voltage current not only inhibits the effect of coupling between active and reactive power 
on the stability of the system, but also improves the output power quality of the system. Virtual resistance 
can track the change of active power difference between active power and reference output of each 
distributed power supply in real time and compensate for the bus voltage drop due to line impedance 
difference in time and effectively. The proposed strategy enables each distributed power supply to distribute 
the active power in the public load reasonably. Finally, the validity and correctness of the strategy are 
verified on the simulation platform. 

Keywords   

 
1. INTRODUCTION 

With the emergence of the non-renewable energy crisis and the enhancement of the greenhouse gas effect, 
various new energy sources such as wind, solar and tidal energy have become the focus of more and more 
researchers. At present, the utilization of new energy in the power system is mainly distributed power supply 
system with microgrid as the carrier.  The microgrid system consists of distributed power sources 
(Distributed Generator, DG), loads and controllers, etc., to provide users with electrical energy [1]. In recent 
years, the power distribution performance of microgrids has attracted the attention of domestic and foreign 
scholars [2-5]. 



In the microgrid system, when the peer-to-peer control mode is used to control each DG in the system, the 
dependence of each DG on the communication equipment is greatly reduced, and the control only depends 
on the local information of the system [6]. In this control mode, the selection of each DG control strategy 
in the microgrid system is very important, which has caused Droop control to be widely used [7]. 

Droop control is a common control method for parallel operation of multiple DGs in microgrid systems. It 
not only provides voltage and frequency support for the system, but also realizes reasonable power 
distribution according to their respective droop characteristic equations [8]. However, the droop control 
also has the following problems: (1) Due to the inherent characteristics of the microgrid system, it is difficult 
for the traditional droop control strategy to give full play to the energy supply efficiency of the DGs in the 
system, and even affect the stability of the system [9-11]; (2) The selection of the droop control method is 
related to the voltage level of the microgrid system. The low-voltage microgrid system uses traditional anti-
sag control.Similar to traditional droop control, it also has the advantages of small fluctuations and plug 
and play [12-14]. 

In order to solve the problem that the power distribution accuracy of the microgrid system is reduced due 
to the traditional anti-sag control, domestic and foreign scholars have proposed a variety of improvement 
strategies. Literature [15-17] introduced virtual impedances on the basis of traditional anti-sag control 
strategies to mitigate the adverse effects of power coupling between inverters on the microgrid system, but 
they did not consider the impact of virtual impedance on the bus voltage Influence. Literature [18-20] used 
methods such as constructing adaptive virtual resistance or adaptive virtual impedance to compensate for 
the voltage drop generated by virtual impedance or virtual resistance while suppressing the system's 
circulating current.However, the above-mentioned adaptive virtual control strategy increases the line 
voltage drop and cannot take into account the power quality. 

Literature [21-23] respectively proposed an adaptive droop coefficient to achieve the purpose of power 
sharing, but the adjustment of the adaptive droop coefficient is still poorly adjusted, resulting in poor 
dynamic performance. Although the above-mentioned improved droop control strategy improves the power 
distribution accuracy of the system to varying degrees, there is no experiment to prove the improvement 
effect of the power quality of the system. Aiming at the characteristics of R-X in low-voltage micro-grid 
systems, this paper proposes a low-voltage micro-grid power distribution strategy based on adaptive virtual 
impedance based on the P-V relationship [24].This method can improve the distribution accuracy of the 
output power of each DG in the microgrid system when the impedance of each DG output line is resistive. 

Finally, simulation experiments verify the feasibility of the strategy proposed in this paper. 

 

 

 

 

 

 

 

 

 

 

 

 



2. POWER FLOW CHARACTERISTICS BETWEEN DISTRIBUTED 
GENERATION INVERTERS 
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Figure 2.1 Equivalent circuit diagram of DG inverter parallel operation 

 

The voltage source distributed generation inverter is an important way to connect the distributed power 
supply and the power grid in the microgrid. The regulation characteristics of the DG inverter are crucial for 
the power distribution between the distributed generation sources. The DG inverter with droop control can 
adjust its own frequency and power according to measured active and reactive power. 

The following is an overview of the basics of droop control using Figure 1 to analyses the output power of 
two DG inverters operating in parallel. The sum of the line and output impedance of the DG inverter1 and 
DG inverter 2 is given by [3]: 

 

The equivalent circuit impedance ( 1, 2)nZ n   is: 

n n nZ R jX                                                                                                                        (1) 

The DG inverters output current (n=1,2) is: 
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The output power of DG inverters (n=1,2) is: 
*.n n n n n nS P jQ V i                                                                                                      (3) 

nP  is the output active power of DG inverter n; nQ  is the output reactive power of DG inverter n; *
ni  is 

the output current conjugate. 
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When the impedance of the DG inverter system is resistive 0o  , the active and reactive power of the 
DG inverter output respectively is: 
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Droop control is actually controlled by the principle of linear relationship between the power of the 
inverter output and the amplitude of the system frequency and output voltage. The Droop control method 
is generally used in the control of distributed generation units in the Peer-to-peer control strategy [8]. 

Reverse droop control strategy can be derived [9,10]: 
( )n ref PV n refV V m P P                                                                                                          (8) 

( )n ref Qf n reff f n Q Q                                                                                                           (9) 

Where fref is the nominal frequency of the system and f is the actual frequency of the system; Vref is the rated 
voltage of the system and V is the actual output voltage of the system. Qref is the system rated reactive power 
and Q is the actual output reactive power; mPV is the reverse droop(P-V) coefficient and nQf is the reverse(Q-
f) droop coefficient. Figure 2 shows the droop characteristics of  reverse droop control[Chen (2014), Wang 
(2014)]. 
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Figure 2.2  Reverse droop control curves 

 

3. DIAGRAM OF REVERSE DROOP CONTROL  

In a microgrid, a reverse droop control is used to adjust the voltage and frequency of the DG inverters 
output, so that the micro-grid can operate under different load requirements. As can be seen from Figure 3, 
where Lf is the filter inductor, Cf is the filter capacitor, r is the filter inductor equivalent resistance and ZLoad 
is the load impedance, the reverse droop control model of microgrid can be divided into two parts: voltage 
and current loop control model and power droop control model. First, the output voltage and current of the 
microgrid power supply are obtained by sampling the DG inverter module. The output power of the 
microgrid power supply is obtained by the power calculation unit and the low-pass filter and then calculated 
according to the active power droop controller and the reactive power droop controller respectively. The 
reference voltage values Vdref and Vqref is finally adjusted by the voltage PI control and idref and iqref are 
adjusted by the current P control to obtain controllable sinusoidal modulation signal m to the DG 
inverter[10,11] . 
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Figure 3.1 Control diagram of reverse droop control 
 

From the above analysis, it can be seen that the output impedance of the inverter is complex and its nature 
is uncertain. In general, the output impedance of the inverter itself is small and the output impedance 
characteristic is determined by the line impedance. However, the impedance of the line at the output end of 
the inverter in the microgrid is flexible and it is not possible to use the reverse droop control directly [12-
13]. 

 

3.1 Vitrual Resistance Method: 

Decoupling the output power requires knowing exactly the information of the output impedance and 
requires real-time on-line impedance measurement. This technology is still under research and is not mature 
enough. Therefore, the output impedance of the DG inverter is altered using virtual resistance method as 
shown in the figure 4[14-15]: 

 

refV

v vZ R

oi
*

refV
oV

oi

 
Figure 3.2  Virtual resistance block diagram. 

 



When the load is suddenly changed, the voltage amplitude and frequency are adjusted to obtain a good 
power sharing effect. This method can achieve accurate power sharing, has better dynamic modification 
performance and is suitable for resistive line impedance conditions[15-16]. 

Virtual resistor is expressed as: 
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Figure 3.3  Bode diagram of inverter output impedance with virtual resistor. 
  

If the line impedance is resistive, virtual resistor is added the control loop of reverse (P-V/Q-f) droop control 

to improve the power decoupling effect. Impedance angle at 50 Hz is 1.9  as shown in the Figure 5. The 
parallel inverter output impedance tends to be more resistive, which has a major role in improving the power 
sharing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4. SIMULATION RESULTS  

Power sharing analysis of reverse droop control with virtual resistors under resisive line impedance with 
frequent changes in load. 

 

 

Figure 4.1  Active power sharing using reverse droop control with virtual resistors under resistive line 
impedance   with frequent changes in load. 

 

Figure 4.2 Reactive power sharing using reverse droop control with virtual resistors under resistive line 
impedance   with frequent changes in load. 



 

Figure 4.3 Parallel DG inverters output frequency using reverse droop control with virtual resistors 

under resistive line impedance   with frequent changes in load. 

 

Figure 4.4 Parallel DG inverters output voltage amplitude using reverse droop control with virtual 
resistors under resistive line impedance with frequent changes in load. 

 
Power sharing of parallel inverters is investigated with common load of Pload = 1201 W, Qload = 121 VAR 

and at 0.5 s sudden local load value of Pload = 801 W, Qload = 81 VAR is added and removed at 0.7s verify 
the dynamic response and line impedance of 1 1Line LineR jX =0.7+j0.002Ω, 2 2Line LineR jX =0.8+j0.003Ω. 

Reverse droop control based on virtual resistors can reduce the influence of the line impedance difference 
on the parallel inverters by setting the total output impedance of the DG inverters to be resistive, which 
improves decoupling of power and improves the proportional load sharing P1=594 W, P2=592 W, Q1=53 
VAR, Q2=52 VAR and at load change at 0.5 s, P1=935 W, P2=932 W, Q1=89 VAR, Q2=86 VAR  as shown 
in the Figure 6,7 and frequency variation of DG inverters is within the range of 49.77 Hz to 49.78 Hz, the 
maximum fluctuation of 0.004 Hz as shown in the Figure 4.32. Voltage variation of DG inverters is 
V1=309.6 V, V2=308.9 V as shown in the Figure 8,9. Thus, the reverse droop control with virtual resistors 
improves power sharing compared to reverse droop control. 

 

 

 



 

5.  CONCLUSION 

This paper proposes an improved traditional reverse droop control strategy suitable for virtual resistance in 
low-voltage microgrid systems. Under the premise that the output impedance of the inverter is made 
resistive through design parameters in the literature, adaptive virtual resistance is introduced. The virtual 
resistance value varies with the difference between the actual output active power of the DG and the 
reference output active power. The design of the virtual resistance link aims to eliminate the adverse effect 
of the excessive voltage drop of each DG in the system caused by the introduction of the virtual resistance 
link and achieve the purpose of evenly distributing the output active power of each DG to the public load. 
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Abstract

This paper presents an initiative, progress, and development of battery charg-
ing techniques in electric driven vehicles extensively, with respect to the
demanding needs for addressing the issues of exhaustible fuel resources, envi-
ronmental hazards due to carbon emission etc. Alerted by the haunting issues
of conventional IC engine vehicles, manufacturers are making significant at-
tempts to reduce the dependency on IC engines by converting the vehicles
to Hybrid Electric, Plug-in Hybrid Electric and Electric Vehicles. Battery
is a prime source for driving the traction circuit in Electric Vehicles (EVs),
due to rapid change in standard of living, it is required to adopt an adequate
technology to charge the battery of Hybrid Electric Vehicles (HEVs), Plug-
in Hybrid Electric Vehicles (PHEVs) and Electric Vehicles (EVs). Basically,
charger can be a standalone or onboard. The merits of the standalone (exter-
nal) chargers are potentially feasible for higher power rating, no limitation
of size and weight. The limitations of onboard charger are size, space and
weight. To overcome the limitations of onboard charger, the existing power
electronic traction circuit of the vehicle is used as a charging circuit and motor
winding as an input inductor, when the vehicle is at halt. The evolution of
battery charging technology is presented by comparing different integrated
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battery chargers based on their topologies and their additional potential to
support the grid is explored based on various factors.

Keywords: Integrated Charger, Plug-in Hybrid Electric Vehicles, standalone
charger, onboard charger..

1.1 Introduction

Depletion of fossil fuels, environmental hazards due to carbon emission, etc.
compelling the user to switchover to (fossil- fuel free) electric driven vehi-
cles. Which in turn open a way to replace IC (Internal Combustion) engine
driven vehicles gradually by Hybrid Electric Vehicles (HEVs), Plug-in Hy-
brid Electric Vehicles (PHEVs) and Electric Vehicles (EVs). Due to inade-
quate charging facilities, idea of integrating the charger to Plug-in Hybrid
Electric Vehicles (PHEVs) and Electric Vehicles (EVs) is initiated. This in-
tegration led to increased weight, space, and cost. Most of these issues are
resolved by effective use of existing traction circuitry as a battery charging
circuit. Since this drive train is idle when the vehicle is at halt. This idea was
initiated more than three decades ago [1]. This paper presents the evolution
of integrated charger extensively in electric driven vehicles also explores
the potential of integrated chargers in V2G (Vehicle to Grid) integration to
support the grid capability. Basically, EV battery chargers are presumed to
be unidirectional, which accounts for less component count, reduced risk of
inter connection and ease of control.

Figure 1.1 Classification of Battery Chargers
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Figure 1.2 Classification of Integrated Battery Chargers

1.2 CLASSIFICATION OF BATTERY CHARGERS

Basically, EV-battery chargers are classified as on-board and off-board charg-
ers. In onboard charging, external charging circuit can be integrated with the
vehicle, in recent developments, to overcome the burden of external integra-
tion, the existing traction circuitry is used as a charging circuit, the block
diagram of the basic classification of battery chargers is as shown in the
Fig. 1.1

1.3 ON-BOARD OR INTEGRATED CHARGERS

The integrated chargers can be classified based on the isolation of input and
output ports to ensure the safe operation as isolated and non-isolated is shown
in Fig 1.2. In the existing power electronic drive circuit, the motor is con-
nected to the traction circuit, the motor winding can be utilized to provide
isolation between input and output. In doing so, there would be a chance of
torque production which is addressed by reconfiguring the motor winding
[7-8]

As per the literature [4] the integrated chargers can be listed separately
based on the isolation between input and output as shown in the Fig 2. The
galvanic isolation was achieved by using a transformer on the AC input side
[5] or by using reconfigured machine winding. The major obstacle in the
machine winding during charging is generation of torque, to nullify the torque
developed, the machine winding is reconfigured suitably [16].
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Figure 1.3 Typical two stage Battery Charger

Figure 1.4 Integrated Battery Charger for four-wheel drive EV as in [2]

1.4 TOPOLOGICAL DEVELOPMENTS

The conventional battery charger for EVs generally consists of ac-dc con-
verter, dc-dc converter to facilitate the transfer of power from source to load
(battery) based on the nature (unidirectional or bidirectional). There would
be two power stages. First stage takes care of unity power factor operation by
sinusoidally shaping grid current, and second stage plays a role of regulating
the battery charging current or voltage.

A battery charger plays a crucial role in the development of PHEV’S
EV’s. An integral battery charger, which uses traction circuit of four-wheel
drive, is proposed with no additional components except a transfer switch [2]
A battery charger plays a crucial role in the development of PHEV’S EV’s.
An integral battery charger, which uses traction circuit of four-wheel drive, is
proposed with no additional components except a transfer switch [2].

Here equivalent power circuit is comprised of ac-dc boost converter and
a dc chopper (Fig 3), in the charging mode, the utility source is connected
between the neutral points of two motors, ac source voltage can be converted
to desired dc link voltage and dc link supplies constant current or voltage to
the battery through two phase shifted choppers. At each inverter the upper
three IGBT’s and lower three IGBT’s are on and off simultaneously as a
single power switch to make the current in each phase identical without any
phase displacement to avoid the generation of torque in the motor. The idea
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Figure 1.5 Fig 5. Equivalent circuit during charging

was validated by presenting experimental results. Since idea of two-wheel
drive dominates over the four-wheel drive-in terms of cost and other factors.
By utilizing the available power electronic components and motors a low-cost
integrated charger is proposed which uses a digital controller to regulate the
converter

Fig 6. Integrated charger with two motors – two inverters configuration
as in [4], [9] and [10]

Here existing two inverters are used as ac/dc converters and two motors
as inductors of converters. The control signals for two inverters are set to
generate similar zero sequence currents in the windings of the motors. The
equivalent circuit of the charger is as shown in Fig 7. Two neutral points of
three phase motors are connected to ac source to charge the battery, as per the
control scheme adopted only bottom switches are used to regulate the input
current, top switches are kept off to minimize the switching loss. Gradually
the number of converters and motors used in the integrated charger circuit
is reduced, which accounts for less weight, space, cost, and ease of control.
An integrated charger with one motor and two converters is proposed in [4]
as it involves two converters, control complexity increases, required contact
switches are an additional hardware. One motor with one power converter is
proposed in [5] here the motor used is special type called switched reluctance
motor its special winding configuration helps to provide isolation as these
motor windings can be used as an isolated transformer during charging mode.
But some of the limitations of this topology are under utilization of copper
per phase and increased per phase mmf losses. Since isolation between input
and output is an essential feature for the safe operation of the charger, the
prioritized isolation was provided by reconfiguring the machine winding,
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Figure 1.6 Integrated charger with two motors – two inverters configuration as in [4], [9] and
[10]

Figure 1.7 Low-cost charger circuit diagram: utilizing the available power electronics systems
to charge the batteries of PHEV/EV as in [3]

which led to increased number of motor phases [14], [16]. In the literature
attempts were made to increase i. The charging efficiency, ii. Input-power
factor, iii. User safety

To reduce i. Number of components ii. Power loss iii. Cost iv. Extra
hardware requirement

By looking at various factors which help the most economic and effi-
cient operation of the integrated charger, different available topologies are
reviewed extensively and some of the performance parameters of various
integrated topologies are tabulated in the Table-I

1.5 BIDIRECTIONAL TOPOLOGY

Most of the integrated charger topologies uses bi-directional switches, which
facilitates the flow of power in either direction, this feature will enhance the
ability of the charger to feed power back to grid if needed. This really helps
in strengthening the grid capability to cater to loads locally. In this direction
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Figure 1.8 Equivalent circuit low-cost charger a PHEV/EV as in [3]

Figure 1.9 Two stage charger topology for V2G as in [22]

a two-stage bidirectional converter topology is proposed for Vehicle to Grid
(V2G) system [22]
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Table 1.1 Performance comparation of different integrated charger topologies
Integrated charger
topology References

Bidirectional
or
unidirectional

Power
stages Type of motor

Isolated
or
Non- isolated

Extra hardware required Charging efficiency Discharging
efficiency Advantages Limitations Applications

Four motors with
four converters [2] Bidirectional 2 Induction motors Non- isolated

Control circuits for 24 power switches,
and contact switches Not reported Not reported

1. Can be operated almost at
unity power factor
2. No extra filter inductor

1. Complexity of control.
2. Comparatively high cost.

Plug-in
Electric Vehicles

Two motors
with two converters

[20] Bidirectional 2 Induction motors Non- isolated
Control circuits for 24 power switches,
and contact switches Not reported Not reported

1. Can be operated almost at
unity power factor
2. No extra filter inductors

1. Complexity of control
2. Comparatively high cost

Plug-in Hybrid
Electric Vehicles

[4] Bidirectional 2 Not reported Non- isolated Contact switches Not reported Not reported
1. Can be operated almost at
unity power factor

1. Complexity of control
2. Comparatively higher cost

Plug-in Hybrid
Electric Vehicles

[21] Bidirectional 1 Induction motors Non- isolated Contact switches 93.60% Not reported
1. Can be operated almost at
unity power factor
2. No extra filter inductors

1. Cannot be applied for delta connected motors
2. Fixed value of motor leakage reactance

Plug-in Hybrid
Electric Vehicles

[17] Bidirectional 2 Not specified Isolated
1. More number of switches
2. Requirement of HF transformer Not reported Not reported

1.Can be operated almost at
unity power factor
2. No extra filter inductors

1. Cost is more compared to one motor,
one converter topology
2. Complexity of control

Plug-in Hybrid
Electric Vehicles

[18] Bidirectional 2 Not specified Isolated Requirement of HF transformer
Improved efficiency
due to low switching
losses

Not reported

1. Can be operated almost at
unity power factor
2. No extra filter inductors
3. Absence of DC-link capacitor

1. Modified circuit configuration
2. Cost is more compared to one motor,
one converter topology

Plug-in Hybrid
Electric Vehicles

One motor with
two converters

[9] Bidirectional 2 Induction motors Non- isolated Two dedicated converters Not reported Not reported
1. Comparitively less cost,
less space and weight

1. Complexity of control.
2. Cost is more compared to one motor,
one converter topology.

Plug-in Hybrid
Electric Vehicles

[11] Unidirectional 1 Induction motors Non- isolated
Control circuits for
12 power switches

86% Not reported
1. Close to unity power factor
operation
2. No independent ac/dc converter

1. Complexity of control.
2. Cost is more compared to one motor,
one converter topology

Plug-in Hybrid
Electric Vehicles

[14] Bidirectional 2 Induction motors Non- isolated
Two set of stator windings,
control circuits for
12 power switches

Not reported Not reported
1. Close to unity power factor
operation.
2. No independent ac/dc converter

1. Complexity of control.
2. Cost is more compared to one motor,
one converter topology

Plug-in Hybrid
Electric Vehicles

One motor with
one converter

[13] Bidirectional 2 Induction motors Non- isolated Extra Contact switches Not reported Not reported
1. Reduced complexity of control.
2. Reduced size and weight.

