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ABSTRACT 

 

In this paper, a solar photovoltaic-battery based isolated and grid connected system for electric 

vehicle's is proposed. The configuration of control of bidirectional buck-boost converter is 

proposed for charging (buck) and discharging (boost) the battery system. Due to solar energy 

sources irregular nature and variations in load demand, system mostly depend on control 

methods, to overcome with DC link voltage variations and power stability. Sliding mode 

controller based on washout filter is applied because it's good strength for unexpected change of 

energy resources and loads. This system includes for isolated system is a solar photovoltaic array 

basis on MPPT from PV, boost converter to maximize power from the PV. A bidirectional DC-

DC buck-boost converter is proposed being charging battery in buck mode and discharging 

battery in boost mode, DC loads and for the grid connected system includes a solar photovoltaic 

array basis on MPPT from PV, boost converter to maximize power from the PV. A bidirectional 

DC-DC buck-boost converter is proposed being charging battery in buck mode and discharging 

battery in boost mode, a bidirectional AC-DC converter. Incremental conductance (IC) 

implemented to obtain maximum power from photovoltaic array. In this paper study of 

comparison between PI (proportional-plus integral) method and sliding mode controller based on 

washout filter is also simulated and verified that SMC gives a superior reaction on the transients 

in cases of variable solar irradiation or the consumption of the loads is changing and Sliding 

mode control based on washout filter provides better results in compared with PI Control on 

voltage overshoot and voltage undershoot, in the MATLAB using Simulink and the Sim Power 

System toolbox. 
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CHAPTER 1 

INTRODUCTION  

 

1.1 OVERVIEW 

Fast depletion of limited to fuel resources more carbon emission and huge transmission losses 

are focusing the concern of power sector companies towards the use of renewable energy 

resources (RES). Renewable energy resources are the sources which can be achieved from the 

boundless source. Appropriate use of renewable energy resources is popular discussion going 

nowadays. It is exceptionally fundamental to pick which source of energy we should be utilized 

and why we need to use it? Greater part of components for example, neatness, cost, stability, 

proficiency and natural impacts must be considered. It is a harsh reality that, numerous 

productions far and wide are as yet needy on non-renewable energy sources for power 

generation. Presumably, these energizes are extremely successful to the extent control generation 

quality is concerned; however over the long haul they are not beneficial. Non-renewable energy 

sources will drain one day and the enterprises must turn to inexhaustible sources as quickly as 

time permits [1]. Additionally, these petroleum derivatives represent a colossal danger to 

ecological parity and are a reason for some natural risks. 

Among all the renewable resources, solar power source is the successful contenders because of 

kind highlights, for example, accessibility of sun on earth, simplicity of establishment, improve 

of maintenance, moving parts unavailable, and insignificant dirtiness level etc. One of the 

important disadvantages of solar system is unpredictable nature of sun light due to rotation of 

earth and bad climate condition. This issue can without much of a stretch be understood by using 

a mixture comprising of a photovoltaic cluster and a battery. This course of action gives 

consistent, continuous and autonomous power supply to the framework load. The hugest element 

of renewable power source is its ample supply. Renewable power sources are clean source of 

energy that have an a lot lesser negative ecological effect than customary fossil vitality 

advancement [2]. 
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Uses of renewable power sources are comprehensively performed on-grid and off-grid. A 

framework is essentially a coordination of production, transmission and circulation which 

supplies power to purchasers. On-grid and off-grid are the terms which portray the manner in 

which power is conveyed. On-grid manages power stations which are straightforwardly 

associated with grids, for example, wind turbine and sun oriented boards. Off-grid applications, 

by and large, serve just one burden, for example, a little home or a town house, charging 

batteries for electric vehicle, organizations can depend on on-grid solar systems to meet their 

every day necessities, as well as gain pay from the overabundance power created and on splendid 

radiant days, structures can produce enough sunlight based power to control machines, lights, 

water warming frameworks, etc. Off-grid applications can take numerous structures, from solar 

PV modules for a singular town home to unified windmills to control a town, water siphon or a 

business battery charging office or charging station for electric vehicles. These off-grid 

applications are most commonly utilized in remote or on the other hand rustic settings [3]. A 

noteworthy on-lattice application is to create power in mass sums. 