1. Increased magnetizing currents.
2. Expensive wound rotor induction motor

Electric Vehicles

[20] Bidirectional 2 Induction motors Non- isolated Extra Contact switches Not reported Not reported
1. Reduced complexity of control.
2. Reduced size and weight.

1. Increased magnetizing currents.
2. Expensive wound rotor induction motor

Plug-in Hybrid
Electric Vehicles

[15] Unidirectional 2
Permanent
magnet motor

Isolated Need of extra capacitor Not reported Not reported
1. Reduced complexity of control
2. No need of extra filtering

1. Increased magnetizing currents.
2. Need of center tapped stator winding

Electric Vehicles
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Many attempts are being made to utilise the stored vehicle battery energy
to increase the grid capability by means of V2G power transaction [23-25]

1.6 Conclusion

This article is mainly focused on intensive analysis of some of the EV Battery
charging topologies and comparing them to explore their potential in charging
the Electric Vehicle battery with most efficient and economical way without
much extra cost at the same time to expose the potential of EV chargers in
V2G operation to strengthen the grid in supplying the local load.

References

[1] D. Thimmesch, “An SCR Inverter with an Integral Battery Charger for EVs,” IEEE Trans.
Ind. Appl., vol. 21, no. 4, pp. 1023-1029, August 1985.

[2] S.-K. Sul and S.J. Lee, ”An integral battery charger for four-wheel drive electric vehicle”,
IEEE Tran. on Industry Applications, Vol. 31, No 5, September/October 1995.

[3] Lixin Tang and Gui-Jia Su “Low cost digitally controlled charger for plug in hybrid
electric vehicles” IEEE Energy Conversion Congress and Exposition pp. 3923-3929, Sep.
2009.

[4] L. Shi, A. Meintz, and M. Ferdowsi, “Single-Phase Bidirectional AC-DC Converters for
Plug-in Hybrid Electric Vehicle Applications,” in Proc.IEEE VPPC, 2008.

[5] M. Barnes and C. Pollock, “Forward converters for dual voltage switched reluctance motor
drives,” IEEE Trans. Power Electronics., vol.16, no.1,pp.83–91, Jan. 2001

[6] Subotic et al., “Isolated chargers for evs incorporating six-phase machines,” 653–664 63
IEEE Trans. Ind. Electron., 2015.

[7] S. Haghbin et al., “An isolated high-power integrated charger in electrified-vehicle
applications,” 4115–4126 60 IEEE Trans. Veh. Technol., 2011.

[8] A. S. Abdel-Khalik et al., “Interior permanent magnet motor-based isolated on-board
integrated battery charger for electric vehicles,” 124–134 12 IET Electr. Power Appl.,
2017.

[9] G. Pellegrino et al., “An integral battery charger with power factor correction for electric
scooter,” 751–759 25 IEEE transactions on power electronics, 2009.

[10] C. Shi et al., “A three-phase integrated onboard charger for plug-in electric vehicles,”
4716–4725 33 IEEE Trans. Power Electron., 2017.

[11] S. Loudot et al., “Fast charging device for an electric vehicle,” Sep. 30 2014, uS Patent
8,847,555.

[12] I. Subotic et al., “An ev drive-train with integrated fast charging capability,” 1461–1471
31 IEEE Trans. Power Electron., 2015.

[13] I. Subotic et al., “Integration of six-phase ev drivetrains into battery charging process
with direct grid connection,” 1012–1022 32 IEEE Trans. Energy Convers., 2017.



18 Evolution of Integrated Battery Charging Technology in e-mobility applications

[14] M. S. Diab et al., “A nine-switch-converter-based integrated motor drive and battery
charger system for evs using symmetrical six-phase machines,” 5326–5335 63 IEEE
Trans. Ind. Electron., 2016.

[15] L. De Sousa et al., “Method and electric combined device for powering and charging
with compensation means,” Oct. 6 2015, uS Patent 9,153,996.

[16] I. Subotic et al., “Onboard integrated battery charger for evs using an asymmetrical nine-
phase machine,” 3285–3295 62 IEEE Transactions on industrial electronics, 2014.

[17] T. Na et al., “A review of on-board integrated electric vehicles charger and a new
single-phase integrated charger,” 288–298 4 CPSS Transactions on Power Electronics and
Applications, 2019.

[18] I. Subotic et al., “Isolated chargers for evs incorporating six-phase machines,” 653–664
63 IEEE Trans. Ind. Electron., 2015. 34 12 IET Electr. Power Appl., 2017.

[19] N. Bodo et al., “Efficiency evaluation of fully integrated on-board ev battery chargers
with nine-phase machines,” 257-266 32 IEEE Trans. Energy Convers., March 2017.

[20] D. G. Woo, G. Y. Choe, J. Kim, B. Lee, J. Hur, G. Kang, “Comparison of Integrated
Battery Chargers for plug-in electric vehicles: Topology and Control,” in Proc. IEMDC,
2011, pp. 1294-1299.

[21] L. Tang, G. J. Su, “A Low-Cost, Digitally-Controlled Charger for Plug-in Hybrid electric
Vehicles,” in Proc. IEEE ECCE, 2009, pp. 3923-3929.

[22] Yan, Xiangwu, Bo Zhang, Xiang Ning Xiao, Huichao Zhao, and Liming Yang. ”A bidi-
rectional power converter for electric vehicles in V2G systems.” In 2013 International
Electric Machines Drives Conference, pp. 254-259. IEEE, 2013.

[23] Foti, S., Testa, A., Scelba, G., De Caro, S., Tornello, L. D. (2020). A V2G Integrated
Battery Charger Based on an Open End Winding Multilevel Configuration. IEEE Open
Journal of Industry Applications, 1, 216-226.

[24] Quispe, B. B., e Melo, G. D. A., Cardim, R., Ribeiro, J. M. D. S. (2021, March).
Single-Phase Bidirectional PEV Charger for V2G Operation with Coupled-Inductor Cuk
Converter. In 2021 22nd IEEE International Conference on Industrial Technology (ICIT)
(Vol. 1, pp. 637-642). IEEE.

[25] Luh, M., Blank, T. (2021, September). Auxiliary Resonant Commutated Pole Inverter
(ARCPI) with SiC MOSFETs for efficient Vehicle-to-Grid (V2G) charging. In 2021 23rd
European Conference on Power Electronics and Applications (EPE’21 ECCE Europe)
(pp. P-1). IEEE.



1
A Literature Review on PV Inverter Topologies

Connected to Grid

Arpita Banik, Bansilal Bairwa, Mamatha N
arpita.b@reva.edu.in

School of EEE, REVA University, Bangalore, India 560064

Abstract

The global power sector is witnessing a gradual transition from typical ther-
mal power-generating sources toward clean energy technologies. Non-conventional
sources of energy are the most appropriate solution to give clean and inex-
haustible energy to conquer the worldwide energy emergency. The renew-
ables share was 8.6 percentage within the world energy combine in 2010 and
is predicted to extend to 22.5 percentage in 2020 as per a recent thematic
analysis report renewable energy by the data collected globally. With the
advancement in power electronics technology, photo-voltaic system (PV) is
getting more popularity in generation of electricity. Inverters connected to
grid have developed significantly with high decent variety. Efficiency, es-
timate, weight, dependable execution have all improved significantly with
evolvement of technically advanced and innovative electrical converter con-
figurations and these factors have diminished the expenses of inverters. This
study incorporates a short dialog on network associated PV inverter, overall
development of PV system, classification of inverter topologies, expected
properties of PV inverters to perform better, selection of PV inverters and
a comparative study on different inverter topologies in terms of their pros,
cons, cost and rating.
Keywords: MLI , SCC, Boost converter, Pulse Width Modulation.

An Edited Volume, 9–16.
© 2021 River Publishers. All rights reserved.
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1.1 Introduction

Sustainable power source is particularly fundamental for gathering present
and future energy necessities[1]. Photo-voltaic (PV) control, in light of the
fact that it is perfect and boundless supply of energy, is maybe the best innova-
tion among all sustainable power sources and in this way a generous amount
of investigation and research is being led towards improving photo-voltaic
system effectiveness and to use the PV control, network interconnection of
PV system is required. Being a clean contamination free and inexhaustible
source of energy, photo-voltaic system has got extraordinary enthusiasm as an
alternative source of energy. Major confinement to the utilization of PV power
was the surprising expense of the PV modules [2]. But with advancement of
technology and decrease in price for PV modules, in past few decades, PV
inverters connected to the grid have advanced significantly and have turned
out to be a standout amongst the best and quickest creating innovations in
power electronics and power system field. In total global installed capacity
of renewable energy sources PV system had a share of 8.7% in 2010, which
got increased up to 32.4% in 2017 and is expected to get increased up to
39.6% by 2020[3]. PV systems are mainly divided into 2 classes as, the
standalone (off-grid) system and the the grid-connected (on-grid) system [4].
The standalone (off-grid) system works free of the utility grid while, the grid-
connected applications use PV system related to the grid network. As of now,
contrasted with the standalone system, the usage of grid-connected system
is wide embraced in pragmatic applications[5, 6]. A normal structure grid
connected PV system is shown in Figure 1.1.

1.2 Worldwide growth of photo voltaic (PV)

Overall development of photo-voltaic has been near exponential somewhere
in the range of 1992 and 2018. During this time frame, photo-voltaic (PV),
otherwise called sunlight based PV, created from a claim to fame market of
little scale applications to a standard power source. At the point when sunlight
based PV technology was first perceived as a promising sustainable power
source innovation, endowment programs, for example, feed-in taxes, were
actualized by various governments so as to give financial motivating forces
to ventures. The worldwide exponential development of photo-voltaic up to
2018 is presented in Figure 1.2 [7].
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Figure 1.1 structure of grid connected PV system.

Figure 1.2 Worldwide growth of photo voltaic.

Figure 1.3 classification of inverters.
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1.3 Classification of power electronic inverters

Phase, frequency, and voltage extent of the three-phase AC happening to
the PV system is required in a PV system associated with the grid for the
suitable synchronization with the grid. The transformation from DC to AC is
finished by power electronic inverter which is the core of network associated
PV system [7, 8, 9]. These inverters are primarily of two classes named as
self commutated inverters and line commutated inverters. Self commutated
inverters can control turn-ON and turn-OFF procedure of switching devices
splendidly. Whereas, line commutated inverters performance is dependent
upon circuit parameters and switching performance is controlled by the di-
rection of current flow. Classification of grid connected inverters is shown in
Figure 1.3.

1.3.1 Line-commutated inverter

In case of line-commutated Inverter commutation of the switching devices is
performed by reversing the polarity of Alternating voltage and in this manner
the flow of negative current (or zero current) starts the turn-OFF method.
Line commutated inverters uses mainly semi controller devices like thyris-
tors where turn-on process is controlled through gate terminal and turn-off
is controlled by line current or grid voltage. In case of force commutation,
external commutation circuit can also be included in such semi controlled
devices[10, 11, 12, 13].

1.3.2 Self-commutated inverter

In Self-Commutated Inverter gate terminal controls turn-on and turn-off pro-
cedure of the power semiconductor device (switch). Shifting of current among
various devices is performed in a systematic way. Power semiconductor de-
vices I.e., MOSFETs and IGBTs are mainly used as switching devices in
self-commutated inverters. For applications beyond 100kW and 20 kHz, IG-
BTs are used. Whereas, for a high frequency and low power application of
20– 800 kHz, 20kW, MOSFETs are generally used[14, 15].

1.4 Different Inverter topologies

Inverters can be categorized into various types depending upon the types of
components used and the configuration. These various types of topologies are
discussed as follows:
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1.4.1 In view of stages to process power

As per the no. of power processing stages, inverters can be categorized as
single-stage and multiple-stage inverter. Both are discussed with diagram
below:

1.4.1.1 single-stage inverter
A single-stage inverter with line frequency transformer contributes in control
of currents injected to the grid, the amplification of voltage and maximum
power point tracking process [16]. The inverter is designed so as to deal with
a peak power twice of the ostensible power which can be expressed by the
below equation (1).

Pgrid = 2Pgridsin
2(ωgridt) (1.1)

In single-stage inverter the line frequency transformer increases the weight
of the inverter and also causes peak efficiency loss of about 2% . These
drawbacks of line frequency transformers can be overcome by using high
frequency transformers or transformer less inverters.

1.4.1.2 Multiple-stage inverter
In this type of inverters, DC is first collected from the PV module and then it
is controlled through the buck-boost converter[?]. Finally DC-DC converter
output is given to DC-AC converter (Inverter) and finally the output from this
inverter is given to the grid. The input voltage to the converter here is very
low as no transformer used is here.

1.4.1.3 Single-stage and multiple-stage inverters with de-coupling
capacitor

Single-stage and multiple-stage inverters require decoupling capacitors to fil-
ter out the voltage spikes present in PV module output[?]. Highly capacitive
bulky electrolytic capacitors are used here for this purpose.

1.4.2 Cascade Inverter

In cascaded inverter used in PV system output of two full bridge inverter
gets associated in arrangement to raise the quantity of voltage levels. Single
inverters with three dissimilar to voltage levels can deliver AC output voltage
of five levels with the assistance of cascaded topology. Historical overview of
grid connected PV inverter gives clear idea on past and present technology of
grid connected PV inverter[?].



14 A Literature Review on PV Inverter Topologies Connected to Grid

1.5 Selection of inverters for grid connection and their control
methods

1.5.1 Lawful necessities

• Galvanic isolation: Galvanic isolation is one of the most important fac-
tors to provide safety. Mainly to interrupt the flow of leakage current
it is done through isolation transformer or isolation switch in case of
transformer less inverters.

• Detection of anti-islanding: In this process PV system supplies power
to the nearby load even if the connection of power grid is removed. This
factor must be taken serious care because it may damage the equipment’s
and cause harm to the workers as well.

1.5.2 Properties expected from standalone inverters

Standalone inverters are expected to have following properties [20]:

• Output voltage should be sinusoidal
• System disconnection when the DC-link voltage goes low
• Output voltage and frequency must be maintained within permissible

values
• Cables capable of withstanding large fluctuations in the input voltage
• Regulation of output voltage
• System must be highly efficient in light loads
• Capacity to handle surges must be there
• THD generated by the inverter must be low
• Must be capable of handling frequency variations, under and over volt-

age fluctuations

1.5.3 Properties expected from grid-connected inverters

Grid-connected inverters are expected to have following properties[20]:

• Dynamic response must be faster
• Unity power factor is expected
• Proper frequency control
• Output with low harmonics
• Synchronization with grid must be Accurate
• Fault current tolerance
• Under or over frequency and voltage protection
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1.6 Conclusion and future work

PV inverter connected to the grid is one of the most developing technologies
to support electricity generation using renewable source of energy and to
satisfy the increased load requirement in an effective manner. PV system has
got more focus as it is environment friendly and inexhaustible. With enor-
mous support given by government and continuous improvements done by
researchers have made this system highly efficient and cost effective. In this
review paper, various types and topologies of PV inverters connected to grid
are examined along with their pros and cons. The performance parameters
of inverters and how they are expected of performing is also discussed here
in this paper. Overall global growth of PV system is discussed and shown in
Figure 1.2. It is expected that, in coming future improved design and updated
technology will make this grid connected inverters perform with highest ef-
ficiency and reliability. Selection of proper controller for this grid connected
inverters is not discussed here. In future a review can be done on selection of
controller part to make this inverter more efficient and cost effective.
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Abstract   
 

This paper presents a novel Synchronous buck converter for portable systems. A 
zero voltage transition is incorporated and designed to operate at high efficiency 
and lower voltage. The conventional PWM synchronous buck converter is 
modified by connecting a new passive auxiliary circuit. This auxiliary circuit 
offers  ZVS (zero-voltage switching) for the main switch. Hence this auxiliary 
circuit enables the circuit with less switching losses and high overall efficiency. 
Comparative analysis of Synchronous and basic Buck converter is presented using 
MATLAB/Simulink software and the superiority of auxiliary circuit is proven by  
the simulation results. 

Keywords.  Buck Converter, Efficiency, Auxiliary circuit, Synchronous 

 

1. INTRODUCTION 

Nowadays, low voltage supplies are gaining their importance in consumer 
electronics. Due to low conduction losses, synchronous rectifiers are  used in most 
of the  LVDC power supplies. A synchronous rectifier [1,11] is an electronic 
switch that improves power conversion efficiency by offering low conduction 
losses in a SMPS [6]. Even then, the conversion efficiencies are being decreased 
due to high input and low output voltages [1,4]. To increase efficiency of the 
synchronous buck converter, soft-switching techniques [2,10] are adopted, which 
in turn  reduces switching losses. Implementing ZVS [3] offers low conduction 
losses as its operation is closer to the PWM converters [12]. Just before the instant 
of turning on of main switch, the auxiliary circuit of the converter [5,16] is 
activated. It is ceased once the main switch is tuned on [2].  

 The ratings of the auxiliary circuit components have lower ratings than the other 
switches, as  the auxiliary circuit is  made active during a snippet of the switching 
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cycle. This feature offers less amount of switching losses[14,15] than the main 
switch [4].  

SYNCHRONOUS BUCK CONVERTER 

Ro
DC

L r Lo

    Ds1

 Ds2  Ds3

S

S1 Co
Cr

Cb

 

     Fig.1. Synchronous Buck Converter with auxiliary circuit 

Circuit diagram of a proposed converter with auxiliary [5-6] circuit is shown in 
Fig. 1.  S is considered as main switch and S1 is taken as synchronous switch.  The 
components of auxiliary circuit are resonant capacitor-(Cr), buffer capacitor-(Cb) 

and resonant inductor-(Lr).  DS1 DS3 and DS2 are auxiliary Schottky diodes [12].  
The circuit operations over a switching cycle is analysed in eight stages [7,9]. The 
waveforms of various parameters in all these stages are shown in Fig.2. and the 
respective equivalent circuits are presented in Fig.3.  

Mode 1 (t0-t1):  When switch S is off and the body diode of Synchronous switch is 
on, VCb = 0, iD1 = Io, VCr = 0 Is=0, iLr = 0.  At the instant t0, main switch is on 
(with zero-current turn-on) [7]. Then the current through resonant inductor rises 
and current iD1 falls simultaneously. The rising and falling of these currents takes 
place at same rate. This mode ends at t = t1 as shown in fig.2. The body diode D1 
gets turned off due to the  presence of resonant and buffer capacitors. In this state,   
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Fig.2.   Waveforms of the proposed converter 
 
Mode 2 (t1-t2):  Diode  DS2 starts conducting at the instant t1. Here Voltage across 
resonant and buffer capacitors is zero. The resonant capacitor and resonant 
inductor  along with buffer capacitor are responsible for the occurrence of 
resonance.  At the end of this stage, the capacitor Cr charges to the supply voltage  
Vi  and makes the diode Ds1  to conduct 
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Mode 3 (t2-t3):  When  t = t2 , maxcr Cr iv V V  , 1cb Cbv V ,  0si I , maxLr Lri i .  

When DS1 turns  is turned on,  resonance  is initiated by buffer capacitor and 
resonance inductor. This mode ends when  iLr = I0 and  VCb = Vcbm . Both diodes  
DS1 and  DS2 are turned off under ZCS due to resonance inductor. 

     2 max 0 2 2cosLr Lri t t i I w t t     1
2 2

2

sinCbV
w t t

Z
  0I ……. (11) 

       2 max 0 2 2 2 1 2 2sin coscb Lr Cbv t t I I Z w t t V w t t       …….(12) 

The time interval of this stage can be found as follows: 
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Mode 4 (t3-t4):  In this mode, the load current is carried by S and Lr. Now the 
circuit operates like  PWM buck converter[8,12].   

Hence …..(14) 

Mode5 (t4-t5): in this mode,  switch S  is turned off under ZVS, and the 
synchronous switch is turned on under ZCS.  As S1 is conducting, the voltage 
across  buffer capacitor becomes zero. Resonance inductor and capacitor initiates  
resonance [13].  The equations are given below, 

    … (15) 

……. (16) 

 ……(17)  

Where,   and interval of this period is given as  

 

At the end of this stage, VCr = 0  and  DS2 turn is turned on under ZVS. 

Mode 6 (t5-t6):  Lr and Cb are responsible for new resonance at this stage 

      ……….(18) 

   …………(19) 
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This mode ends when  iLr = I0, therefore  

   
 

Mode 7 (t6-t7):  At t = t6 , iLr becomes  I0  and S1  is turned off  with Zero current 
switching. Lr and Cb transfer their stored energy to load. The  corresponding  
equations are, 

 ……….. (20) 

 ……….(21) 

 

At the ned of this stage, iLr =0. The total  time period  with respect to this stage is  
expressed as 

0
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Mode 8 (t7-t8): Now body diode of switch S1 provides path for load current. As 
long as the switch S is not turned on,  the converter operates as a basic PWM buck 
converter[13] until the switch S is turned on in the next switching cycle.  In this 
mode, 
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Fig. 3. Modes of Operation 
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2. SIMULATION RESULTS 

Simulink models of simple Buck converter and modified Synchronous buck 
converter are developed and simulation results are presented. And comparison 
table is also given ,  which shows that the synchronous buck converter has 13.1% 
more efficiency than basic converter. In both the cases Input voltage of 12 V is 
taken with resistive load. 

2.1. Simulated circuit of basic buck converter 

The simulated circuit of buck converter with resistive load  is shown in fig.4. The 
output current and voltage of the basic converter are shown in fig. 5a) and b) 
respectively. For an  input voltage of 12V, load current of 0.4A and  output 
voltage of  4.3 V is obtained. The duty ratio is 0.358 in this case. 
 

 
Fig.4.  Simulated circuit of basic buck converter 

    
 Fig. 5.  a) Basic buck converter output current        b) Basic buck converter output voltage 

2.2. Simulation Results of  proposed  Converter 

SIMULINK Model of the Synchronous buck converter shown in fig.1. is 
developed and the results are presented. Fig.6. a) and b) gives the output voltage 
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and currents of the converter for an input voltage of 12V and 1A. A current of 11 
A and voltage of 3.3V is obtained. The steady state values are achieved at 0.1 sec. 
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         Fig. 6. a) Output Voltage                        b)  Output Current 
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 Fig. 7. a)  Current though main switch        b)  Voltage across main switch 
 

    
Fig. 8.  a) Triggering Pulses for MOSFET Switch    b) Current through synchronous switch 
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                            c) Voltage across synchronous switch 

In fig.8a), the triggering pulses for the MOSFET are shown. Currents and 
Voltages across the main switch S are shown in fig.7a) and b) respectively. When 
the switch  S is turned on at a time of 1.18sec, current passing through it is 10 A 
and reaches a maximum value of 11A. When switch S is tuned off, current 
suddenly falls to “0” and a voltage spikes to a value of 14 and later reaches   
constant value of 12. Similarly, the current and the voltage of synchronous switch 
are shown in fig.8.b) and c) respectively. The voltage across the synchronous 
switch is -12V and during transition the voltage spikes to 40V and the current is 
11A. 

 
2.3. Comparative Analysis 

TABLE I 

Type of 
Converter 

Input Voltage and 
Currents 

Output Voltages and 
Currents 

Main Switch Voltages 
and Currents 

Synchronous switch 
Voltages and Currents 

 Volts Amps Volts Amps Volts Amps Volts Amps 

Basic Buck 
Converter 

12 1 4.3 0.4 

 

 

 

 

12 1 - - 

Synchronous 
Buck 
Converter 

12 11 3.3 11 12 10.5 12 10.5 

The above comparison table shows that the  proposed converter has better 
efficiency compared to the Basic Buck converter[8], which is 13.1% more. 



 10

3. CONCLUSION 

This paper proposed a synchronous buck converter, which has an auxiliary circuit 
which is befitted for low voltage systems. As both  ZCS and ZVS  are 
implemented for switching of main and synchronous switches, switching losses 
are decreased  considerably. The proposed converter is proven efficient when 
compared to conventional converter. And also stresses on the  devices are avoided 
due to the  soft switching implementation. 

 

4. REFERENCES 

 
[1] Wu, Haifu, Jianzhong Zhang, Jin Zhao, Yaqian Zhang, and Lucai Hu, “A 

New Soft-switching Synchronous Buck Converter without Auxiliary 
Switch,” 10th International Symposium on Power Electronics for 
Distributed Generation Systems (PEDG), pp. 537-541, 2019International 
Telecommunication Union (ITU), report on Climate Change, Oct. 2008. 

 
[2] K. Pal and M. Pattnaik, "Performance of a Synchronous Buck Converter 

for a Standalone PV System: an Experimental Study," 2019 IEEE 1st 
International Conference on Energy, Systems and Information Processing 
(ICESIP), 2019, pp. 1-6, doi: 10.1109/ICESIP46348.2019.8938345. 

[3] Q. Tong, N. Zhong, M. Yang and D. Zhang, "A ZVS DC-DC Converter 
Based on Buck Topology," 2019 IEEE International Conference of 
Intelligent Applied Systems on Engineering (ICIASE), 2019, pp. 324-327, 
doi: 10.1109/ICIASE45644.2019.9074092 

[4] S. Kaewarsa, C. Prapanavarat, U. Yangyuen, “An improved zero voltage-
transition technique in a single-phase power factor correction circuit,” 
International conference on power system technology – POERCON 2004, 
21-24 Nov. 2004, vol.1, pp.678 –683. 

[5]  C.M.Wang, “Zero-voltage-transition PWM dc-dc converters using a new 
zero-voltage switch cell,” in Proc. IEEE INTELEC Conf.,2003, pp.784-
789. 

[6] M.L. Martins, J.L. Russi, H. Pinheiro, H.A. Grundling, H.L. Hey, “Unified 
design for ZVT PWM converters with resonant auxiliary circuit,” Electric 
power applications, IEE proceedings, vol.151,issue 3, 8 May 2004, pp. 
303-312. 

[7]  P. A. Tabbat, A. Khoshkbar-Sadigh, I. Talebian, V. Marzang and E. 
Babaei, "Analysis and Investigation of a Soft-Switched Synchronous Buck 
Converter," 2021 12th Power Electronics, Drive Systems, and 
Technologies Conference (PEDSTC), 2021, pp. 1-5, doi: 
10.1109/PEDSTC52094.2021.9405843. 



 11 

[8]  K.M.Smith and K.M.Smedly, “A comparison of voltage-mode soft 
switching methods for PWM converters,” IEEE Trans. Power Electron., 
vol.12, no.2, pp.376-386, Mar.1997 

[9]  C.J.Tseng and C.L.Chen, “Novel ZVT-PWM converter with active 
snubbers,” IEEE Trans. Power Electron., vol.13, no.5, pp.861-
869,Sept.1998 

[10]  A. K. Panda and K. Aroul, "A Novel Technique to Reduce the Switching 
Losses in a Synchronous Buck Converter," 2006 International Conference 
on Power Electronic, Drives and Energy Systems, 2006, pp. 1-5, doi: 
10.1109/PEDES.2006.344408. 

[11]  W.Huang and G. Moschopoulos, “A new family of zero-voltagetransition 
PWM converters with dual active auxiliary circuits,”IEEE Trans. Power 
Electron., vol.21, no.2, pp.370-379, March 2006 

[12]  M.L.Martins, J.L.Russi, H.L.Hey, “Zero-voltage transition PWM 
converters: a classification methodology,”IEEE proceedings on electric 
power applications, 4th March 2005, vol.152, no.2, pp.323 – 334 

[13]  N.P.Filho, V.J.Farias, and L.C.deFreitas, “A novel family of DCDC  
PWM converters uses the self resonance principle,” in Proc.IEEE PESC 
Conf., 1994, pp.1385-1391. 

[14]  M.D.Mulligan, B.Broach, and Thomas H.Lee,” A constant frequency 
Method for Improving light-load efficiency in synchronous buck 
converters,” IEEE Power Electronics letters,vol.3, no.1, pp.24-29, March 
2005. 

[15]  H. Do, "Zero-Voltage-Switching Synchronous Buck Converter With a 
Coupled Inductor," in IEEE Transactions on Industrial Electronics, vol. 58, 
no. 8, pp. 3440-3447, Aug. 2011, doi: 10.1109/TIE.2010.2084973. 

[16]  Anil kumar HV and Sudharani P. "A Single Phase Integrated Converter 
with ZVS for High Power Factor Correction (PFC)." International Journal 
for Scientific Research and Development 4.3 (2016): 683-687.G. Koutitas, 
P. Demestichas, ‘A review of energy efficiency in telecommunication 
networks’, Proc. In Telecomm. Forum (TELFOR), pp. 1-4, Serbia, Nov., 
2009. 

  



 

 

 

 

 

 

1 

Regenerative Braking System Using a DC/DC 

Buck-Boost Converter 
 

 

Sudhakar Rao, Bansilal Bairwa, Daamiyan Ahmed, Sam Staines 

sudhakar.rao@reva.edu.in 

 
School of EEE, REVA University, Bangalore, India 560064 

 

 

 
Abstract 

 
In a battery-powered electric vehicle, regenerative braking is the conversion 

of the vehicle’s kinetic energy into chemical energy stored in the battery, 

where it can be used later to drive the vehicle. It is braking because it also 

serves to slow the vehicle. It is regenerative because the energy is recaptured 

in the battery where it can be used again. The conservation of this energy is 

very important, as it allows us to drive further distances in electric-powered 

vehicles, and be more efficient overall. In this project, we wish to use a 

DC/DC buck-boost converter, connected to a wheel. This wheel will produce 

kinetic energy that is sent to the DC/DC converter, which is then sent to a 

battery that supplies it back to the vehicle in question. The most common 

power processing converter used for the battery converter in hybrid/electric 

vehicles is a buck and boost converter. When recovering the kinetic energy 

from the vehicle, the device operates in buck mode, where the voltage level 

is decreased to a level that is within the safe voltage range of the battery. 

When propelling the vehicle, the device operates in boost mode, and the DC 

voltage is regulated to output a higher voltage level for the electric motor 

drive and motor. In this case, when regenerative braking is activated, we 

allow the motor to stop completely, and the dynamo takes over in this case. 

The momentum of the wheel when it’s braked is sent over to the dynamo.  

It will generate a voltage which is boosted by the buck-boost converter to 
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supply energy to the battery, rather than allowing it to go to waste. This is a 

more practical demonstration as a solitary motor acting as both a motor and 

generator would be overly pricy. 

Keywords: regenerative braking, conservation of energy, buck-boost con- 

verter, dynamo, motor, generator. 

1.1 Introduction 

The invention of the Electrical Vehicle is nothing short of a miracle. Electri- 

cal and Hybrid vehicles are shown to be emission free, which is extremely 

necessary in this heavy pollution ridden climate. Fuel based modes of trans- 

port dependent on petrol cause major harm to the environment, as well as 

diminishes at a rate that is impossible to replenish, therefore the slow shift of 

dependency onto Electrical and Hybrid vehicles over the conventional sort, is 

a needed change. Every year, the government is pushing for more and more 

electrical vehicles to be built in an attempt to stop the damage being done  

to the ozone layer, and to reduce the usage of fossil fuels overall. In India, 

automobiles are one of the key forms of economic growth, and they are a 

booming source of revenue, only growing year by year. This however does 

mean that they are one of the largest sources of pollution. Due to this, the 

Indian government is in a frenzy to switch to a complete focus on electrical 

vehicles by 2030. Electrical cars are hardly a new invention, rather the roots 

were found all the way back in the 1900s. However the electrical vehicular 

mania did not last long, as electrical cars in that time were restricted by their 

top speed and mileage. There were a number of issues other than that, which 

made it difficult to adopt the technology in the past. The first attempts of 

regenerative braking were found back then, as even primitive regenerative 

braking could improve a car’s range by 10-25%. Traditional braking systems 

use up and waste quite a lot of energy in the form of heat. They use mechani- 

cal braking to dissipate the kinetic energy gathered, into wasteful heat energy 

using a frictional method to bring the car to a stop. Studies show, that about 

a third to a half of the energy used for the operation of a car, is consumed 

during breaking, especially within urban areas where braking constantly is 

necessary. The energy we waste away as heat can be converted into something 

far more useful. In this case, Regenerative Braking. Regenerative Braking is 

present only in electrical and hybrid vehicles and is implemented to recapture 

the wasted heat energy. This heat energy can be converted into electrical and 

stored in batteries, as to improve the overall health of the car, and the driv- 
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ing range of said vehicle.Some of the main benefits of regenerative braking 

include: 

• Reduces wastage of fuel 

• Extends the charge of the battery by recharging it with the converted 

heat energy the strain upon the breaks and keeps it healthier and working 

longer energy 

 
 

1.2 Regenerative Braking System 

The block diagram Figure 1.2 shows the general schematic of the proposed 

circuit. This regenerative braking system focuses on feasibility, by using a 

dynamo alongside a DC/DC buck-boost converter and a 12V battery, for the 

main operation of the circuit. The battery is also connected to a 5V output 

which is sent to make the Arduino ESP32 function, producing results onto the 

devices connected via Bluetooth [1, 2, 3]. During forward movement, the 12V 

battery supplies energy to the motor, giving it enough electricity to propel 

itself forward. This is motoring mode, and works in a rather straightforward 

fashion. The battery sends this voltage to the motor through the DC/DC con- 

verter, allowing it to supply the motor with the needed amount of voltage  

to function. This is done in boost mode. During regenerative braking, the 

momentum of the wheel is taken up by the dynamo, allowing the motor to be 

stopped. The dynamo acts as a generator and supplies energy to the battery. 

If the generated voltage by the dynamo is higher than the battery voltage, the 

converter operates in buck mode, otherwise it operates in boost mode to reach 

12V. The battery being charged can be supplied to the relevant vehicle to save 

both fuel and energy[4, 5, 6]. The Arduino ESP32 is necessary for Bluetooth 

support, requiring 5V to function which it is supplied by from the 12V battery. 

The 5V can be gained using a zener diode, to convert the 12V into a usable 5V. 

The Arduino ESP32 is only used for the Bluetooth functionality, programmed 

to function and produce results to external Bluetooth devices. It uses hotspot 

functionality, by using the Network name and Password, so when the hotspot 

is active, the user can gain clear voltage readings of the circuit, whenever it 

is used, alongside a history of previous usage. The LED shows the voltage 

reading of the generated voltage and the battery voltage[10]. The DC/DC 

Buck-Boost converter is the proposed converter for this system. A buck-boost 

converter is necessary to raise or lower the voltage when being sent towards 

the battery or the motor. This circuit is made up of a DC source (Motor), 

MOSFET, 2 capacitors, 2 inductors, 1 load, and a PI controller that is fed the 
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Figure 1.1 Basic diagram representing Regenerative braking. 

Figure 1.2 Block diagram of Proposed Regenerative braking system. 

 

Figure 1.3 Simulink Circuit diagram of proposed converter. 
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Table 1.1  Caption 

S.No Components Values 

1. DC source 10V 

2. L1 100H 

3. L2 100H 

4. C1 100F 

5. C2 100F 

6. Load1 204 

7. Gain in subsystem 1/12 

 
 

Output, which is essentially fed back to the MOSFET. The values of each 

circuit element are: 
 
 

Figure 1.4 Regenerative braking Output from simulation. 
 

Figure 1.5 Graphical representation of Output of IOT. 
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The PI controller receives constant feedback from the o/p, which it feeds 

to the gain channel in the MOSFET. In the actual circuit, the PI controller 

subsystem is replaced with the Arduino ESP32. It acts in the same manner, 

as the same way the PI controller operates in the simulation circuit[7, 8, 9]. 

When we run this circuit, our goal is to produce a 12V at the output, for the 

battery as to charge it in regenerative braking mode. As our motor in this 

specification runs at 10V, the boost mode of this converter is used to bring it 

to 12V. The diode in this circuit is to keep the signal DC, converting any stray 

AC signals into pure DC, as the battery can only use DC. The following graph 

Figure 1.4, is the operation of the converter for a time period of 10s, giving 

it enough sample time to show that it can maintain 12V with some margin of 

error in the simulation. 

 
1.3 IoT Simulations 

 
The simulation consists of the DC/DC buck-boost converter mainly, the DC 

source input acting as a stand in for the motor, the output being 12V meaning 

to be fed to the battery. The feedback of said output is sent to the PI controller, 

which sends it to the MOSFET appropriately, rather than the Arduino for the 

simulation. The IOT can show the graphical results of testing the generated 

voltage that was to be sent to the battery, shown in Figure 1.5 The final pro- 

duced voltage in the IOT device, is 12V as it should be (other values were 

produced while testing the output) 

 
1.4 Conclusion and future work 

 
While working on this project, we found ourselves understanding the im- 

portance of energy conservation in general, and with that the importance    

of Regenerative braking. The percentage of energy saved using this method 

may seem underwhelming, but in the age of electrical cars, and eco friendly 

methods of transport, we can see that every bit of energy that we can retain, 

can be essential in the future. Regenerative braking, and other similar meth- 

ods of energy conservation, have only improved over the years. Initially the 

downsides to such heavy emphasis on conservation were considerable, such 

as lowering the life of the vehicle considerably, reducing the range, and taxing 

the speed greatly, but technological advances, alongside the boom of electri- 

cal and hybrid vehicles, we are entering the age where regenerative braking 

will soon be common place in most cars, rather than an experimental luxury. 
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The Buck-Boost method of Regenerative braking is relatively simple, and 

not as complex or expensive as other methods, such as using ultra capacitors 

for storage, however using a dynamo during regenerative breaking, allows 

us to simulate and conceptualize how exactly basic regenerative braking can 

function. As Electrical vehicles become more commercial, as regenerative 

braking works with it, hand in hand, it is only a matter of time, before regen- 

erative braking is implemented just about everywhere having another benefit 

of IOT being implemented and becoming more commonly used in both daily 

life appliances, and more complex tasks. Being implemented to show a basic 

rundown of the energy being spent in our own vehicles can give us some 

much needed perspective and understanding of our own usage, which will 

only become more relevant the further ahead we move with our technology. 
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Abstract 
 

Globally, Renewable Energy Resources (RER) are playing vital role for generating electrical energy due 
to conventional fossil fuel based power plant are harms environment. Also, availability of fossil fuels is 
going to run out. The primary resources for RER are sun, wind, hydro and tidal. Among energy harnessing 
rate has been rapidly increased in solar PV and wind power plants. Since sun and wind energy are abundant 
in nature. Nevertheless, natural resources are seasonable which are varying with respect to the climatic 
condition. Therefore, sun and wind power generator are produced fluctuating electrical energy which 
causes stability issue. It can be compensated by MPP tracking technique. At present, MPPT technique is 
incorporated with RER for generating maximum electrical energy based on available resources. In this 
manuscript a wind power plant with Perturb and Observer based MPPT model has been developed by using 
MATLAB/Simulink for analyze the significance of MPPT. From the simulation results show that, wind 
power plants are capable of generating constant power with the help of Perturb and Observer MPPT. 
Furthermore, the wind power out is significantly enhanced with the accurate designed boost converter. 

Keywords. Photovoltaic, Rural, MPPT 

1 INTRODUCTION 

Due to rapid growth of urbanization and industrialization, the requirement of electrical energy has been 
increased. Accordingly, power industries are enhancing the electrical energy generating capacity by 
capacity addition program. During capacity addition, fuels are playing key role. Because of conventional 
thermal based power plants are fossil fuels are used as primary resource for generating thermal energy. It 
is used to generate required steam. The fossil fuels are namely coal, diesel, and petrol. Among, over 60% 
power plants using coal as a primary fuel for generating required thermal energy. The fossil fuel-based 
power plants faced two challenges such as availability of fossil fuels are going to run out in near further. 
In addition, the fossil-based power plants are harming the environment. The coal-based power plants are 
releasing the carbon dioxide, carbon mono oxide and NO etc. These are harming the environment as well 
as living organism. Therefore, power sectors are concentrating ecologically friendly resources for 
generating electrical energy. In addition, availability also consider for generating electrical energy [1],[2]. 