The world is moving towards electric vehicles as a substitute wellspring of fuel vehicles, in this 

manner diminishing the impact of a worldwide temperature alteration and concern over 

greenhouse gases. Likewise, fuel vehicles are consuming over 50% of the fuel assets, resulting in 

the bringing about the generation of a lot of ozone depleting substances. The day isn't far when 

these conventional resources will depleted completed if the utilization of these resources keeps 

on being expended at a similar rate. In this way, there is an incredible requirement for 

redevelopment of the transportation part to have less reliance of human being on conventional 

sources. Hence, electric vehicles should be operated by clean, energy productive sources, for 

example, a battery with the goal that the reliance on non-renewable power sources limits. Thusly, 

numerous nations over the world are effectively taking part and checking out the redesign of the 

vehicle area and moving towards electric vehicles [4]. 

Reason behind moving from fuel vehicles toward electric vehicles (EVs) is the quick increment 

in the crude oil price and carbon emission. However, if there should be an occurrence of plug-in 

hybrid vehicle the battery is charged through the grid or renewable power sources, for example, 

photovoltaic, wind, fuel cell. Energy storage device, for example, batteries are frequently related 

in renewable energy producing framework because renewable power sources are helpless to 
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weather factors which result in unpredictable production of power and unbalanced supply of 

power [5]. With the developing worry about a worldwide temperature alteration, nations have 

started to target lessening ozone harming substance outflows. With the end goal of ecological 

security and fuel cost decrease, automobile producers have put incredible endeavors into creating 

electric vehicles (EVs). Soon, EVs are relied upon to be the standard of the transportation 

division [6]. 

To combine energy storage device with the renewable energy sources, a DC-DC bidirectional 

converter is normally utilized in a renewable energy producing system. A DC-DC bidirectional 

converter operates in two modes. 

 Charging Mode 

 Discharging Mode 

When the renewable power resources generate more than the power demanded by load then 

surplus power will stored in the battery and this is called charging mode. Oppositely when the 

renewable power resources generate lower than the power demanded by load then power flows 

from battery to the load and required power by the load comes through storage device and this is 

called discharging mode. For the charging process, if the DC link capacitor voltage is less from 

the voltage of battery, in this case system will step up the voltage and battery will charge, else if 

DC  link capacitor voltage is grater from the voltage of the battery then system will step down 

the voltage and battery will charge. For the discharging process, if the voltage of DC link 

capacitor is less from the voltage of battery, in this case system will step down the voltage and 

battery will discharge, else if the voltage of DC link capacitor is grater from voltage of battery 

than system will step up the voltage and battery will discharge [7]. 

The principle issue with activity of DC-DC bidirectional converter is the supplied power is not 

regulated, which prompts the irregular function of converter. There are different simple and 

computerized control strategies utilized for DC-DC bidirectional converter. The desired output of 

DC-DC bidirectional converter should be fixed or steady voltage but because of the intermittent 

nature of the renewable resources the input voltage of the DC-DC bidirectional converter is 

irregular. The main function of voltage regulator is to keep the fixed or constant output voltage. 

Different sorts of voltage regulators are used with different types of control strategies for the 

good efficiency of DC-DC converters [8].  
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1.2 EXISTING CONTROL TECHNIQUES 

There are various control techniques for the DC-DC bidirectional converter. Some techniques are 

discussed below for the DC-DC bidirectional buck- boost converter 

1.2.1 Voltage Mode Control: - Voltage mode control technique is utilized in industry 

application as well as research because of its simple execution. In this type of control technique 

first we need to measure the irregular output voltage and then compare it with the reference 

voltage and this control technique contains single loop control [9]. It utilized irregular measured 

output voltage and reference voltage to produce control output voltage. To calculate the 

switching duty ration this controlled output is utilized by contrast with fixed frequency 

waveform and then this duty ratio is utilized to keep the normal voltage over the inductor. This 

will finally carry the output voltage to reference voltage value. It will provide constant or fixed 

output voltage with no variations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 shows block diagram of voltage control mode of converter. Where Vin is input voltage 

of battery, Vo is measured output voltage of battery, Vref is reference voltage, Ve is the error 

generated, Vc is controlled output voltage and d is switching duty ratio. 

Advantages: 

 Easy Implementation 

Disadvantages: 

+

-

+

-
Compensator

+

-

Vin

POWER

CONVERTER Vo

Ve

Vref

d
Vc

Constant frequency 

waveform
 

Fig. 1.1 Block diagram of voltage mode control 
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 Less reliable and unstable 

 Less stable when the more converters are in parallel 

 Slow system for switching cycle 

 1.2.2 Current Mode Control: - Current mode control is more composite compare with 

voltage mode control because CMC carry double control loop and these are current and 

voltage loop. There are many different uses of current mode control for different 

application [10-11]. In this type of control irregular output voltage is compared with the 

reference voltage and then an error signal is produced and this error signal generate 

reference inductor current. We need to sense actual inductor current value then compare 

both the reference and measured inductor current value and it will generate a control 

signal for duty cycle. Figure 1.2 shows the block diagram of current mode control for 

DC-DC bidirectional converter. Where Vin is input voltage of battery, Vo is measured 

output voltage of battery, Vref is reference voltage, Ve is the error generated, Ic(t) is 

controlled output current, IL(t) is inductor current and d is switching duty ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Advantages: 

 Improved transient response 

 Suitable for more converters in parallel 

 Main switch adopt more security 

+

-

+

-
Compensator

+

-

Vin

POWER

CONVERTER Vo

Ve
ic(t)

Vref

d

iL(t)

Fig. 1.2 Block diagram of current mode control 



6 

 

Disadvantages: 

 Unstable when duty ratio overreach 0.05sec. 

 Sub-harmonic oscillations present 

1.2.3 PI Controller: - The DC-DC bidirectional buck-boost converter is constrained by two 

PI (Proportional-plus integral) controllers which connected in cascaded including external 

voltage control by methods for internal current control. Voltage of DC bus is detected and 

contrasted with the reference voltage of DC bus to deliver the error. This error is limited by 

the PI controller and reference current is created. This reference current must be constrained 

to greatest passable charging and discharging flows by methods for battery current regulation 

work. As far as possible rely upon the battery evaluations. The present reference is contrasted 

and the genuine battery current and the error are tuned again, it produces the pulses which is 

complimentary to drive the switches [12]. Fig. 1.3 shows the block diagram of PI control 

method. Where Vo is output voltage, Vref is reference output voltage, IL is the inductor current 

of the bidirectional DC-DC converter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Advantages:  

 Easy Implementation 

 Easy to understand 

+

-

Vo

380

[IL]

PI(z) PI(z) ≥Output 

Voltage

Ref. 

Voltage

Inductor

Current

Saw-tooth 

Carrier

Relational

Operator

Boost

Buck

+

-

 

Fig. 1.3 Block diagram of controller using PI  
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 Stable for Linear control system 

Disadvantages: 

 It is not stable for non-linear system 

 It is experiences dynamic reaction and generates overshoot influencing the output voltage 

regulation and generates overshoot. 

 

1.2.4 Fuzzy Logic Controller: - The idea of Fuzzy control is non-linear and versatile and it is a 

practical option for different control applications [13]. There are four fundamental components 

in the fuzzy logic controller framework structure named as: Fuzzifier, rule base, Inference engine 

and defuzzyfier. The working of fuzzy logic controller structure can be effectively 

comprehended from the block diagram. Its working is isolated in 3 primary steps: 

 i. Fuzzification. 

 ii. Derivation 

 iii. Defuzzification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Advantages: 

 Low cost 

Fuzzifier

Defuzzifier

Crisp x in U
Fuzzy set in U

Fuzzy 

inference 

engine

Fuzzy 

rule 

base

Fuzzy set in V

 

Fig. 1.4 Block diagram of fuzzy logic controller 
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 These frameworks can be effectively overhauled by adding new principles to improve 

execution or include new highlights. 