Globally, renewable energy resources are playing a key role for extracting electrical energy. The 
renewable energy resources (RER) are solar, wind, tidal, and hydro etc. Among them electrical energy 
generation has been increased from solar and wind power plants. By using suitable energy conversion 
device, it is possible to convert available RER into electrical energy. For an example, solar PV system, 
solar PV array are used to convert available irradiations into electrical energy. The photovoltaic cells are 
connected in series which forms the solar module. Then number of solar cell modules is connected to form 
a solar PV array. The basic principle behind the solar PV system is photovoltaic effect. The PV cells are 
received, irradiations form sun. The solar cell made upon two different layers of silicon. Such as P and N 
type semiconductor materials. By nature, N type semiconductor materials release the electron when sun 
irradiation is hit on the materials. While P type materials are received the extra electrons. It is a simplest 
principle behind the solar PV arrays. The output of solar PV array is strongly depending on the 
environmental conditions such as available irradiations, irradiation received by the solar PV array, cell 
temperature. The received irradiations by the solar PV cell are high generating electricity also high 
whereas low number of irradiations are hit in the solar PV which yields the less energy. Therefore, solar 
PV array yield potential has been varied with respect to the irradiations [2]-[4]. 

The sun continuously moving therefore received irradiation by the solar PV array has been varied with 
respect to time. So, electrical energy harnessing rate is varied with respect to time. For an example mid of 
the solar PV generate high energy, while morning and evening yield potential has been low that of mid of 
the day. Therefore, extracting maximum energy is challenge task which is achieved by keeping solar PV 
working on MPP. It is made by the MPPT technique. The role of MPPT is track the maximum power from 
available irradiations. Traditional MPPT such as Incremental Conductance, Perturb and observation, Hill 

Energy Efficiency Enhancement of Wind Power Plant by 

using P&O MPPT 



climbing is able to track the maximum power steady under climatic condition. Whenever, rapid climatic 
change occurs at instant soft computing based MPPT technique are capable of tracking maximum power 
from solar PV system such as ANN, Fuzzy etc [5],[6]. 

Furthermore, electrical energy extraction rate is significantly increased from wind power plant. The wind 
power plants are tracking electrical energy from wind. The wind is referring to the movement of air due 
to uneven heating of earth surface by sun. From wind electrical energy has been extracted by blades.   
Globally total install capacity of wind power plant is 300 GW which is rapidly increased every hour. 
According to the International Energy Agency Report, wind power has been contributing 18% of power 
sharing by 2050. However, wind power plants are doesn’t produced constant electrical energy since wind 
output energy is depends on the available wind speed. Suppose wind speed is high which produced high 
energy yield otherwise vise-versa. In addition, wind power yield potential has been varied with respect to 
temperature, pressure and humidity, respectively. Therefore, extracting maximum power from wind power 
plants is challenge task [7]-[9]. 

In this paper, wind power plant with MPPT is modelled and analysed with the help of MATLAB Simulink 
block set. Also, an accurate design has been developed for enhancing voltage form generation to desired 
level. The manuscript has following section such as in section 2 dealt with proposed model block diagram 
description followed by section 3 discussion about P&O MPPT and section 4 is simulation results and 
analysis, and section 5 is concluding the main findings. 

2 PROPOSED WIND MODEL 

 

Figure 2.1. Proposed Wind Model 

As shown the above figure, it shows the entire unit of proposed model. The first block represents 
the wind turbine. It received three input such as generator speed (Gs), Pitch Angle (Pa) and Generator Base 
Speed (Bs), respectively. The turbine is generating required kinetic energy for permanent magnet 
synchronous generator. Here salient pole synchronous generator has been used. Due to it seed torque 
characteristics is comparable to the non- salient pole synchronous generator. The PMSG is generating 
electrical energy depends on the received mechanical energy from wind turbine. Subsequently, the 
generated electrical energy is fed to the bridge rectifier. It is used to rectifier the given input power from 
AC to DC. It is fed to the input of boost converter. The boost converter boosts the voltage at desired level 
according to the L and C and Switching sequence. The voltage level increases, or a decrease depends on 
the duty cycle of switch. The duty cycle generation is depending on the generator output voltage and 
rectifier voltage and power [10], [11]. 

3 WIND ENERGY CONVERSION SYSTEMS 

Traditionally, squirrel cage induction motor is used to generate electrical energy which working based on 
the Danish concept, respectively. It is directly connected to the grid. The speed of such a motor is content 
such as fixed speed. Perhaps, at the instant of heavy wind hitting on the wind blades subsequently 
generating electrical energy is also high. Later on adjustable speed control technique has been incorporated 
with existing squirrel cage induction motor. This is restricting high wind pressure on wind tower. In wind 
power plants, Double Filed Induction Generator (DFIG) are popularly used which coupled to the turbine 
with help of gear box. Due to aging phenomena the gear gets damaged. Therefore, it is required frequent 
maintenance for smooth mechanical coupling between generator and turbine. However, the rotor of PMSG 
is directly coupled to the wind turbine, so there is no need for gear system. So, cost wise PMSG is lower 
that of DFIG. The significance of PMSG is low excitation loss, reasonable efficiency, power density is 
high and so low maintenance cost [2-3]. However, wind power plants are introduced power quality issue 



on the transmission and distribution system. To compensate the power quality issue at present dynamic 
voltage resistor(DVR), a thyristor switched series capacitor (TSSC) has been incorporated with the 
existing system for enhancing the power quality. In addition with, to reduced voltage sag and swell issues 
by using DVR. Moreover, wind power plants are causes following impacts on the power systems such as 
short and long duration effects. The first effect time duration is marginally is very low that is milliseconds 
to hours which is responsible for system unbalancing. Whenever, generated powers is transferred to the 
grid which causes the power quality problem, voltage sag and swell and so reactive power problems, 
respectively. Suppose, required compensating devices are we are not included which continue until wind 
power get off. Since, wind power plants never run at constant speed. The main classification of voltage 
variations are voltage sag and swell, short and long voltage irruptions, respectively. It can be rectified by 
suitable compensator such as STATCOM. It is synchronous condenser which is connected parallel to the 
AC system, respectively. Now a day’s, STATCOM is incorporated with harmonics filter to attain effective 
control. Other hand, power has been enhanced by SVS. The primary role of SVS is automatically matches 
the impedance with the required system. For an example, power system load is capacitive that of other, 
by using reactor SVS consumes the VAR from the power systems. Nevertheless, capacitor bank of SVS 
get enable when power system is more inductive. Due to absence of excitation, PMSG is popularly used 
in the wind power plants, so machine cost is low as well maintenance cost is low. Perhaps, it has low speed 
characteristics. Therefore, DVR system has been incorporated to the wind energy system for maintaining 
the system consistency and reliability, respectively. The DVR has switching devices such as thyristor, 
MOSFET or IGBT and voltage source inverter with a low pass filter. The Pulse Width Modulation 
Technique has been used for triggering VSI. The role of low pass filter is suppressing the harmonics 
content which is developed during voltage conversion from DC to AC, respectively. Modern power system 
has separate control unit for match the voltage phase angle and frequency [12]-[14]. 

4 PERTURB AND OBSERVE MPPT  

The wind power plant are cant able to generate constant power since the out electrical energy obtained 
from wind power plant is strongly depends on the available wind speed. The wind speed on depends on 
the atmosphere conduction. Therefore wind speed is continuously varying therefore extracts maximum 
power from crucial task. Due to fluctuation output, these power generation units are interconnected with 
the utility grid is difficult issue. To rectifying such a problem, the wind power plants incorporated with 
MPPT. Traditionally, MPPT techniques are enhancing energy yield potential of solar PV system. The 
same MPPT technique has been incorporated with the wind power system for enhancing energy yield 
potential [15]. 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Flow Chart for P & O MPPT 

Figure 4.1 shows the flow chart for P&O MPPT. At first the voltage and current has been measured by 
suing suitable sensor. It is used to estimate the power. Next, instantaneous voltage and current has been 
measured. This is used to estimate instantaneous power. Then, change in power is grater then zero or not 
has been checked. If yes change in voltage is zero or not has been checked. At this moment, condition is 
true then duty cycle is increased while duty cycle is get reduced. Nevertheless, change in power is greater 
than zero then duty cycle of the switching device is reduced. Otherwise, duty cycle is increased. 

 

 



5 SIMUATION RESULTS AND ANALYSIS 

The proposed wind model has been developed in the MATLAB Simulink for analyse the significance of 
proposed P & O MPPT. 

 
Figure 5.1. Turbine speed Vs Turbine output power 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Three phase stator current Vs time 

As shown the figure its shows the relationship of three phase current of PMSG. From the figure 
observe that each phase current has 90-degree phase shit each other. 

 

Figure 5.3. Mechanical Characteristics Vs Time 



As shown the figure 5.3 It showed the relation between mechanical characteristics of PMSG, such as 
rotor speed and electromagnetic torque. Initially, electromagnetic torque and rotor speed fluctuation 
however it will reach a stable value within fraction of seconds. Which infers that motor attain smooth 
speed very soon. 

 

 
Figure 5.4. Three phase and Three Phase Relationship 

Figure 5.5. Line Voltage and Line Current Relation 

Figure 5.4 shows the output of three phase voltage and three phase current respectively. It is 
the output of PMSG. The output of PMSG is almost perfect three phase voltage and current, respectively. 
From figure 5.5 observed that line voltage and current are in phase and so peak of line voltage a small 
fluctuation is presents. This generated voltage is fed to the input of universal bridge rectifier. The bridge 
rectifier made by non-gate device such as diode. 

 
Figure 5.6. Universal bridge Rectifier output 

Figure 5.6 Shows the universal bridge rectifier output, from the figure observed that the output of 
universal bridge rectifier is initially vary but very short time it will reach to 60V for entire duration. The 
output of universal bridge rectifier is lower than that of input supply which is due to loss. 



 
Figure 5.7 Relation between boost converter output 

Above figure 5.7 shows the relation between output quantities such as boost voltage (Vboost), boost 
current (I boost) and boost power (Pboost). It is observed that boost converter output is higher than the 
input voltage. In addition, observe that, due to perturb and observe the load voltage remains constant, it 
is maintain by the adjusting duty cycle by P&O. Basically wind power plants are installed far away 
from the city Centre. Therefore, generated alternating electrical energy has been converted into direct 
current and transmits to the city Centre. Furthermore, the role of boost converter is step up the voltage 
level with the help of low ratting L and C so cost wise cheaper than the transformer. Since, step-up 
transformer is used to step-up the voltage from low level to higher level. The role of P&O MPPT is 
maintaining constant electrical energy by adjusting duty cycle of switching devices. The duty cycle 
adjustment depends on the generated electrical quantities and previous measured quantities. 

6 CONCLUSION 

From the literature found that, wind power plant not produced continuous and constant output. 
Therefore, it causes power quality issues on the power system. It rectified by the suitable compensating 
devices. On compared to all other compensating technique, hybrid compensating technique is costly 
but it suppress all types of harmonics issues as well as maintains the system voltage at desirable level.   
The wind power plant with MPPT is modelled and analysed by using MATLAB simulink. From the 
simulation found that, with P&O MPPT, the developed model has produced constant power for entire 
duration. Furthermore, with the help of boost converter, step-up the voltage which is suppress the 
transmission loss since wind farms are installed far away from the city centre. In future, the proposed 
MPPT technique compared with other MPPT technique to finding effective MPPT for Wind power 
plants. 
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Abstract 

In an Energy Micro-Grid, a collection of energy networks is used to meet all of the 
local area's energy needs. The use of energy storage systems (e.g., electrochemical 
storage) appears to be a promising solution, taking into account costs, supply 
security, technological maturity, and ease of installation. It uses a micro-grid to 
integrate wind and solar photovoltaic electricity (PV) sources with energy storage 
batteries to feed the non-linear load (BES). The switching controls and the 
adjustment of the grids all address power quality (PQ), power reliability, non-
linear load correction and economical resource usage. In order to adjust for 
nonlinear load and improve the PQ system a modified version for Adaptive 
Filtering Technology is employed, including the "momentum-based least mean 
square (MLMS)" technology, giving GVSC control signals. As a result, the 
convergence rate is improved, and the limitations of conventional control of the 
same family are removed. Back electromotive force control technique is used to 
obtain switching signals from conventional vector control scheme and encoder less 
estimation of speed and Wind turbine-powered SG rotor position. Using perturb 
and observe (P&O) maximum power point estimation for wind and adaptive P&O 
with variable perturbation step size for solar MPP estimation, the external 
environmental unrest can be overcome. Under steady state and dynamic 
conditions, including changing wind speeds, intermittent solar isolation, and 
variable load conditions, MATLAB/SIMULINK simulation results are obtained. 

 
Keywords: Power quality, MLMS, Power generation, Solar PV, Wind energy, 
Maximum power point and perturb and observe. 
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1. INTRODUCTION 

Natural sources of energy that have virtually no pollution or renewable energy 
sources must be taken into consideration. Wind energy is one of the renewable 
energy sources that ensures clean energy since wind energy generators for 
conversion of electricity may be efficiently gathered and used. Clean energy 
solution is photovoltaic control. Furthermore, it can be used without the usage of a 
rotary generator. The more wind power managed by PV, which goes hand in hand, 
should contribute to some extent, because strong winds generally occur at night 
and on cloudy days [1].  
As a result of an efficiently and cost-effective use of renewable energy sources [2], 
some energy sources, such as wind turbines and solar panels, are incorporated. As 
the performance of these systems depends on wind speed and solar irradiation, its 
reliability is under all conditions reduced in meeting load needs. Some researchers 
have suggested combining diesel generators with wind/solar energy system [3][4]. 
Micro-grids commonly integrate these energy sources as power generators for 
distribution via appropriate power conversion stages. For example, DC-DC-AC 
converters are used by solar photovoltaic generators, and AC-DC-AC converters 
with local control are used by generators of wind [5].  
When the wind speed falls below the cut-in speed, the wind generator is turned on. 
The wind generator starts to generate with unregulated frequency when wind 
speeds resume, until it is linked to the micro-grid and operates through a loop 
control. The absence of the wind generator means that the battery power 
generation can maintain crucial charges dependent on the battery charge. In those 
queries about grid connection and insulation a wind/PV house power system 
powered by the EV battery will be provided. A bidirectional converter is primarily 
controlled by a concurrent inverter [6] to operate a wind generator, interfacing 
with the back-to-back AC-DC-AC and the Battery interface.  
It is currently actively supported to create the public LV network-connected PV 
system. These systems are usually from several to ten kWP in size, and on the top 
of dwellings or public buildings are solar panels installed. The efficient 
photovoltaic system operation varies, including sun intensity, cell temperature and 
cloud shading. The time unpredictability of production of electrical energy leads to 
expected power quality issues such as voltage imbalances, flushes, and 
downsizing [7].  
The PV system is connected to the grid by a power converter and an inverter for 
modulation of pulses width. These interface converters provide a range of 
functions, including PV output adjustments to meet inverter voltage and maximum 
power point tracking, to operate the PV system as efficiently as feasible. There is a 
risk that converters will introduce harmonic distortions at both lower and higher 
frequency rates which result in parallel and series resonances, condenser bank and 
transformer overheating and the misuse of protective devices that could create 
problems of power quality [8]. When electricity prizes and demand are at their 
highest level, they try to feed the most power they can. The system thus succeeded 
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in recovering its excess revenues. When the SECS and the WEGS (Windows 
Systems) combine, the system's efficiency and reliability will be improved [9][10].  
The voltage and frequency of electric WEGS compliance generated to meet grid 
code can be controlled and controlled [11], VSCs are adapted as an interface 
between the machine and the utility grid as the full voltage converter. [12]. For 
example, 10 voltage stresses caused by harmonic current have been shown to 
increase the operating temperature of a power bank by 7 and can reduce the 
expected lifetime of the bank by 30. [13]. Because of its inherent simplicity and 
strength, the least mean square (LMS) algorithm [14],[15] has become one of the 
most popular adaptive filter algorithms. But LMS is often slowly converging. 
Several LMS changes have been proposed over the year to remedy this situation. 
One of those changes is Proaki’s first proposed LMS (MLMS) adaptive algorithm 
[16]. Roy and Shynk [17] have shown that the MLMS approximates the conjugate 
algorithm of gradients. MLMS is helpful when error bursting is problematic in 
applications. The MLMS recursion is WK+1= WK+μ(DK-WTK) XK+α(WK-
WK-1) the parameter estimate at the kth iteration, DK is a real valued desired 
response XK = [ x1k , x2k , ……, xdk ]T Ԑ Rd is the input response, α Ԑ (-1.1) is 
the momentum factor, and μ ˃0 is the input size.  

The approximations of the conjugate gradient algorithm (MLMS) are being used 
for the improvement of the energy quality of the gird-connected wind-based solar 
system [18]. It overcomes the slow convergences restricts of the convectional 
LMS and provides advantages when error bursting is the problem in applications. 
Compared to LMS, MLMS eliminates weight convergence dependence on step 
size, while it provides higher performance with high-noise signal. The improved 
dynamic performance comes from inclusion of feed terms for changes in wind and 
solar insolation. Identification if it is possible to achieve maximum output by 
using maximum output (MPP) systems for extracting both resources. A literature 
listing specifically from convection schemes (p &o), incremental conductance 
(InC), computer soft logic, artificial network neural, and optimization-based 
schemes [19–21] offers a variety of techniques. In this literature there is a special 
listing. The non-linear charge presence leads to additional problems in the power 
quality, including waveform voltage and current distortion. Finally, an important 
issue to be investigated may be the interaction between the harmonic currents and 
loads of the inverters; a harmonic distortion which can be multiplied by the 
resonant behaviour of the grid [21]. 

2. SYSTEM CONFIGURATION 

Figure.2.1 depicts the AC micro-grid system with wind and solar panels in which 
two VSCs, MVSC and GVSC, back-to-back, provide decoupling power control. 
The DC connection via the BES and bidirectional DC-DC converters is connected 
to a solar PV array (one-stage). The combined wind turbine-driven SG and solar 
photovoltaic generation meet the demand for load. At a point of common linkage, 
the nonlinear load is connected (PCI). The grid includes the excess PV array and 
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wind power generation. The harmonics are filtered via a PCI connected ripple 
filter. The interface inductors are linked with GVSC in series to reduce the current 
harmonics. The DC engine simulates the wind emulator. With solar insolation 
change, the variable wind speeds, sudden charge disconnect, the promising system 
performance is achieved. 

 
Figure 2.1. System configuration. 

The proposed system control algorithms comprise three sub-sections. The GVSC 
switching controller is based on MLMS, Vector Control (VC) and Bidirectional 
Conversion Control is based on Vector Control (VC). The GVSC switching 
control is based upon MLMS (VC). Together with MPP approaches, these control 
algorithms for wind and solar assess the efficiency of the system.  
 
A. MPP Extraction Scheme  
Inherently, solar insolation and wind speed vary with time and place. On the other 
hand, the system using those 2 renewables requires the best energy extraction 
approach to be applied individually. The P&O control system follows the wind 
MPP effectively while adaptive P&Os are used to estimate solar MPP with 
variable disturbance step size.  
 
Wind-P&O Control Scheme 

The P&O scheme is the most common and easily controlled way to identify the 
MPP from non-linear wind characteristics. This algorithm controls the speed of 
the wind turbine generator (gene set.) to achieve the MPP; (Pwind). The SG speed 
is disturbed in the given direction while observing the force drawn from the SG. 
When the SG's power increases, it signifies that the SG gets stronger. The velocity 
of the SG must therefore be disrupted in the same way that the optimum operating 
point has gone toward the MPP. On the other hand, if the SG power decreases, the 
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optimal operating point will be moved away from the MPP, and the disruptive SG 
speed will need to be reversed now. 
 
Solar-Adaptive P&O MPP Control  
 
MPP approaches with a fixed disturbance are likely to oscillate. The control 
calculates the MPP operating point with a short circuit current product with an 
ideal constant proportionality. The perturbation step size tuning procedure is 
carried out based on irradiance level and operating point oscillations. This led to 
the naming of rough and fine tuning. The solar photovoltaic array controls the 
level of insolation of coarse tuning and its oscillation around the MPP determines 
fine tuning.  
The widespread equation as,                                        
V=V(n)+sign{V(n)-V(n-1)}*sign(ΔP)*ΔV(n)  
In this case, the sign (•) sets +1 or -1 according to the value within the function. 
This control effectively traces the MPP under sudden changes in the level of 
insolation and reduces oscillations around the MPP by disturbing the step size.  
 