 Improvement of classical controllers 

Disadvantages: 

 Lack of real time response 

 Lower speed and longer run time of system 

 

1.3 LITERATURE REVIEW 

The literature review on problems with control of DC-DC bidirectional buck-boost converter is 

briefly summarized. 

 Sahin et al. [14] has explained and designed a fuzzy logic controller based DC-DC buck-

boost converter and performed this controller on MATLAB/Simulink. In this controller 

designed a FLC and a feedback added. An irregular output voltage is contrast with the 

reference voltage and produced error signal. This error signal is run by the fuzzy logic 

controller then fuzzy logic controller is contrast with the saw toot carrier wave to 

generate pulse width modulation signal which runs the MOSFETs. Also, the results of 

FLC are compared with the conventional proportional-plus integral controller and have 

proposed that FLC has batter response than proportional-plus integral controller.  

 

 Verma et. al. [15] used a proportional-plus integral control technique to charge and 

discharge the battery for electrical vehicle. In this system a grid to vehicle and vehicle to 

grid power transferred by utilizing DC-DC bidirectional buck-boost converter or single 

phase ac/dc bidirectional converter. Converter has conveyed the alternating current from 

the grid and AC current to the grid at UPF and reduced harmonics which eventually 

delays the life of converter and the storage device. 

 

 Hongfei et. al. [16] has proposed a deliberate methodology of the deduction of 

nonisolated TPC topography designed for combining an inexhaustible source, a storage 

device and a load at the same time. The energy flow in triple port converter has 

investigated and then applied on dual input converters and dual output converters. In this 
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system explained a triple port converter attributes and which results in high efficiency 

and high assimilation. 

 

 Levy et. al. [17] has designed another nonisolated buck-boost type 5-level DC-DC 

converter reasonable for higher power and higher voltage application. In this system 

displayed the fundamental highlights of this topology are: lower voltage over the 

semiconductors and diminished volume of output channel. The hypothetical investigation 

is completed for a multilevel bidirectional structure of that converter. The designed 

topology displays a few capacitors and their voltage level should be fit for legitimate 

activity of the converter. In this manner, a capacitor voltage adjusting dynamic control 

utilizing a feed forward procedure is proposed and broke down in detail. So as to approve 

the hypothetical investigation, a model with 10 kW output control capacity. 

 

 Hamasaki et. al. [18] has explained a power levelling framework is connected to keep up 

a harmony between power supply and such an unpredictable control age. The PLS is 

required to work charge or release of capacity and bidirectional power stream. 

Accordingly the PLS comprises of a bidirectional buck-boost DC-DC converter. In this 

investigation, the bidirectional buck-boost DC-DC converter and twofold electric layer 

capacitor are connected to the PLS. The yield current of power levelling system is 

controlled so as to keep control parity and DC transport voltage. PLS ought to work 

control levelling rapidly for prompt change of intensity age framework. In this 

examination, Control of the DC-DC Converter applying to miscreant (DB) control 

dependent on linearization is proposed to acquire fast reaction. 

 

 Simoes et. al [19] the primary objective of this paper is to structure and investigate a 

bidirectional drifting interspaced DC-DC buck-boost converter connected to a private 

photovoltaic control framework with vitality stockpiling. The drifting interspaced 

bidirectional converter produces a higher DC voltage addition contrasted with customary 

converters, decreasing the required number of arrangement associations for the solar 

photovoltaic and battery system. This paper demonstrates a transitional control technique 

from grid connected to islanded working modes, just as the back association with the 
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buck-boost working modes for the bidirectional DC-DC converter. The paper portrays the 

DC connect the board and voltage control where the guideline strategies are shown by 

investigation and re-enactment results appearing total framework activity. 

 

 Andres et. al. [20] few electrical topography of circulated stockpiling units are portrayed 

by the utilization of bidirectional converters that store  in a battery bank at specific 

minutes and supply this to micro grid transport when essential. The OCC (open-cycle 

control) system has been utilized in the exchanging converters to enable quick reaction to 

homeless people, no overshoots and zero relentless state mistake. The target of this work 

is to utilize OCC procedure in a bidirectional Buck-Boost converter to charge a battery 

bank when they are released, and to supply the battery power to the load when important, 

guaranteeing insurance to the load and to the storage device. 

 

 Montoya et. at. [21] In numerous grid associated applications a DC-DC exchanging 

converter is generally associated between the solar photovoltaic arrays and the dc-ac 

converter. This paper shows an improvised technique to structure a sliding mode 

controller for the solar photovoltaic framework, which runs the photovoltaic voltage to 

pursue a reference given by an outer maximum power point tracking calculation and 

mitigates the annoyances brought about by the irradiance changes and motions in the 

mass voltage. By taking into account that the exchanging surface is the straight mix of the 

input capacitor current and the photovoltaic voltage blunder, the designed plan displays 

preferences in examination with existing arrangements that depend in the linearization of 

internal current circle elements. The designed basic topology, by considering the impacts 

in the shut circle framework elements of a reference channel, guarantees a stable sliding 

routine in all the ideal task scope of the framework, while the settling time, what's more, 

overshoot of the solar photovoltaic voltage required by a maximum power tracking 

calculation are given. 

 

 Dylen et. al. [22] a client programmable energy the executive's framework arranged on 

structuring custom charging and releasing characteristics for electric vehicle's batteries 

was planned and tried. The charging procedure is accountable for a Buck converter 
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constrained by a particular current and voltage controller with bump less control move, 

and provided by a AC-DC converter that could utilize both single-stage and three-stage 

source. For battery releasing, a MOSFET filling in as a dynamic resistor is utilized.  

 

 Vidal et. al. [23] the adaptable DC-DC buck-boost converter is discovered appropriate for 

a specific solar PV application that demands either a voltage up or a voltage down task 

infusing the most extreme accessible current into a middle of the road voltage battery. 

This system is designed to execute the converter adjust giving consistent switches 

between the boost and buck working modes. In light of the sliding-mode control 

procedure, a hysteretic-balance based controller is structured permitting the tuning of the 

exchanging recurrence around both of the two conceivable working focuses. The 

presentation of little adjustments into the hysteretic-balanced based usage results in a 

PWM controller that jams the consistent changing highlights among buck and lift 

working modes while giving a fixed exchanging recurrence. Trial results exhibit that the 

two arrangements permit the converter input voltage managed by appearing ideal 

following of 1-kHz square-type references, like those given by an old style annoy and-

watch (P&O) MPPT calculation yet a lot quicker. 

 

1.4 RESEARCH GAP IDENTIFIED 

The energy emergency has as of late turned into a significant issue. To illuminate this, the 

improvement of renewable power source is necessary. With the rapid increase in population and 

correspondingly depletion of crude oil resources, EV's are becoming popular. Therefore, there is 

a great need to shift from conventional vehicles towards electric vehicles. But, major problem 

being faced in electric vehicles is the balance of power at DC link capacitor when there is 

combination of renewable energy sources and storage system and grid connect at same DC bus. 

Renewable power sources are helpless to weather factors which result in unpredictable 

production of power and unbalanced supply of power so that energy storage devices are 

frequently related in renewable energy producing framework. However, the power balance using 

batter control techniques of DC-DC bidirectional buck-boost converter for nonlinear 

characteristics is less studied in literature. Therefore, the development of batter controller is 

required, which can give stability in non-linear system and regulate the DC link voltage. 
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 An adaptive SMC based on washout filter is identified suitable for the control of DC-DC 

bidirectional converter. 