B. GVSC Switching Control  

The control system for the GVSC is presented in Figure.2.2. Use of MLMS-based 
adaptive control enables power-quality improvement and load-current distortion 
compensation in a time-invariant system with stochastic inputs like variable wind 
and solar conditions. This device is supplied with the GVSC switching pulses. 
This is the case when the least square algorithm progresses. MLMS can be easily 
managed for system conditions and parameter uncertainty. Adding "momentum" 
enables quicker convergence. It updates the weight according to the previous 
gradient without affecting the complexity of the system. This accelerates the 
convergence process and effectively compensates the load harmonics with noise-
polluted inputs. 

 

Figure 2.2. Control structure for GVSC. 
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MLMS Algorithm  

The scheme of the MLMS algorithm is shown in Figure.2.3. LMS with previous 
weight vectors is updated to achieve the next weight vector. MLMS's second order 
update weight equation is as follows,  

 

 
where, ξ is the step size controlling the convergence rate, α is the momentum 
factor that scales the gradient descent, and the working ranges are ξ>0 and α<0. 

 

Figure 2.3. MLMS algorithm. 

 
The derivation of the second order weight update equation of MLMS, is given as 
follows. The variables used are given as, 

w(n) is the weight vector   
e(n) is the output error   

 is the input signal  
 
d(n) is the desired response and y(n) is the analogous estimate of d(n) and is given 
as, 

 
 
The MLMS is the recursion of the weight increments and can be derived from the 
simplified implementation of conjugate gradient algorithm. 
 
C. MVSC Switching Control  
Figure 2.4 illustrates how to implement the MVSC control. The control system 
controls both the current direct reference axis (Id ref) generator and the 
quadrature-axis (Iq ref). The torque-producing component comprises two 
components: the square axis and torque-products. The wind-P&O MPP Scheme 
employs the benchmark generator speed to compare the SG speed (gen est) 
calculated by the benchmark BEMF Technology (gene ref) of the wind-P&O MPP 
scheme (gen ref). 
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Figure 2.4. Control structure for MVSC control. 

 
D. Bidirectional Converter Controller  
Figure.5 shows how to control the bidirectional converter depending on a battery 
charge status (SOC). The battery reference current is generated using two methods 
(Ibat ref). Mode 1 is activated when the grid is connected. In Ibat ref, the 
maximum charging current is used, if the SOC is less than 100 percent. Ibat ref 
will be null if the SOC is 100% or higher. The battery is stopped charging. Mode 2 
is enabled as soon as a grid breakdown occurs. Ibat ref is generated by feeding the 
DC link voltage mistake to the PI controller. The controller compares the 
reference battery to the sensed battery current (Ibat). Controller PI compared the 
reference battery to the sensed current battery (Ibat). Pulse width modulation 
(PWM) block gets the PI controller Output and generates buck (Sbu)-boot (SB) 
switching pulses. 

 
Figure.2.5 Control structure for bidirectional converter. 
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3. RESULTS 

 

A. Steady State Behaviour of the Micro-grid: 

 
Figure.3.1- Simulation diagram of the micro-grid at steady state condition 

 

 

Figure.a- Vdc 
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Figure.b- synchronous generator currents(isga, isgb, isgc). 

 

Figure.c- estimated speed (ωgen_est) of SG. 
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Figure.d- rotor position (θest) 

 

Figure.e- grid voltages 
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Figure.f- load currents 

Figure.g- GVSC currents 
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Figure.h- grid currents 
 
The micro-grid performance is shown in Figure.6 in stable condition. The solar 
and wind power is considered to be in its rated condition and the bidirectional 
converter maintains the DC connection voltage. The generation from the wind 
powered SG is low with a low wind speed of 7.2 m/s and 12 m/s, and so the 
generated currents in magnetic dimensions are. The maximum SG generation is 
reached when the wind speed reaches cutting speed and can be observed in 
Figures (a-b). In the conditions mentioned above, the estimated speed (alongside 
SG), which changes according to the speed of SG and is depicted in Figures, is 
observed for deceleration and accelerating along with the period of rotor position 
(alongside) variety (c-d). There are harmonics in the load currents, while the grid 
currents are balance and sine. The GVSC currents, load currents and phase 'a' grid 
currents are shown in Figure (e,f,g). The system operates under DSTATCOM 
mode, when the SG powered by the solar and the wind turbines has nil, and the 
battery is off. The GVSC provides compensatory currents. The grids current is 
sinusoidal and undergoes phase reversal and are presented in Figure. (h). 
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B.  Response of Micro-grid under Wind Speed Change: 

 

Figure.3.2- Simulation diagram of the micro-grid under wind speed change. 

 

Figure.i- DC link voltage and the AC grid terminal voltage along with the grid voltage of 
one phase under wind speed rise and fall. 
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Figure.j- SG estimated speed, direct axis (Id) and quadrature axis (Iq) current. 

 

Figure.k- wind feed-forward component (wwff), DC loss component (wloss) and the total 
weight component (wnet). 

The effects of the wind speed must be studied in order to ensure the correct 
operation of the micro-grid. In Figure. I, when wind speed rises and falls within a 
wind tunnel, the DC connection tension and a one-stage grid voltage are shown. 
The bidirectional converter control overcomes the transient voltage of the DC 
connection and keeps the DC connecting voltage constant. Figure (j) shows SG's 
estimated speed, direct axis (Id), and quadrature axis currents to show the effect of 
changes in wind speed (Iq). In Figurers Figure. (k), internal signal changes and the 
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variation in wind speed and no wind conditions are shown (k). Its size increases 
with the increase in wind speed as the generation of wind-powered SG increases. 
The DC loss part (wloss) and the weight component are simultaneously modified 
(wnet). 

 

Figure.l- wind feed-forward component (wwff), DC loss component (wloss) and the total 
weight component (wnet). 

 

Figure.m- power variations of solar, wind, load and grid 
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The SG rate increases as the wind speed from 7.2m/s to 12m/s and the Id and Iq 
components of the SG current increase at the same time. The internal signal 
changes with 

the change of wind speed and no wind conditions are present in Figures. (l). The 
wind power supply component (wwff) increases in magnitude as wind powered 
SG generation increases the wind velocity w.r.t. The DC loss (wloss) component 
and the overall weight component are changed simultaneously (wnet). If the wind 
velocity is 0, or wind velocity is 0 wwff. If the wind speed is less than that. 
Figures. (e) show the changes in power of the wind speed system. 

 

Figure.n- power variations when the load demand is increased and decreased. 

In Figure n, you can see how power fluctuates as the load demand increases and 
decreases. There is a decrease in excess power fed into the grid when renewable 
energy generation reaches its rated value, and vice versa when the load demand 
rises. 
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C. Response of Micro-grid under Solar Insolation Change: 

 

Figure.8- Simulation diagram of the micro-grid under solar insolation variation. 

 

Figure.(o) internal signal variation. 
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Figure.(p) Power variations. 

The intensity of sunlight varies with time and is missing during the night. The 
performance of the micro-grid as solar insolation changes is shown in Figure 5. In 
line with changes to solar insolation, PV array current increases and decreases. 
The two-way converter control eliminates the transient voltage of the DC 
connector. The AC voltage of the grid is maintained sine quenched. As the Figure 
shows (o). If the solar insolation increases, the photovoltaic power supply (wpvff) 
is increased and at zero insolation. The load weight component does not change 
until wind, BES and grid generation meet the demand for load. Increases in wloss 
and wnet values can be observed at the same time. Figure (p) Shows how solar, 
wind, load and grid power vary with changes in the solar insolation. The micro-
grid generates enough power to meet the load demand.  

4. CONCLUSION 

MLMS adaptive control is being used in wind-solar AC micro-grids to improve 
the power quality. A reduction in harmonics is necessary in the weight of the 
component and system, as well as in general system performance. The result was 
achieved by successfully removing the basic load current component with low 
static mistakes and fast convergence rates. In MATLAB Simulink, the prototype 
has been tested with wind speed and solar insolation from morning to night and 
variations in load from the domestic and medium-sized systems. 
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Abstract

Arc welding is a type of welding process using an electric arc to generate heat
to melt and join metals. A power supply produces an electric arc between a
consumable or non-consumable electrode and the base material using either
direct (DC) or alternating (AC) currents. Orthodox welding machines use
grid frequency transformers to reduce the arc voltage to a lower voltage,
then chopper circuit is used to adjust welding current. But grid frequency
transformers are bigger and heavier than high frequency transformers. Thus,
portability poses as a disadvantage in conventional welding machines. To
solve the problem of weight and size of conventional arc welding machine,
an inverter circuit was also developed. The inverter provided much higher
frequency than 50Hz or 60Hz for transformers used in welding circuits. In
this paper, we have proposed to develop an entire inverter section for an
arc welding machine along with the necessary high frequency step-up trans-
former. The aim of developing the inverter circuit for an arc welding machine
is to serve the foundation for developing weld machines based on the other
available methods like Tig, CO2 etc. variables such as operating frequency,
output voltage and current are the only factors in design.
Keywords: Arc welding, frequency transformers.
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1.1 Introduction

Welding equipment has become one of the most important tools that a pro-
ducer can possess hence the need to design and construct an inverter welding
machine[1, 2, 3]. By introducing a PWM generator into the circuit control
over the frequency of inverted output from the inverter section is achieved.
The inverted output is stepped up to the arc required voltage using an ap-
propriate step-up transformer[4, 5, 6]. In this paper, new onsite small scale
inverter welding machines are designed and be used.

1.2 Methodology

The first objective is to calculate and design the entire circuit according to the
flow of the block diagram and simulate the circuit on the Simulink program
in MATLAB, followed by implementing the designed circuit on hardware
and proceed further to obtain the arc parameters at the output.High Power
MOSFETs (IRF9540) can switch over 60A and 30V and are TO-220 package.
In this, the MOSFETs acts as switches in the inverter section to produce an al-
ternating current controlled by a PWM generator. The SG3525A pulse width
modulator control circuit offers improved performance and lower external
parts count when implemented for controlling all types of switching power
supplies. The output stage of the SG3525A features NOR logic resulting in a
low output for an off-state.

• 8.0V to 35V operation
• 5.1 Vtrimmed reference
• 100Hz to 400kHz Oscillator range
• Separate Oscillator Sync Pin
• Adjustable Dead-time Control
• Input Under Voltage Lockout
• Latching PWM to prevent Multiple pulses
• Pulse-by-pulse shutdown
• Dual source/Sink outputs: -400mA peak
• Pb-free packages are available

A high frequency step-up transformer s used to step-up the voltage to an
arc sufficient voltage from the outputs of the inverter section. Given that
arcs in smaller scale welding takes place between voltages of 30 to 50V,
a suitable transformer s selected based on the iput and output requirement.
DC-DC boost converter is used to step up to higher voltage. PIC is a fam-
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Figure 1.1 Block Diagram of Inverter Arc Welding Circuit [1]
.

ily of modified Harward architecture micro-controllers made by Microchip
technology, derived from the PIC1650 originally developed by General In-
strument’s Microelectronics Division. The initially referred to Peripheral
Interface Controller. This PIC micro-controller having a feature of high
performance RISC CPU. Capacitors are used as filters in the power supply
unit. The action of the system depends upon the fact, that the capacitors
stores energy during the conduction period and delivers this energy to the load
during the inverse or non-conducting period. In this way, time during which
the current passes through the load is prolonged and ripple is considerably
reduced [7, 8, 9, 10].

Switching frequency =
1

Ct ∗ (0.7Rt + 3Rd)
(1.1)

D = 1− Vs

Vo
∗ η (1.2)

L =
V smin ∗D
Fs ∗∆IL

(1.3)
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Figure 1.2 Hardware implementation of the filter circuit and Snubber circuit .

Figure 1.3 Hardware implementation of the inverter section along with the SG3525 IC .

Table 1.1 Parameters values adopted for this research
S.No Parameters Remarks

1. Switching frequency 200 x 103 Hz
2. Ct 0.1nF
3. Rd 100 Ω

4. Fs 200khz
5. D 0.35
6. C 10.93 µF

7. L 9.85 µH

8. I0 2.5 A
9. Load Resistance 16 Ω

9. Vin 13 V
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Figure 1.4 Block Diagram of Inverter Arc Welding Circuit.

Figure 1.5 Simulation output for inverter.

1.3 Results and Discussion

We developed a MATLAB Simulink modelfor the welding inverter, along
with a separate simulation of the DC-DC Boost converter section with pa-
rameters set almost equal to practical desired values. This work carried out
simulation of an inverter along with full bridge rectifier circuit shown in Fig-
ure 1.4 Hardware implementation of the filter circuit and Snubber circuit as
shown in Figure 1.2. Hardware implementation of the inverter section along
with the SG3525 IC have been used in this work. Table 1.1 represents the
parameters and their values adopted for this research.

1.4 Conclusion

By developing this inverter circuit we aim to implement it into an end user
portable welding machine and also frame a cost effective product delivering
the required job work to the user irrespective of availability of a power source
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and place. However, since the circuit is a DC operated one, there comes into
picture a frequent maintenance of the said battery. One of the proposed dc
source that can be used for the machine is a 48v 100Ah battery, capable of
sustaining welds for considerate amount of time. This however is subject to
availability. In conclusion the proposed inverter circuit for use in application
of an arc welding machine will prove to be propitious and constructive to its
user. An introduction of an isolator circuit such as an optocoupler can be done
for the protection of power components within the circuit. LCD displays can
be used with the machines for ease of use and also detecting and monitoring
faults in the system.
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Abstract   

       A micro-grid interfacing converter with multi-control is proposed here. It 
offers a multi-objective control technique for grid interlinked converters using an 
ANFIS controller. The controller under consideration uses the combined 
characteristics of controllers based on fuzzy logic and the structure of Neural 
network to substantially enhance reaction of the grid-connected converter under 
system disturbances. In the proposed method, the ANFIS controller's control 
settings are dynamically modified depending on the Sugeno control system's 
operational circumstances. As a consequence, it responds quickly to disruptions 
with slight error and settling duration. The GCI is utilized to offer many additional 
functions related to the proposed multi-objective control system. The suggested 
controller's predictive response is shown through MATLAB simulations is 
efficient than an AFPI controller during interruptions. The case studies and results 
of the suggested system  are also compared to literature to verify the controller's 
effectiveness  

Keywords Micro grid Grid Interconnected Converter ANFIS controller Power 
Quality Fuzzy-logic Controller 

1. INTRODUCTION 

Today's electricity is transitioning to a new era, with a high renewable generation 
incorporated into the distribution network through distributed energy resources 
[1], [2]. Grid-Connected Inverters (GCI) are often used to connect generating units 
to the utility grid. One of its main responsibilities is to deliver all active energy 
into the system. However, because to the scarcity and environment of renewable 
sources and market price concerns, It is possible that generating units will be 
unable to provide the rated actual power to the grid. As a result, the grade of 
converters is often underutilized. The GCI's unused apparent power rating may 
therefore be utilized for several additional functions. [3],[4]. However, the 
growing use of converter-based generating units and non-linear loads in the 
distribution network affects power quality (PQ). Renewable energy source units, 
critical and valuable local loads affect the power quality. Poor PQ will affect the 
on-grid energy price in PQ-sensitive markets [5],[6]. Various control methods for 
renewable generating sources connected to the electric grid have been suggested 
[7,8]. The electric grid's power quality is guaranteed via controlling equipment or 
a GCI with multipurpose capabilities. [9],[10]. Adding controlling equipment to 
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solve the PQ issue raises system costs, perhaps unfeasible for low-voltages. A GCI 
with multifunctional capabilities has recently been suggested to solve this 
issue[11],[12].A current regulated voltage-source inverter (VSI) is used to link 
generating sources to the grid side place of point of coupling connection 
(PCC)[13],14]. The most often used current controllers for GCIs are PR, PI, and 
hysteresis controllers [15]. Every existing control method has benefits and 
drawbacks. In [16], [17], with the help of an optimization method based on grey 
wolf, the switches of the high-speed step-up converter are activated. The 
performance of the new controller is compared to that of a standard Controller 
based on particle swarm optimization. [18]. The use of fixed gain linear controllers 
Literature also describes PI/PID controllers with synchronous rotation (dq0) for 
regulating GCI.The literature mentions several PI controller versions to solve 
operating point issues (as well as the inclusion of a grid voltage feed forward link, 
control with many states of feedback)It increases the bandwidth of the PI 
controller. But it will test the system's stability. Because PI, PID, and PR 
controllers are neither intelligent nor adaptable, researchers have turned to 
intelligent methods like Neuronal networks, fuzzy logic, and evolutionary 
algorithms to regulate GCIs. The fuzzy logic-based supervisory control system 
continuously modifies the PI controller's gains depending on the operating 
conditions described in ref [19]. The APFI controller cannot effectively minimize 
disturbances during rapid load changes, and enhance settling time and 
overshoot.[20] controls a bidirectional converter with a battery storage depending 
on the microgrid's voltage to address generation and load issues. A proportional-
integral controller is utilized with a selector-based control method. In [21], a 
control method for renewable source with hybrid storage units is used. A second 
harmonic phased locked- loop (PLL) is used to synchronize/resynchronize the 
micro-grid system in emergencies. An adaptive power management algorithm 
efficiently operates and manages the micro-grid system in both modes. [22] 
Implements consensus-based control for storage units in a DC micro-grid using a 
serially connected multi-input converter. The serially connected multi-
input converter contains two phases, one for super-capacitors and the other for 
batteries. [23] Developed an adaptive droop control technique that adjusts the 
droop settings based on mathematical computations. The adaptive droop controller 
was designed to enhance the low-voltage DC microgrid's performance by 
balancing load sharing and voltage regulation. [24] Uses adaptive control methods 
for a single-stage PV based battery management system. It is linked to a micro-
grid that uses maximum electricity. Two batteries and Superconducting Magnetic 
Energy storage (SMES) systems combined PV - Wind DC-bus micro-grid is 
evaluated in [25], [26].  

 This work proposes an ANFIS controller to regulate the GCI. A Sugeno type 
fuzzy model is implemented for the ANFIS controller. The Sugeno type fuzzy 
model is the combination of fuzzy and neural network. As a consequence, it is 
easier to calculate and adjust than the Mamdani type fuzzy model.The ANFIS 
quickly detects changes in system circumstances and dynamically adjusts the 
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output control signal. Because of this, the control mechanism mandates to operate 
in a linear zone under all operating circumstances, minimizing overshoot, 
oscillations, and settling time. In addition to its fundamental duty of adding active 
electricity into the grid at power factor equal to 1, the GCI is regulated to offer 
various auxiliary services. Correcting reactive load demand, disturbed load and 
neutral current. All are accomplished with fewer membership functions and rules 
than mamdani-type models, resulting in reduced computation costs. The system is 
modeled in Matlab. The suggested controller's efficiency is validated by 
comparing the results to the existing literature. 

2. SYSTEM DESCRIPTION 

Figure 1 shows the DG linked to a three phase four conductor generating 
system through a various operational GCI. A tri-phased tri-limbed, two-level 
inverter is implemented. The renewable generating source is powered by the dc-
link (PCU). Decoupling renewable generating sources from the power grid is 
achieved using dc-link capacitors ( and ) [4]. The GCI's output connects to 
the utility grid via an LCL filtering circuit. To attenuate resonances, is linked in 
series with . Loads are linked to the PCC with both balanced and unbalanced 

 

 

Figure 1. Schematic Diagram of Proposed System. 
3. CONTROL SCHEME 

The proposed multi-objective controls approach seeks to introduce DG active 
energy into the utility grid. Controlling load reactive energy requirement, current 
harmonics, neutral current, and unbalanced currents, are all regulated concurrently 
by the GCI to guarantee grid current is controlled  in all operating circumstances 
with minimal THD, with IEEE standards. Operating like an active power filtering 
device, the GCI only provides additional services if zero DG's output. To 
accomplish the aforementioned objectives, appropriate reference current must be 
retrieved. 



 4

 

Figure 2. Control Scheme of the System 

On the other hand, dc-link voltage and GCI output current are used to compute 
reference current. All control methods are implemented in the dq0 frame [12]. The 
enhanced phase locked loop (EPLL) supplies the reference angle (θ) for the dq0 
transformation. to regulate the DG units produce active current , the difference 
between and  is done 

                                                                                       (3.1) 

To modify the full load side reactive power requirement, the load current's q-axis 
component ( ) shows the load's reactive power requirement. Thus, the GCI's q-
axis reference current is represented by Eq (2). The 0-axis component additionally 
compensates for imbalanced load current. Equation (2) therefore sets the GCI's 0-
axis reference current. Finally, the current controller produces switching signals 
for the GCI based on the change in the required current ( )) and the actual 
current ( ). 

                                                                                 (3.2)  

3.1 Implementation of standard AFPI controller 

AFPI controller has a nonlinear adaptive control method that provides stable 
control performance in the face of unknown system characteristics [27–28]. 
Mamdani type Fuzzy controller is used to track the PI controller gain values.  

4. PROPOSED ANFIS STRUCTURE. 

The performance of an ANFIS controller is compared to that of a conventional 
AFPI controller. It explains how to create an effective transient performance for 
the proposed system with minimum overrun and clearing time.  
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Figure 3. Type-3 ANFIS Structure 

The exterior and interior current loops, which are hierarchical control loops, 
govern GCI. Inner control loops respond faster than outward loops for smooth 
system operation. As a result, the bandwidth of the inner control loop is enhanced. 

Takagi and Sugeno's type-3 fuzzy inference technique is utilized here. Each rule's 
output is a linear combination of the input variables plus a constant term. In the 
final output, each rule's output is weighted. Fig. shows the comparable ANFIS 
structure.. 

The following sections explain the different levels of this ANFIS structure: 

Level1: In this level, every hub I is versatile and has a hub work.. 

                                                                                    (4.1)  

x is the hub I input, Ai is the arbitrary worth connected with this hub capacity, and 
Ai will be Ai's enrollment work. Commonly, Ai(x) is chosen as  

          (4.2) 

x is the information and ai, bi, ci signifies the reason boundary set  

Level2: Each hub in this level is a decent hub that figures the terminating strength 
dependent on a standard.  

Every hub's yield is the result of every approaching sign and is given by,, 

    (4.3) 

Level 3: In this level, each hub is a decent hub. Each ith hub processes the 
proportion of the ith rule's terminating solidarity to the all out of every one of the 
standards' terminating qualities. The ith hub's yield is the standardized terminating 
strength given by  
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     (4.4) 

Level 4: In this level, every hub is a versatile hub with a hub work characterized 
by  

   (4.5) 

wi is the Level 3 result and pi, qi, ri is the subsequent  ensuing variable data 

Level 5: This level has just single steady hub that produces the all out yield as the 
all out of all signs got, for example. 

                     (4.6) 

5. SIMULATION RESULTS AND DISCUSSION. 

Here are the case studies in this simulation research. The DG unit's output power 
is set zero till t = 0.1 s. From t = 0.1 to 0.7 Sec, the DG can only produce 18 kW. 
The DG output increases from 0.7 to 1.25 sec to 27.5 kW. The load demand is 8.5 
kW from t = 0 to 0.4 Sec. In this range, the load demand rises to 23.5 kW. 1 to 
1.25 sec reduces the load demand to 18 kW. 

5.1. Case: 1when load is constant 

Its Simulink architecture is shown in Fig 1 and its specifications are listed in Table 
1. Fig. 4compares converter and grid active powers with PI, AFPI, and ANFIS 
controllers. Fig. 5 shows the waveforms of Grid Current, and converter current at 
t=0.1. As shown in fig.8, ANFIS controller eliminates harmonics better than PI 
and AFPI controller. Data on GCI Active Power Dynamic Response are in Table 
2. 

Table 1.  Simulation system parameters 

S.No Simulation Parameters  Values 

1 Voltage at Grid, Frequency  400V (L-L), 50 Hertz 

2 
Input DC Bus Voltage, 
Capacitance 

 
700 Volts, 15 milli farad 

3 LCLfilter 
 RC= 0.05 Ohms;  RG = 0.15 Ohms; RD = 1 Ohm 

Lc = 0.214 mh; CF=  100 micro farad; LG=  0.145 mH 

4 Non Linear Load Parameters 

 3 Phase: R = 50 Ohms,L = 50 mH; 
 1 Phase: 

(A-n): R = 50 Ohms, L = 50 mH; 
(B -n): R = 50 Ohms, L = 50 mH; 

5 RES Input power Capacity  21KW 
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Table 2. Dynamic responses of GCI Active power with various controllers 

 
(a) (b) 

Figure 4. (a) Converter active Power   (b) Grid Active Power 

(a)      (b) 

 
 
 
 
 
 

 
              (c) (d) 
Figure 5. During constant Load (a) Grid Current (b) converter current (c) 
ANFIS THD Analysis (d) Comparison Graph 

GCI Active 
Power 

PI Controller AFPI Controller ANFIS Controller 

Peak Overshoot 20000 19000 18900 

Settling Time 0.24 0.2 0.18 
Rise Time 0.109 0.1055 0.102 
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5.2. Case2: Load changing Conditions 

In this instance, the starting load is 8.5 kilowatts, which is raised to 23.5 kilowatts 
between time= 0.4 and 1 sec. Later, the load is reduced to 18 kilowatts. Fig. 6 
compares converter and grid active powers as well as DC link voltage for all 
controllers (PI, AFPI and ANFIS). Fig. 7 shows the proposed ANFIS controller's 
system responses such, Grid current, and converter current. The suggested 
controller shows improved dynamic responsiveness to unexpected load 
fluctuations. Table 3 shows the THD values for grid current under constant and 
changing load circumstances. Table 4 shows the DC link voltage dynamic 
response under various load conditions. 

Table 3. Grid current THD values with various controllers. 

 
Table 4. Dynamic responses of DC link voltage with various controllers. 

 
 
 
 
 
 
   
 

 
(a)  (b)  

  

Grid Current THD PI 
Controller 

AFPI Controller ANFIS 
Controller 

During Constant Load 2.60% 1.63% 1.01% 

During Load Changing 
Condition 

3.43% 2.04% 1.20% 

DC link Voltage PI 
Controller 

AFPI Controller ANFIS 
Controller 

Peak Overshoot 710 703 700.012 
Ripple % 2.57% 0.71% 0.0031% 
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(c) 

Figure 6. (a) Converter active Power of Grid   (b) Active Power of Grid (c) DCLink 
voltage 

                                 

(a) (b) 

  
(c)                                                          (d) 

Figure 7.During Variable Load (a) Grid Current (d) Converter Current(c) ANFIS 
THD Analysis (d) Comparison Graph 

6. CONCLUSION 

The above research proposed a multi-target GCI control using an ANFIS 
controller. The proposed control method successfully enhanced the AFPI 
controller's basic structure and the FLC's resilience to a range of uncertainties. 
The suggested multi-target control method utilized GCI to inject active electricity 
from generating units into the utility grid. At the same time, reduction of 
harmonics in load current, reactive power control, unequal and neutral control of 
currents were measured. The grid current was, therefore, nearly balanced in all 
operating situations. The ANFIS models are also faster than AFPI designs. 
Matlab/Simulink simulation tests were used to assess the effectiveness of the 
suggested controller. The controller's performance is evaluated in a number of 
scenarios, and its accomplishments are as follows: 1) The Grid current THD is 
reduced to 1.2% during the dynamic condition. 2) GCI active power settling time 
is minimized to 0.18 sec compared to AFPI’s 0.24 sec. 3) The DC link voltage 
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ripple is reduced with less overshoot.  The recommended controller outperformed 
the AFPI Controller in all circumstances, with lower overhead and faster 
adjustment times. The IEEE standards were met while reducing THD of current 
at grid side. 
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Abstract—The increase in electricity cost and unavailability of electricity 
to EV users will be a major problem in the future scenario where number of 
EVs will increase on road. Intelligent charging technologies can facilitate 
hassle-free integration of EVs to the grid. Integration of STATCOM with 
energy storage devices (EV battery) can play an important role in 
improving the voltage stability at the bus where EVs are connected. This 
paper proposes a system that demonstrates how the integration through 
STATCOM with the supply utility can significantly improve the exchange 
of both active and reactive power with the utility through the bus to which 
EVs are connected. 

Keywords—STATCOM, Transient stability, Electric vehicles, Battery, Energy Storage 
System 

I. INTRODUCTION 

STATCOMs are capable of providing both inductance and capacitance used in voltage 
support and provide active and reactive power independently. The STATCOM can provide 
both active and reactive power to the grid. It is connected through a transformer to the 
grid. 

The STATCOM can quickly draw excess energy available in the grid and transfer it to the 
battery of the EV or transfer energy from the battery to the grid to improve transient 
stability. The STATCOM can quickly draw excess energy available in the grid and transfer 
it to the battery of the EV or transfer energy from the battery to the grid to improve 
transient stability. Voltage control can be accomplished by the use of battery as energy 
storage system. [1] 

This paper presents a study on improving transient stability through the STATCOM model 
in MATLAB/SIMULINK. Depending upon the short-circuit impedance at the bus where 
EVs are connected, the maximum power that can be drawn will get limited. In 
conventional AC systems, the ability to transfer power is limited by many factors such as 
thermal limits, voltage limits, transient stability limit, short circuit limit etc. These limits 
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defined the maximum power that can be efficiently transmitted through transmission lines 
without causing any damage to the electrical equipment and transmission lines. The 
solution proposed to solve these problems consists of connecting a STATCOM to the point 
of common connection i.e., the power system to where the load is connected. [3] It is 
proposed that by introducing a STATCOM between the EVs and the load bus, the voltage 
stability and the maximum power that can be drawn from the utility can be improved. To 
achieve this, analysis is done using N-R load flow method and it is shown how the voltage 
stability is improved resulting in the maximum power that can be drawn from the utility. 
The results show that integration of EV through STATCOM with the supply utility can 
significantly improve the exchange of both active and reactive power with the utility 
through the bus to which EVs are connected and the voltage stability of the system to 
which EV is connected. 

II. METHODOLOGY 

In conventional AC systems, the ability to transfer power is limited by many factors such 
as thermal limits, voltage limit, transient stability limit, short circuit limit, etc. These limits 
define the maximum power that can be efficiently transmitted through transmission line 
without causing any damage to the electrical equipment and transmission lines. 

The system provided with STATCOM can enhance the controllability and stability of the 
transmission system with an increase in power transfer capability of the system. The basic 
operating principle of STATCOM is reactive power generation by a voltage sourced 
converter which is similar to conventional rotating synchronous machine is shown 
schematically, in the form of a single-line diagram in the figure below 

 

Fig1.Single line diagram of STATCOM 

From a DC input voltage source, provided by the charged capacitor Cs, the converter 
produces a set of controllable three-phase output voltages with the frequency of the ac 
power system. Each output voltage is in phase with, and coupled to the corresponding ac 
system voltage via a relatively small (0.1-0.15 P.U.) tie reactance (which in practice is 
provided by the per phase leakage inductance of the coupling transformer). By varying the 
amplitude of the output voltages produced, the reactive power exchange between the 
converter and the ac system can be controlled in a manner similar to that of the rotating 
synchronous machine. That is, if the amplitude of the output voltage is increased abov that 
of the ac system voltage, then the current flows through the transformer inductance from 
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the converter to the ac system, and the converter generates reactive (capacitive mode) 
power for the ac system. If the amplitude of the output voltage is decreased below that of 
the ac system, then the reactive current flows from the ac system to the converter, and the 
converter absorbs reactive (inductive mode) power. If the amplitude of the output voltage 
is equal to that of the ac system voltage, the reactive power exchange is zero. 

The figure below shows the three phase six pulse bridge converter. The three-phase output 
voltage is generated by a voltage-sourced dc to ac converter operated from an energy 
storage capacitor. The converter establishes a circulating current flow among the phases 
with zero net instantaneous power exchange for which the dc storage capacitor is needed. 
In a practical converter, the semiconductor switches are not lossless, and therefore the 
energy stored in the dc capacitor would be used up by the internal losses. By equipping the 
converter with a dc source like a battery, the switching losses can be accounted for and the 
converter can control both reactive and real power exchange with the ac system, and thus it 
can function as a static synchronous generator. 

 

Fig.2. Three phase 6-pulse bridge converter 

Control schemes- 1. Internal control 

The figure 3 shows the internal control of the STATCOM which is an integral part of the 
converter. Its main function is to operate the converter power switches to generate a 
fundamental output voltage waveform with the demanded magnitude and phase angle in 
synchronism with the ac system. 

 
Fig.3.Internal control of STATCOM 
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The inputs to the internal control are: the ac system bus voltage, v, the output current of the 
converter, io and the reactive current reference, IQRef Voltage v operates a phase- locked 
loop that provides the basic synchronizing signal, angle θ. The output current, I0 is 
decomposed "into its reactive and real components, and the magnitude of the reactive 
current component, IQ , is compared to the reactive current reference, IQRef The error 
thus obtained provides, after suitable amplification, angle α, which defines the necessary 
phase shift between the output voltage of the converter and the ac system voltage needed 
for charging (or discharging) the storage capacitor to the de voltage level required. 
Accordingly, angle a is summed to (α) to provide angle (θ+ α), which represents the 
desired synchronizing signal for the converter to satisfy the reactive current reference. 
Angle (θ+ α), operates the gate pattern logic (which may be a digital look-up table) that 
provides the individual gate drive logic signals to operate the converter power switches. 
[4] 

2. External control 

In order to meet the general compensation requirements of the power system, the output of 
the static var generator is to be controlled to maintain or vary the voltage at the point of 
connection to the transmission system shown in the figure below. 

Fig.4.External control of STATCOM 

The output of the static var generator is controlled so that the amplitude I0 of the reactive 
current i0 drawn from the power system follows the current reference IQRef With the 
basic static compensator control, the var generator is operated as a perfect terminal voltage 
regulator: the amplitude VT of the terminal voltage VT is measured and compared with the 
voltage reference VRef, the error ΔVT is processed and amplified by a PI (Proportional 
Integral) controller to provide the current reference IQRef for the var generator. In other 
words, IO is closed-loop controlled via IQRef so that VT is maintained precisely at the 
level of the reference voltage VRef in case of power system and load changes. [4] 

A. Two bus system study model 

The model assumed in this paper is shown in Fig.5, a two-bus system simulated in 
MATLAB Simulink. 

 

  

 
 

   5 km Line  
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Fig. 5. Two bus system model 

The STATCOM is introduced in the following two bus system as shown in Fig. 6. The 
introduction of STATCOM is expected to improve voltage stability. 

Fig. 6. Two bus with STATCOM model 

 

Fig.7. Simulink block diagram of system without STATCOM 

Load flow of the system was conducted and different values of PD2 and QD2 were 
obtained keeping the power factor constant and the results were obtained by following the 
graph 

 

Fig. 8. Two buses without STATCOM graph 
B. Simulation with STATCOM 

A STATCOM is introduced in the 2-bus system and it is expected to improve the voltage 
stability. The voltage at load bus is obtained for three different values, when STATCOM is 
injecting no reactive power to the load bus, is injecting reactive power which is 50% of the 
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reactive power of load, and when STATCOM is injecting reactive power which is 100% of 
the reactive power of load and following graph was obtained after the load flow study. 

Fig. 9. Two buses with STATCOM model graph 

 

Fig 10. Simulink block diagram with STATCOM 

Bus 3 is created at the output of STATCOM. Bus 3 is considered as a PV bus whose 
magnitude is specified as V = 1.0 p u. and the active power is specified as 0.0 p u. and load 
flow is performed. 

1. SIMULINK BLOCK DIAGRAM WITH STATCOM AND 3 PHASE FAULT 

Fig. 11. Simulation block diagram with STATCOM and fault 



 7 

The above simulation was carried out and fault and load flow studies were done. The 
following graphs were obtained. 

 

Fig.12.V, I Graph of system with STATCOM during fault 

Fig.13. Active and Reactive power during fault period 

Fig.14. Comparison of P Vs. V Graph of system with STATCOM and without STATCOM 

III. SIMULATION RESULTS 

The results for the system connected to the load without STATCOM in fig.7 shows that 
with the increase in active power drawn by the load, the Voltage at bus 2 decreases. By 
increasing PD2 in small steps it was found out that 1.35+j0.67 P.U is the maximum power 
that can be transmitted. 
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The results for the system connected to the load with STATCOM in the system in fig.8 
shows that with the increase in active power drawn by the load, the Voltage at bus 2 
decreases in very small steps. With the increase in reactive power supplied by the 
STATCOM, the Voltage stability increases significantly.  

The results for the system connected with a 3-Phase unsymmetrical fault and STATCOM 
in fig.13 shows that the voltage stability of the system improves and that STATCOM can 
provide reactive power support even during fault period. 

IV. CONCLUSION 

From the simulation it is inferred that the introduction of STATCOM in the system 
improves the voltage stability and the maximum power that can be drawn from the utility 
is improved significantly. The STATCOM has little active power providing capability. 
This can be improved by adding EV as Energy Storage System. 
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Figure 2.1. Typical Data Center Infrastructure [18, 19] 

The overall design of a data center can be classified in 4 categories Tier I-IV each 
one presenting advantages and disadvantages related to power consumption and 
availability [18, 19]. In most cases availability and safety issues yield to redundant 
N+1, N+2 or 2N data center designs and this has a serious effect on power 
consumption. According to Figure 2.1, a data center has the following main units 

 

1.1. Power Consumption in Data Centers 

The equation should be submitted in the equation editor and should be keyed in as below 
in editable text:  
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  (2.1) 

The optimal description of this value depends on the system’s characteristics and 
the type of equipment. As an example, for modulation and coding techniques in 
wireless communications the spectral efficiency is a common measure. For 
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electronic components the ratio of joule per bit best describes performance. In 
telecommunication networks and datacenters the ratio of watts consumed over the 
Gbps of data processed is preferred. In [22] an absolute energy efficiency metric is 
introduced, named as dBε.  

  

2. CONCLUSION 

A concise summary of the findings and a clear identification of the 
advance/contribution that this work provides to the field.  
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Abstract

The global power sector is witnessing a gradual transition from typical ther-
mal power-generating sources toward clean energy technologies. Non con-
ventional sources of energy are the most appropriate solution to give clean
and inexhaustible energy to conquer the worldwide energy emergency. The
renewable share was 8.6 percentage within the world energy combine in 2010
and is predicted to extend to 22.5 percentage in 2020 as per a recent thematic
analysis report renewable energy by the data collected globally. With the
advancement in power electronics technology, photo voltaic system (PV) is
getting more popularity in generation of electricity. Inverters connected to
grid have developed significantly with high decent variety. Efficiency, es-
timate, weight, dependable execution have all improved significantly with
involvement of technically advanced and innovative electrical converter con-
figurations and these factors have diminished the expenses of inverters. This
study deal with investigating the 50 kW with various aspectes.
Keywords: MPPT, Photo-voltaic, Solar, Energy, P& O.
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1.1 Introduction

It is mandatory to observe geographical condition of the locations where we
are going to install a solar PV system. And then analyze of climatic condi-
tions. It is must to analyze the climatic condition and the different radiation
levels. Primarily it includes selection of components like modules inverters
cables combiner box, and others. And the PV array inverter matching is cru-
cial part for design of the grid connected PV system. It is also mandatory to
find out the appropriate number of modules, appropriate numbers of inverter
support for a particular capacity. Designing a PV system based on the energy
balance phenomena. The Energy yield at the DC side is given by the below
equation[1, 2, 3].

ϵyDC = Atot

∫
GMη(t)dt (1.1)

Here Atot is total module area, that is equal to the total area of the cells,
mention in below equation.

Atot = NT .AM (1.2)

Where NT is the total number of cells and AM is the area of the cell. The
energy generated by the PV is equal to the consumed energy for one year.
So, these phenomena have been applied for designing a grid connected PV
system. This normally global radiation integration for the entire year.

NT =

[
(ϵyL .SF

(Atot
∫
GM (t)η(t)dt)

]
(1.3)

The required number of modules is calculated by the given equation Solar
module can be connected in series and parallel configuration.