 The comparative performance of developed controller with the conventional controller is 

always required which has been identified and presented in this work. 

 

1.5 MOTIVATION 

The main motivation in this work is on shifting from fuel vehicles towards electric vehicles. 

Hence, electric vehicles should be operated by clean, energy productive sources, for example, a 

battery with the goal that the reliance on conventional power sources limits. To combine energy 

storage device with the renewable energy sources, a DC-DC bidirectional converter is normally 

utilized in either it is integrated with grid or in islanding mode. But the main problem being 

observed is that this nonlinear nature and the incessant difference in the accessibility of power 

sources make this control defective. 

Thus, intent of the work is to search for optimum solution of balancing of power at DC bus. 

There is need of nonlinear stability of the power. A SMC (sliding mode controller) based on 

washout filter is proposed which manage the balance of power. 

 

1.6 CONTRIBUTION  

Hence, the major contributions of this paper are summarized below. 

 Unlike conventionally used proportional-plus integral control technique, the proposed 

sliding mode controller based on washout filter is used for charging and discharging the 

battery energy storage system. 

 The proposed scheme intends to search optimum solution of balancing of power at DC 

bus. 

 The comparative performance of developed SMC based on washout filter with the 

conventional proportional-plus integral controller has been done.  

 The results are obtained in the MATLAB using Simulink and the Sim Power System toolbox. 

 

1.7 ORGANIZATION OF THE DISSERTATION 

The work carried out in this project has been coordinated in 5 chapters. 

Chapter 1 includes Introduction and Literature Review.  
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Chapter 2 deals with the Designing of System Configuration. 

Chapter 3 deals with the Control techniques of the system framework, mathematical modelling 

and problem formulation. 

Chapter 4 includes Results and Discussion. 

Chapter 5 deals with Conclusion and References. 
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CHAPTER 2 

SYSTEM FRAMEWORK  

 

2.1 INTRODUCTION 

This segment gives information about designing of the system configuration. There are two 

configurations which include isolated system and grid connected system. Isolated system 

includes solar photovoltaic array which produces power from the sun irradiance and this power 

in DC form, a boost converter which boost the voltage of the solar PV array. Output of the boost 

converter connected to the DC bus. A bidirectional DC-DC buck-boost converter is designed to 

charge and discharge the battery energy storage system and it is also connected to the DC bus 

and resistive load. Grid connected system includes solar photovoltaic array, boost converter, a 

bidirectional DC-DC buck-boost converter and grid is connected through a bidirectional single 

phase AC-DC converter.  

2.2 SCHEMATIC DIAGRAM OF THE PROPOSED SYSTEM 

This proposed system divided into two parts. 

2.2.1 Isolated system: Fig. 2.1 shows the configuration of solar PV-battery system with DC 

loads. This system configuration includes a solar photovoltaic array as DC source of 

1442W then a DC-DC boost converter which boost the voltage upto 380V, a bidirectional 

DC-DC Buck-Boost converter for charging and discharging the battery as DC storage and 

DC loads. 

2.2.2 Grid connected system: Fig. 2.2 shows the configuration of solar PV based grid to 

vehicle and vehicle to grid energy transfer. This system configuration includes a solar 

photovoltaic array as a DC source of 1442W then a DC-DC boost converter which boost 

the voltage upto 380V, a bidirectional DC-DC Buck-Boost converter for charging and 

discharging the battery as DC storage and a bidirectional AC-DC converter which is grid 

connected. 
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Fig. 2.1 Proposed configuration of solar PV-battery system with DC loads 
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Fig. 2.2 Proposed configuration of solar PV-based G2V and V2G energy transfer 
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2.3 DESIGN OF COMPONENTS OF THE PROPOSED SYSTEM  

2.3.1 Design of Solar Photovoltaic Array 

Representation of a sunlight based PV cell, consisting of a current source with diode in parallel. 