NT = NS .NP (1.4)

The power of the DC side at standard test condition is given in below
equation,

ρSTC
DC = NT .ρ

mpp
DC (1.5)

Installing a solar PV plant, the ratings of the inverter need to be calculated, for
finding out the nominal DC power of the inverter. As the demand for world
energy grows because of modern industrialization and population growth,
renewable energy technologies are being further developed to improve en-
ergy production and energy quality. Since there is many countries with a
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direct solar density of 1000W/m in tropical and temperate zones, the primary
resource is photo-voltaic power. The need for integration of photo-voltaic
systems with other energy sources such as battery storage and diesel genera-
tors is consequent in major power disruptions due to changing environmental
conditions[?]. For estimating the size of solar photo-voltaic cells, the PGF
(Panel Generation Factor) play a key role. The maximum watt peak required
to meet the electricity demand from solar panels is referred to as the Panel
Generation Factor[5]. PGF is dependent on location and climate, hence vari-
ous locations may have varying PGFs based on the quality of solar insolation
and irradiation falling on that location. The PGF is based on empirical re-
lationships. The Panel Generation Factor is an important factor to consider
when planning a solar PV plant since it tells us that for every Wp power
in the panel, we should expect to get an average of Wh/day, and it varies
by location, for Jaipur city considering 5.30 W

m2 . Storage of batteries cannot
tolerate any variation in load and diesel generators can only provide short
periods of backup. As the demand for world energy grows because of modern
industrialization and population growth, renewable energy technologies are
being further developed to improve energy production and energy quality.
Since there is many countries with a direct solar density of 1000W/m in
tropical and temperate zones, the primary resource is photo-voltaic power.
The need for integration of photo-voltaic systems with other energy sources
such as battery storage and diesel generators is consequent in major power
disruptions due to changing environmental conditions. Storage of batteries
cannot tolerate any variation in load and diesel generators can only provide
short periods of backup[6].

1.2 Methodology

In these systems, mono-crystalline silicon cell-based modules were chosen.
The cell’s efficiency and temperature coefficients were carefully monitored.
The typical module capacity of 250Wp was chosen to ensure that the modules
are not too small or too large to be affected by wind forces. mono-crystalline
silicon modules have been connected in series and parallel configuration. In
this work, 15 modules are connected in series to form a string of the plant
for every 52.5 kWp power. 14 strings are connected in parallel, and this
series-parallel combination is connected to a Junction Box, from which wires
are connected to an inverter for DC to AC conversion. The total installed
module capacity is calculated up 52.5 kWp, which was achieved to com-
pensate for losses and module rating. Experimental data were collected from
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Figure 1.1 Overview of solar power plant with SCADA

grid-connected solar power installed at MNIT Jaipur. The controls of grid-
connected solar power plants are mounted with a computerized monitoring
system. Figure 1.3 shows the Solar PV control panel desktop view. The 52.5
kW photo-voltaic array is composed of 250 REIL modules. The array is
composed of 14 strings of 15 parallel-connected modules (15*14*250 W=
52.5 kW). The PV array block menu enables you to visualize the I-V and P-
V characteristics of individual modules or the entire array. The photo-voltaic
array block features two inputs for varying sun irradiance (W/m2)and tem-
perature. A Signal Builder block connected to the PV array inputs defines the
irradiance and temperature. Inverter Capacity = 50kVA/inverter; efficiency
93% at full load profiles. Figure 1.1 represents the schematic diagram of solar
photo voltaic power plant of 52.5 kW full installed capacity. This configura-
tion included 240V, 1000Ah battery bank 50 kVA power conditioning unit,
Junction box , AC distribution board , load panel connected to SCADA. The
Installed Capacity 52.5 kWp, Number of PV module is taken as 210, Number
of Inverters 1 with 50 kVA rating, Efficiency 93% at full load, Number of
modules in a string 15 and Number of strings in parallel is taken 14.
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Table 1.1 Simulation parameters for solar panel
S.No. Parameters Specifications

1. Parallel strings 15
2. Series- connected modules per strings 14
3. Max output current per MPPT (A) 8.3 A
4. Maximum output power 250 Watt
5. Maximum output Voltage (V) 30.28 V
6. Short circuit current Isc 8.8 A
7. Open circuit voltage Vocv 37 V
8. Series resistance Rs 0.18
9. Parallel resistance Rp 360
10. No. of cells 60
11 Cell technology Mono-crystalline

1.3 Results and Discussion

Table I. describe the components of the solar power plants have been used
in this work.Components, such as PV cells or panel are combining them
into arrays with the power electronic converters and inverters.Figure 1.2(a)
show the experimental results for the month of January to December for
solar power generation,inverter output average load and transferred power
to grid, .Figure 1.2(b) shows the imported and exported energy for the month
of January to December. The describe the designing control algorithms for
solar power plant. In this work maximum power point tracking observed
by two MPPT techniques such as perturb and observation and incremental
conductance with the help of MATLAB and simulink. Solar irradiance based
solar power output has been tracked by the given MPPT techniques at the
room temperature. Thermal condition have been included in this work, some
heating for voltaic panels photo-voltaic panels convert the sunlight into elec-
tricity.DC power has to be converted into AC power through some kind of
power inverter, this AC power can be distributed with the load connected
to commercial load. This systems include battery storage so this DC power
is actually fed into a battery charger, and then the greatest power from the
battery. DC DC converter, receiving the power from the array, DC, AC in-
verter, which is converting the DC power into three phase AC power. It is
being connected to a model of the utility grid on the site. The the power
obtained from the grid connected solar power plant and the simulink model
is limited with the calculation 50kW.The module has been installed by the
Rajasthan Electronics Instruments Ltd at the MNIT with the 250 kW rating as
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Figure 1.2 experimental results for the month of January to December.

mentioned in the Table 1.1. Figure 1.4 describe the modeling and simulation
results for the purturb and observation and incremental conductance MPPT
techniques. Simulation results validated with experimental results of the solar
power plant at the given instant time.it shows a comparison of the MPPT
techniques adopted in this work with experiment output of the solar power
plant as represented as bar graph. yellow line represent the solar irradiance
from 9:00 AM to 4:00 PM. This work deal with assessment of grid connected
PV power plant installed in Malaviya National Institute of Technology Jaipur.
Experiments results compared with simulation results. Incremental OCV and
P&O maximum power plant tracking have been adapted in this work. Simu-



1.4 Conclusion 7

lation results have good agreement with experimental results extracted from
solar optimal power solution installed at prabha bhawan at MNIT Jaipur.

Figure 1.3 Solar PV control panel desktop view

Figure 1.4 Simulated and experimental PV power for 50 kW solar power plant with PO and
INC MPPT techniques.
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1.4 Conclusion

As the demand for world energy grows because of modern industrialization
and population growth, renewable energy technologies are being further de-
veloped to improve energy production and energy quality. Since there is many
countries with a direct solar density of 1000W/m in tropical and temperate
zones, the primary resource is photo-voltaic power. The need for integration
of photo-voltaic systems with other energy sources such as battery storage
and diesel generators is consequent in major power disruptions due to chang-
ing environmental conditions. Storage of batteries cannot tolerate any varia-
tion in load and diesel generators can only provide short periods of backup.
This research aims to develop a behavioral model of a grid-connected PV
system that accurately represents the actual PV system while also addressing
the concerns. All photo-voltaic systems provide data loggers that record and
store information about operating conditions and performance production.
Despite the market’s rapid expansion, very few of the numerous monitoring
techniques available projected power and energy productions. Forecasting
success is critical for all potential future solar energy developers, as it will
support their investment decisions.
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Abstract

Solar panels are used here to generate power and store it in batteries as solar
energy is renewable, inexhaustible and environmental pollution free. A proper
storage technology can ensure continuous and reliable power supply. Wireless
power transfer can be done without using any wire or physical connection.
Inductive coupling is used for power transfer for short ranges, resonant in-
ductive coupling for mid range and microwave power transmission for long
range. During power plant generation and till it reaches consumers most of
the energy is wasted. So, wireless power transfer is eco-friendly for the trans-
fer of power. Wireless power transfer can be used for solving problems like
energy crisis. This project will be carried out on implementing application of
solar energy for wireless power transfer. Solar panels will be used to generate
power for charging mobile phone wirelessly through electromagnetic waves.

Keywords: Wireless, Power, Transform, Solar, Energy.

1.1 Introduction

Wireless power transfer was first invented by Nikola Tesla. He invented this
technique to eliminate losses during transmission of electric power. The loss
during transmission of is 26% approximately. The main reason for power
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Figure 1.1 Block diagram of wireless power transfer.

losses is resistance of wires used in the grid. WPT is a system where electric
power can be transferred from a power source to an electrical load with-
out connecting any wires in between. Power transmission can be done us-
ing electromagnetic waves through air for short range, resonant inductive
coupling for mid-range and microwave power transmission for long range.
Wireless power transfer can be used for solving problems like energy crisis.
This project will be carried out on implementing application of solar energy
for wireless power transfer. Solar panels will be used to generate power for
charging mobile phone wireless through electromagnetic waves. To transfer
electric power from one point to another WPT is an efficient way through
electromagnetic waves[1, 2, 3, 4]. Solar energy is used to generate power as
it is renewable, inexhaustible and pollution free. Solar energy generated is
stored in batteries. The voltage sources to the transceiver were providing by
solar cells. The inductive coupling is used as the antenna to wireless power
delivered from the transmitting to the input of a receiver. Receiver unit, the
bridge rectifier is used convert AC voltage to produces DC voltage and pro-
duce DC output. A capacitor is included in the circuit to act as a filter to
reduce ripple voltage. A battery will be included to store the power[5, 6, 7].

1.2 Methodology

1.2.1 Simulation

A 5V input will be given to the circuit. An oscillator circuit contains MOS-
FETS it will create high oscillating current, resistors are used to adjust signal
levels and capacitor filter will be used to avoid ripples. The transmitter and
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receiver coil is prepared by SWG copper wire for 4.5 cm diameter with 20
turns. In the receiver side bridge rectifier is shown to convert AC into DC
along with capacitor to filter ripples.

Figure 1.2 Simulink model for wireless power transform.

1.2.2 Hardware

[h] Here the battery voltage is applied to the MOSFET which is working as
a switching the dc voltage. IC 4047 is generating triggering pulse at 2 KHZ.
The output of the MOSFET is ac 12 volt is coupled with the transmitting coil.
The transmitting coil transfers the power in air. The receiver coil receives the
ac volt and it is given to the rectifier which is converting into ac to dc using
rectifier and then transferred to the load[8, 9, 10, 11].

Figure 1.3 Experimental setup of the project
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1.3 Results

Figure 1.6 represents the power is transferred from transmitting coil to re-
ceiving coil. The LED 1 indicated that the power is been transferred from
12v battery to the inverter circuit. The transmitted from transmitting coil to
receiving coil is identified by LED2[12, 13, 14]. As shown in the Figure 1.5, a

Figure 1.4 Power is transferred from transmitting coil to receiving coil.

book is placed in between transmitting coil and receiving coil to test if power
can be transferred through it. LED 2 indicates that power is received through
receiving coil even when the book is in between two coil and obstruction
output achieved. Fig 6: shows the waveform of triggering pulse to the MOS-
FET to Checking the waveform of triggering pulse given to the MOSFET.
IC 4047 is generating triggering pulse at 2 KHZ. The waveform of triggering
pulse to the MOSFET is indicated in the CRO as shown in Figure 1.4. Figure
1.6 shows waveform of voltage V/S time for output and input. A constant
input of 5V is given in transmitter coil and the output voltage up to 1.7V is
got. It indicates that the input voltage has to increase. The future scope of the

Figure 1.5 Obstruction output of the proposed work
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Figure 1.6 Block diagram of wireless power transfer.

Figure 1.7 Simulation output for proposed work.(a) Inverter output voltage; (b) Battery SoC;
(c) Transferred output after mutual induction (d) Battery voltage Vs total transferred voltage.

project is to find the way to charge any sought electrical gadgets wireless with
higher efficiency. The distance between the battery and electrical gadget can
be extended up to 1m. Boost converter can be used to get desired regulated
DC voltage. Suitable structure of inductor coil can be used to get maximum
energy transfer efficiency. This project is very useful for minimizing the use
of many cables for power transfer. In future their will be no need to use of
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cables to transfer power and to charge devices like laptop, electric car etc.
and devices can alos be charged while moving. The threats generated due
to wired power transfer such as electric shocks, shorting of wires, power
theft etc. Can be avoided successfully by this project. This system can easily
setup in colleges, home, hospital, industries, etc. The solar energy which is
left un used can be connected to the main grid. As energy is used pollution
caused during construction transmission poles and cables can be avoided.
This project provides great way of saving power and unnecessary wastage
of electricity as well as related extra electricity billing charges by means of
automatic power control system[15, 16, 17].

1.4 Conclusion

From the overall experiment conducted from the project entitled “ Applica-
tion of solar energy for wireless power” we conclude that the study on wire-
less power transfer using electromagnetic waves has much aspect in terms
of distance, range of frequency and results shows the nearer the distance,
the voltage transferred is higher. This project has tried to create energy from
renewable energy sources like solar source due to which pollution can be
avoided. Electric power generated from the solar panel can be connected
to main grid. The energy generated from the solar panel can then be used
as power source for all the electrical appliances. To energy can be saved
by avoiding unnecessary power wastage, automatic power management and
control system plays an important role. Thus there is no need to take care
of power saving. Advancements in electrical and electronics world is taking
place, now it is required to design efficient user friendly products using the
recent technologies. The project not only focuses on effective power transfer
and power management but also mainly aims to transfer power wireless to
charge electronic devices in efficient way. Lot of research is still in process
for wireless power transfer, we tried to provide a wireless power transfer
system for charging electric device like mobile phone effectively. Now the
user can charge mobile phone by wireless power transfer system. The project
gives solution for certain power issues effectively and this system can be
implemented in home, hospital, college, library, industry etc.
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Abstract 

This project is primarily about the improvement of flood relief operations using 
UAV (Unmanned Aerial Vehicle) technology. This work provides a system to 
communicate with the victims in real time and to acquire the required statistics 
and data to plan the relief operations in a faster and efficient manner. The model 
will have a UAV, communication system and live video streaming system. The 
first responders will move to the location and to assess the situation like number of 
people stranded, boat routes planning and to do routine checks, they can use the 
UAV and its accessories to plan their action in an efficient way. It will have an on-
board communication system to have half-duplex communication with the 
survivors and first responders. To make the disaster management easier and rescue 
planning faster, we have used a computer vision library tool which detects people 
and sends their location back to the Control Centre. 

 
Keywords: Flood Relief, UAV, Communication, Disaster Management, Rescue 
Planning, Video Streaming 

1. INTRODUCTION 

We have taken inspiration from the enormous possibility of an Unmanned Aerial 
Vehicle (UAV) in diverse terrains, its ability to manoeuvre quickly in the air and 
its low-cost flight which helps in looking at the problem from a different 
perspective. Natural Disasters are always prone to invaluable data collection or 
sometimes there will be much data to be processed during the post disaster 
management. Having the right data at the right time will be helpful in quick 
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assessment of the situation we are in. NDRF (National Disaster Response Force) 
of India uses their elite team of volunteers and military men to quickly assess the 
situation and rescue people. During Bihar floods in India there was a case where 
the first responders got a call to rescue a pregnant woman from a village, but the 
name of the village was not heard clearly and due to this fail in communication the 
exact location of the woman was not acquired. Therefore, we need to have proper 
data to rescue the people on priority basis.  
 
In this project, we have discussed the possible solutions for improving the disaster 
management during floods. UAVs in floods are valuable because of the 
immobility of vehicles on the land and the waterways restrict the amount of data to 
be collected in an area, thereby having a UAV which can fly over the area can be 
of great help.  
 
 

2. PROPOSED WORK 

The flood affected area will be located and the first responders will setup the 
control station at a suitable place. Fig. 2.2. demonstrates the working of the flood 
relief operations, but is not limited to, using UAV Once the control station is 
setup, they can deploy the UAV initially for knowing boat routes aerially and the 
route data will be sent back to the control station. Simultaneously another UAV 
can be deployed to begin the search operations looking out for people. This is 
done by OpenCV (open computer vision, it’s an open-source computer vision 
documentation which helps in detecting  

 
Figure 2.1. Illustrated idea. 
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people, water, trees, obstacles etc., using python programming and Machine 
Learning Techniques to train the cameras to better recognize the event and send 
valuable data. Once the people are detected, the GPS location of the people is sent 
to the control station where they mark the waypoints using the GPS data and plan 
the action accordingly. This system also helps in talking to the stranded people 
there and giving them valuable instructions and information on a timely basis. 
 

 

Figure 2.2. 

3. SYSTEM DESIGN AND CHALLENGES 

A. Design of UAV: 

The connections are made according to the block diagram shown in Fig. 3. 
Initially we have to setup the configurations for the transmitter. This is done 
using the screen provided in the transmitter as shown in figure 3.7. Here we 
key-in the quadcopter model and the transmitter is all set to operate for the 
quadcopter flight. Next, we set up the ‘Fail Safe’ option. This option helps us 
keep the drone in the initial stick position for different channels so that when 
the communication fails the drone gets the initial channel PPM so that it 
won’t fly away from the area. 
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Figure 2.3. Block Diagram of Quadcopter 

 
After setting up the transmitter for the quadcopter model we need to bind the 
receiver and the transmitter. This is done by placing the binding key in the 
receiver and power the receiver from the esc to the channel 1 of the receiver. 
Connect the Lithium Polymer Battery to the ESC and the Receiver will turn ON. 
Now hold the binding key in the transmitter and turn ON the transmitter. After few 
seconds the transmitter will indicate that the receiver has been bound.  

We need to ARM the flight controller by holding the Channel 4 to the right and 
the quadcopter is ready to fly! 
B. OpenCV people detection: 
OpenCV is an open-source computer vision library, tools and hardware support 
which is used in Machine Learning (ML) and Artificial Intelligence (AI). It 
currently consists of various types of computer algorithms to detect faces, track 
objects, track camera movements and many more. This provides a vast range of 
applications to be explored. This project uses OpenCV with Python programming 
language to detect people stranded in the flood affected area.  

C. Communication System: 

 Audio communication helps in good maintaining of communication with the 
other person in the flood hit areas, hence we use nRF24l01 transceiver module 
which we are using it like walkie talkie. Arduino Nano is a microcontroller 
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Figure 2.4. Communication block diagram. 

board we will use to transmit and receive the audio. nRF24l01 is a 2.4GHz 
wireless transceiver module which is used to send the data and receive using radio 
waves. It uses SPI protocol for transmitting the data and its data rate is up to 
2Mbps. We have flexibility of using channels up to 125 channels ranging from 
2400 – 2525 MHz, this will give us 800 meter of range in line of sight and a good 
module to test the communication initially as it uses frequency within the ISM 
(Industrial Scientific and Medical) Band, later we can test the same audio 
communication with the operating frequencies of the first responders. 

4. RESULTS AND DISCUSSION 

The interpretation drawn after completion of some parts of the project is that the 
UAV is equipped with Pi Camera which gave us the bird’s eye view of the area 
which it flew in. Later the video was sourced to the code and run to detect the 
people in the surroundings. In addition to this we had to run the code from the 
drone visuals taken from different sources. The code has been tested and it is 
proved to be effective in recognizing people who are standing and visible in the 
video. In the future scope of the project the code can send the location request to 
GPS Module and thereby send the same information to the control station. We 
developed the UAV which can do or can perform the tasks in fetching the required 
data and helping the first responders to better analyse the area and plan their 
actions accordingly.  
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Figure 2.5. UAV 

As seen in Figure 2.4. the UAV has been tested for the flight and gives us good 
altitude range to hover over the disastrous area and to quickly manoeuvre over the 
area to give us valuable data. The quadcopter is developed using FlySky FSi6 
transmitter and receiver and the KK 2.15 Flight Controller board which controls 
the path of the flight according to the input given by the pilot. Currently the drone 
can fly a small distance without any obstruction, and it is almost stable during the 
flight. 

 

Figure 2.6. Communication working LED 
 
Fig. 5 shows the output of the audio communication setup is received through the 
speaker when the input is given to the microphone. Here we used an electrate 
based microphone to capture the audio, this electrate microphone has a 2V of 
working voltage when biased with the amplifier circuit and connecting it to a pre-
amplifier as constructed above amplifies the signal to around 5V which is 
analogous in nature. 

 

Figure 2.7. Propel detection output. 
As seen in Figure 2.6, the OpenCV library code which we have used is being able 
to detect people stranded in the flood affected area. The above visual was 
outsourced, during the floods in Charmadi, India. The above picture is part of the 
outsourced video which we have fed to the code. Once the code detected people 
and marked a rectangle over them, we captured the same output as seen above. 
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This is the primary goal of the project which detects people in the flood affected 
area.    

5. CONCLUSION 

This UAV system for flood relief operation can fetch the data of human existence 
in a particular area using OpenCV code and the communication module helps in 
providing valuable information to the people stranded so that they take the 
necessary safety precautions and thereby help in proper conduct of flood relief 
operations. However due to the constraints in the computational power required to 
use advanced computer algorithms for people detection and the constraints in 
reducing the noise generated by the audio communication circuit we will need to 
enrich the features in the project before actual implementation and testing in the 
flood affected area. 
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Abstract 

The aim of this paper is to design and simulate a non-isolated bidirectional DC/DC 
converter which is used to charge the Electric Vehicles battery. A bi-directional 
DC-DC converter provides the required bidirectional power flow for battery 
charging and discharging based on the SoC of the battery and direction of the 
current flow. In this paper initially the basic behaviour of the charging and 
discharging module of the battery is designed to realize the behaviour of the 
battery as in how much constant voltage and the current is required. Analysing this 
data, a basic two quadrant non-isolated bidirectional DC/DC converter is 
simulated with constant PWM and SPWM Control techniques. The simulated non-
isolated power converter topology is transformer-less, simple, low cost, light 
weight and has better efficiency and high reliability than isolated BDC. These 
converters are preferred in the high-power applications. The simulation is done 
using MATLAB/Simulink 

 
Keywords: Bidirectional DC/DC Converter, Battery Charging, SPWM 
Techniques 

1. INTRODUCTION 

 
 In the present scenario of hefty requirement of generation of electricity from 
renewable energy sources, and the energy storage with interfacing with the grid 
meant batteries has become a major challenge.[1] Energy storage meant batteries 
is most suitable for the renewable energy sources like solar, wind etc. A bi-
directional DC-DC converter provides the required bidirectional power flow for 
battery charging and discharging. The duty cycle of the converter controls 
charging & discharging based on the state of charge of the battery and direction of 
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the current. [2] BDCs are gaining interest because of high demand of renewable 
energy sources and battery-operated electric vehicles. They provide power 
interchange between the dc bus and energy storage system.[3] 

 
Figure 1.1. Concept of Bi-directional DC/DC converters 

 
Bidirectional dc–dc converters allow transfer of power between two dc sources, in 
either direction. Due to their ability to reverse the direction of flow of current, and 
thereby power, while maintaining the voltage polarity at either end unchanged, 
they are being increasingly used in applications like dc uninterruptible power 
supplies, battery charger circuits, telecom power supplies and computer power 
systems.[4] 

2.  BATTERY CHARGING BEHAVIOUR 

To realize the behaviour of the battery simple battery charging module is 
considered and shown in the Figure.2.1 for 24 V,10 Ah, Lithium-Ion Battery, thus 
this parameter will be helpful enough to realize the total constant voltage and 
current required for charging the battery also the replica of the same on the SOC 
of the battery. The initial and nominal SOC is kept 50%, during the initial battery 
charging the graph shown in Figure.2.1 is the rising slope w.r.t the charging time. 

 

 
Figure 2.2. 24 V,10 Ah, Lithium-Ion Battery Charging Behavior 



 3 

 
Figure 2.3. Simulation of 24 V,10 Ah, Lithium-Ion Battery Charging Behavior. 

 

 
 

Figure 2.4 %SOC vs Time- Charging 
 
 

Input 
Voltage 

SOC 
(in %) 

Current 
(in amp) 

Time 
(in sec) 

26 50.8 2.88 10 

26 53.12 2.87 405 

26 55.16 2.68 727 

26 57.79 2.54 1047 

26 60.54 2.25 1614 

Table 2.1 CHARGING CHARACTERSTICS COMPARISOINS 
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Thus, this module gives the clarity that when the constant volage at-least 10% 
higher than the nominal voltage of the battery and the constant current the battery 
will then be able to charge at a stimulated duration. Hence to charge for 10% this 
module takes 26.9 mins.  

3. BATTERY DISCHARGING BEHAVIOUR 

The module shown in Figure.3.1 is the Battery discharging module. The initial and 
nominal SOC is kept 50%, during the initial battery charging the graph shown in 
Figure.2.1 is the rising slope w.r.t the charging time. 

 

 

Figure 3.1 24 V,10 Ah, Lithium-Ion Battery Discharging Behaviour 

 

 

Figure 3.2 Simulation of 24 V,10 Ah, Lithium-Ion Battery Discharging Behaviour. 
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Figure 3.3. %SOC vs Time- Discharging 

 

R Load SOC 
(in %) 

Current 
(in amp) 

Time 
(in sec) 

12 Ω 49.93 2.57 10 

12 Ω 46.78 2.57 450 

12 Ω 43.70 2.56 880 

12 Ω 41.72 2.56 1160 

12 Ω 40.00 2.56 1400 

Table.3.1 discharging characteristics comparisons 

 

In the discharging module the battery is getting used by the R load of 12 Ω, and 
the rating of the battery is 24 V 10Ah, hence the discharging for 10% is 23.3 
minutes. A bi-directional DC-DC converter provides the required bidirectional 
power flow for battery charging and discharging. The duty cycle of the converter 
controls charging and discharging based on the state of charge of the battery and 
direction of the current.[1] 

 

4. TWO - QUADRANT BIDIRECTIONAL DC/DC CONVERTER 

(PWM) 

This circuit is used in the project as such to provide both the charging and the 
discharging options together through the buck and the boost operation. 
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Figure 4.1. Basic Non-isolated Bidirectional Converter 

The basic 2 quadrant bi-directional DC-DC converter is simulated with normal 
PWM technique. 

 

Figure 4.2. Simulation of 24 V,10 Ah, through basic non-isolated bidirectional converter 

 

A. Buck mode (Forward Operation/Charging): 

In Buck mode, the output voltage is less than the input voltage. To charge the 
battery from the DC input voltage, switch S1 is triggered and S2 is kept off as 
shown in Figure. 4.1 When switch S1 is ON, the input current rises and flows 
through S1 and L. When S1 is OFF, the inductor current falls until the next cycle. 
The energy stored in inductor L is supplied for charging the battery.[2] 
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Figure 4.3. Buck Mode Operation. 

 
The DC voltage is assumed to be 51 V and battery voltage is 24 V The design of 
Buck converter is as shown below:  

i) Duty cycle 

The duty cycle of the switch with estimated efficiency of 95% is given by 
equation.  

 
 

Input 
Voltage 

SOC 
(in %) 

Current 
(in amp) 

Time 
(in sec) 

50 50.8 6.88 90 

50 53.12 6.87 140 

50 55.16 6.68 370 

50 57.79 7.54 419 

50 60.54 7.25 465 

Table 4.1. charging characteristics (BDC- PWM) 
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Figure 4.4. Simulation of 24 V,10 Ah, through basic non-isolated bidirectional converter. 

 

The Figure 4.4 Shows the graph of discharging in buck mode. In the discharging 
module the battery is getting used and the rating of the battery is 24 V 10Ah, 
hence the discharging for 10% is 7.73 minutes. 
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B. Boost mode (Backward Operation/Discharging) 

In Boost mode, the output voltage is more than the input voltage. The battery 
discharges power to the load with switch S2 is triggered and S1 is off. The 
operation of this mode is shown by Figure 4.1. When switch S2 is ON, the input 
current rises through inductor L and S2. When S2 is OFF, the inductor current 
falls until the next cycle. The energy stored in inductor L flows through the 
load.[2]  

 

Figure 4.4. Boost mode operation. 
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Figure 4.5. Simulation of 24 V,10 Ah, through basic non-isolated bidirectional converter 

 

Input 
Voltage 

SOC 
(in %) 

Current 
(in amp) 

Time 
(in sec) 

50 50.8 3.8 90 
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50 45.6 3.7 140 

50 43.70 3.71 622 

50 41.72 3.6 809 

50 40.00 3.5 905 

Table 4.2 discharging characteristics (BDC-PWM) 

The Figure 4.5 Shows the graph of charging in boost mode. In the discharging 
module the battery is getting used and the rating of the battery is 24 V 10Ah, 
hence the discharging for 10% is 15.73 minutes.[12]  

 

5. TWO QUADRANT BIDIRECTIONAL DC/DC CONVERTER 

(SPWM) 

The Sinusoidal PWM (SPWM) control is the most efficient PWM Control 
Technique, the sinusoidal AC voltage reference is compared with the high-
frequency triangular carrier wave in real time. After comparing, the switching 
states for each pole can be determined based on the following:[12]  
• Voltage reference > triangular carrier: upper switch is ON  
• Voltage reference < triangular carrier: lower switch is ON.  

The same comparison is shown in Figure 5.1 The sinusoidal waveform is 
compared with the repetitive triangular carrier waveform of a switching frequency 
of 10kHZ. 

 
Figure 5.1. SPWM Career Signal Comparison (POD) 
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Figure 5.2. Simulation of 24 V,10 Ah, through basic non-isolated bidirectional converter 
(SPWM Control). 

 

Finally, the various comparisons are done for the type of control techniques used 
in the circuit. Hence this clarifies that the SPWM control technique will definitely 
save the effective time in charging. This can be further helpful for charging the 
battery. [12] 

Type of Control  SOC  
(in %) for 10%  

Mode  Time  
(in sec)  

PWM  50.8 to 60.54  Charging  465  

SPWM  50.12 to 60.81  Charging  358  

PWM  50.3 to 40.14  Discharging  905  

SPWM  50.3 to 40.14  Discharging  1204  

Table 5.1 Comparisons of different control techniques 

 

Switching Device IGBT 

Input Voltage 50 volts (D.C) 

Output Voltage 26 volts (D.C) 

Output Current 1.9 Amp 

Output Power 49.4W 

Switching Frequency 10kHz 
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Capacitance 1000μF 

Magnetizing Inductance 1mH 

Table 5.2. Circuit parameters of the dc-dc converter (PWM) 

6. CONCLUSION 

In this paper the basic behaviour of the charging and discharging module of the 
lithium-ion battery is designed and simulated to understand and to realize the 
battery response as in how much constant voltage and the current is required.  

Analysing this data, a basic two quadrant non-isolated bidirectional DC/DC 
converter is simulated with constant PWM and SPWM Control techniques. The 
reading of the simulation is than compared for determination of faster response 
from the SPWM technique. This paper will be helpful for researchers and scholars 
in the field of battery charging and battery management system for EV’s 
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Abstract

Due to the COVID-19 pandemic, humans confronted the problem with elec-
trical billing Machine. The system generated billing gadget is set in this sort
of way that its far taken either month-to month/bimonthly. But, this time the
bill has been generated after 65 to 67 days due to COVID-19 lockdown. So
there has been a soar inside the slab costs, this made customers to be charged
greater than what’s to be paid. To overcome this problem, proposed advanced
3 in 1 smart meter utilizing GSM. This paper aims at timely measurement
of electricity, gas and water in smart way, Whose objective is to gather the
meter perusing consequently sending messages from the Modem to remote
mobile phone where the process of noting down the meter readings is easier
and accurate. Besides, the consumer can access the notification regarding the
scenario with power from any place. GSM recipient consists of data set that
functions as a charging point that is connected to a system from the oppo-
site end. Occasionally from the GSM empowered energy meter’s pursued
live meter is directed back to the charging point. Proposed system measures
electricity as well includes a water and gas billing system. The framework
exhibited its ability to monitor the Energy utilization, send the notification to
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2 Implementation of advanced 3 in 1 smart meter using GSM module

the mobile phones when the breaking point is approached, using effectively
by rebooting, just by getting to a GSM-based cell phone.

Keywords: GSM-based energy meter, GSM-based Water billing meter, Gas
Leakage Detection, Automatic meter reading (AMR).

1.1 Introduction

Life’s content is maintained by an indispensable requirement that is elec-
tricity. For around 10 years advanced energy meter innovations have been
explored. Over the decades, a lot of advancements took place that decreased
hefty and complex meters to simple measuring and billing meters by im-
proving highlights, determination [1]. Nowadays, due to the immense dis-
tinction in energy creation and utilization, energy consumption and energy
conveyance have gotten a major subject for conversation [2]. Then again,
customers are likewise not happy with the administrations of force organi-
zations [3]. More often than not they have grumblings in regards to factual
mistakes in the month-to-month bills. Advanced precise billing smart meter
scan undoubtedly take readings, significantly decline the bill of a client by
cautioning the client with an alarm message prior to multiplying the unit
charge and lessen the squandering of force. At present, the meter consists
of a round about metal strip that pivots and as per that revolution; energy
consumption is calculated. But, the consumption of energy is the main work-
ing of the meter. With this are aiming to get the month-to-month energy
utilization from a distant place to an incorporated office [4]. Along these
lines, we can decrease the human endeavors expected to record the meter
readings which are recorded by visiting every home exclusively till today.
It’s difficult to screen the changing most outrageous interest of users in the
circulation organizations of the current billing system. The user is confronting
issues like getting due bills for charges that have effectively been paid just as
helpless dependability of power supply and quality regardless of whether the
bills are paid consistently. The solution for this load of issues is to monitor the
customer’s heap on a convenient premise, which will have held to guarantee
exact charging, track the greatest interest, and checking set value [5-9]. These
are generally the features to be considered for arranging a capable energy
charging framework. Similarly, Water distribution and its control over the
billing cycle is one of the most challenging tasks for the government [10].
Municipal Corporation. Water Distribution System is a manual system and
it is difficult to monitor the consumption of water centrally. The existing
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system fails to monitor the quantity of water. This proposed system i.e., the
advanced 3 in 1 smart meter is fully automated. Where it receives real-time
data of consumption and can control the valve to restrict the flow of water.
Consumers can interact with the mobile application to monitor the usage and
for payment of bills or to stop or start the service. And these water meters
are connected via GSM which will take the data from that meter and send it
to the server. It also consists of Flow Sensor, Micro controller [11, 12, 13],
and GSM module. This system enables respective departments to access the
meter recordings monthly, avoiding the traditional practice. The value will
be set previously; when this value gets closer the user receives the message
of alert in a verbal format via GSM.A Smart Meter works by estimating the
electrical flow stream and voltage at standard stretches and afterward adding
this up to ascertain the force Ute- lazed savvy Meter works by estimating the
electrical flow stream and voltage at ordinary spans and afterward adding this
up to figure the force utilized. Additionally, for gas, the stream is estimated at
customary stretches. This information can be seen on your mobile application
and sent to your supplier. This meter not only calculates the consumption of
gas but also detects and prevents the leakage of gas. Various communications
technologies might be utilized in various types of premises for the Home Area
Network to convey and various advances will be utilized in various pieces of
the nation to permit the Wide Area Network to send information to and from
the organization giving the correspondences.

1.2 Methodology

The current framework presents another technique for Programmed meter
perusing electronically and communicating to base camp for additional han-
dling and consumers. This aids in lessening the human mistakes that happen
in the current meter perusing frameworks blend of both technologies: GSM
networks and embedded systems. The proposed system consists of three main
components: Electricity, Water and Gas. Allow us to think about an illustra-
tion of Electricity; here we are associating the Energy Meter between main
supply and load, by which Microcontroller will be able to measure the en-
ergy units consumed by the consumer. When the various appliances of the
household consume energy, the energy meter reads the reading continuously
and this consumed load can be seen on meter. We can see that the LED on
meter continuously blinks which counts the meter reading and observed that
the LED of the meter constantly sq units , which checks the meter perusing.
The units are checked based on the number of times it blinks. Typically, 3200
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flickers are one unit. In this task, we are attempting to create, a framework
where PIC16F877A goes about as the fundamental regulator, which con-
stantly monitors the advanced building meter. According to the flickering of
the LED on this meter, the PIC16F877A will gauge the unit utilization. The
deliberate perusing with the estimation of the expense will be consistently
shown on the web that we have developed. Communication medium depends
on the current GSM network. The Meter billing and control operations will be
performed simply using the Short Messaging System service that is available
over GSM. For this, no alteration or even customization is required in the
actual network. The threshold value can be set according to the user’s neces-
sity. At the point when the users perusing will be close reaching the set edge
esteem it’s anything but a warning worth to the customer Via GSM. Above
limit, esteem warning builds mindfulness among the buyer about this energy.
Similarly, Gas and flow meters are used to check how much amount of gas
and water has been used based on that bill has been generated. The Micro
controller processes the measure of energy, water, and gas burned through.
Then, at that point, the determined quantities are sent immediately by means
of GSM to the main station and the essential updates are performed.

1.3 Block Diagram

Figure 1.1 Block Diagram of the proposed system.

The micro-controller used in this is PIC16f877A to which the power sup-
ply is connected. The current sensor, water flow sensor, and gas sensor are
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connected to the micro controller, where the current sensor is connected via
ADC. Once the operation takes place the reading of the current, water, and
gas is displayed on the LCD which is again connected to the micro controller,
when there is a gas leakage, the gas sensor will detect and send it to the micro
controller, where the relay driver helps to increase the voltage and closes the
tap of gaspipe , all these information will be sent to the mobile phone via
GSM. Fig 1.1 shows the block diagram of the proposed system.

1.4 Flowchart

Figure 1.2 Flow Chart of the proposed system.

In fig 1.2, it explains the working of the system. The system starts and
activates all the components as soon as it is switched on. It reads the status,
if the electricity, water, and gas are higher than the previously set threshold
value then it will be displayed on the LCD and also sends an alert message to
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our phones via GSM if it exceeds the set values the flow of the current, water,
and gas will stop. If the gas leakage is detected it will close the pipe.

1.5 Hardware Components

Table 1.1 Specification of the Components
Sl.
No

Components Specification

1 PIC16F877A Operating voltage : 2 to 5.5 Pro-
gram Memory: 14KB CPU Speed
(MIPS): 5 MIPS RAM Bytes: 368

2 Power supply Output voltage: 12 V
3 Gas sensor Detection Range: 100 - 10,000ppm

Fast Response Time: ¡ 10s Heater
Voltage: 5.0V

4 LCD Display: 16×2 characters Operating
Temp : (0-5 0C) Power supply: 5.0
V

5 Water Level
Sensors

Voltage Range: 5 to 18V DC Max
current draw: 15mA at 5V Flow
Rate: 1 to 30 Liters/Minute. Max
water pressure: 2.0 MPa

6 Current sensors Supply Voltage: 4.5V 5.5V DC
Measure Current Range: 30A 30A
Sensitivity: 100mV/A.

7 GSM Modem
SIM 300

Operating Voltage: 7 15V

1.6 Software Components

In this paper, we have used embedded C programming and MPLAB IDE, and
PICkit 2 software.

1.7 Results

The paper aims at, generate billing system and notify the status of electric-
ity, water, and gas. The electricity bill will be generated automatically every
month and will be updated to the concerned department through GSM and
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the bill generated will be sent to consumers through SMS. Similar to the
electricity bill the water and gas bills are generated. The amount of water
consumed by the customers will be recorded in the meter and the meter sends
the information to the concerned department through GSM and they, in turn,
send the bill to the consumers. Currently, in most parts of India, the gas will be
delivered in cylinders to the consumers. In the coming future, gas pipelines
will be established similar to water and the gas will be delivered through
these pipes. Then the consumption of the gas must be recorded using a meter.
So, this advanced meter is automated to send the gas usage details to the
concerned department and they in turn send to the consumers through GSM.
Another advantage of this advanced meter is the detection of gas leakage in
the pipelines and taking preventive measures before the issue gets serious.
System facilitates inbuilt prepaid billing system for future, Where the supply
can be stopped immediately as and when the amount is over. Fig 1.3 shows
the hardware set up of advanced 3 in 1 smart meter and fig 1.4 shows the
message delivered to consumer notifying the status of recharging, running
out of cost, renew electricity bill and gas leakage detected.

Figure 1.3 Proposed hardware system

1.8 Conclusion

The proposed system considers the existing issues and builds an efficient and
effective advanced 3 in 1 smart meter for generating electricity, water and
gas bill automatically every month and will be updated to the concerned
department through GSM and the bill generated will be sent to consumers
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Figure 1.4 Message delivered to consumer

through SMS. This metering system enhances the efficiency and effective-
ness and timely data availablity to consumer. Along with this, Detection and
Prevention of Gas Leakage are also carried out as an additional necessity by
the system. To conclude that, there can be no conclusion to the human race’s
constant striving for Excellence and the evolution of technology. The future
advancements of this unassuming thought of our own can be the acknowledg-
ment of a solitary chip arrangement that will impregnate inside itself a force
re-estimating unit, alongside a GSM-based module. This will not only reduce
the size of the meter but will also make it more robust and commercially
available. The tedious job of Energy Management at each sub- station can
also be simplified by using this smart metering system, the conglomerated
the modern technologies of SIM cards and meters into a single unit believing
that this will revolutionize the power scenario in our country.
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