At the output side series resistor (Rs) and shunt resistor (Rp) are associated. The identical circuit 

of a sunlight based photovoltaic cell is displayed below. 

 

 

 

 

 

 

 

 

The design of solar PV panel is modeled by the equation given below: 

𝐼𝑝𝑣 = 𝑛𝑝𝐼𝑝ℎ − 𝑛𝑝𝐼𝑠𝑎𝑡 [𝑒𝑥𝑝 ((
𝑞

𝐴𝐾𝑇
) (

𝑉𝑝𝑣

𝑛𝑠
+ 𝐼𝑝𝑣𝑅𝑠)) − 1]                   (2.1) 

𝐼𝑝ℎ = (𝐼𝑠𝑠𝑜 + 𝑘𝑖(𝑇 − 𝑇𝑟) ∗
𝑠

1000
)           (2.2) 

𝐼𝑠𝑎𝑡 = 𝐼𝑟𝑟 (
𝑇

𝑇𝑟
)

3
𝑒𝑥𝑝 ((

𝑞𝐸𝑔𝑎𝑝

𝑘𝐴
) ∗ (

1

𝑇𝑟
−

1

𝑇
))                                (2.3) 

where 𝐼𝑝𝑣 is Photovoltaic current, 𝑛𝑝 & 𝑛𝑠 is Number of cells in parallel and series,  𝐼𝑝ℎ  is 

photocurrent, 𝐼𝑠𝑎𝑡 is reverse saturation current, q is electron charge which is 1.602 x 10-19 C, A 

is ideality factor, K is Boltzman constant which is 1.38 x 10-23 J/K, T is temperature of the PV,  

𝑉𝑝𝑣  is photovoltaic voltage, 𝑅𝑠 is series resistance of PV cell,  𝐼𝑠𝑠𝑜 is short-circuit current, 𝑘𝑖 is 

short circuit current temperature coefficient, 𝑇𝑟 is Reference temperature which is 300 K, s is 

Solar irradiation level, 𝐼𝑟𝑟 is Reverse saturation current at 𝑇𝑟, 𝐸𝑔𝑎𝑝  is Energy of the band gap for 

silicon which is 1.12 eV [2]. 

Iph

D Rp

Rs

Vpv

ID

Ipv

 

Fig. 2.3 Equivalent circuit of photovoltaic cell 

 



17 

 

The peak power capacity of solar PV array is considered around 1.4kW in this work. As 

indicated by structure consideration one solar module has Voc of 53.9V and Isc of 3.41A. The 

general equation of an active (P) power for solar photovoltaic is given below, 

 𝑃𝑚𝑎𝑥𝑀 = 𝑉𝑚𝑝𝑝𝑀 ∗ 𝐼𝑚𝑝𝑝𝑀                                                                                                    (2.4)  

Pmax = (85% of Voc * 85% of Isc) thus ImppM is 2.89A and VmppM is 45.89V of every module. The 

measured peak power is give below, 

𝑃𝑚𝑎𝑥𝑀 = 𝑉𝑚𝑝𝑝𝑀 ∗ 𝐼𝑚𝑝𝑝𝑀 = 1442𝑊            (2.5) 

It demands peak input  voltage of 122.4V and peak input current of 11.78A equivalent to 

maximum power of 1442W, to reach up to this voltage (122.4/53.9) and current (11.78/2.89) 3 

modules are associated in series and 4 are associated in parallel respectively [3]. Voc is open 

circuit voltage, Isc is short circuit current, Pmax is maximum power, Vmpp is maximum voltage, 

Impp is maximum current. 

2.3.2 Design of DC-DC Boost Converter 

The DC-DC boost converter is constructed to increase the voltage and the maximum voltage is 

followed by IC (Incremental conductance) control method [24] which is 122.4V and this voltage 

is boosted up to 380V. Parameters of the boost converter are as per following: 

𝐿𝑏 =  
𝑉𝑝𝑣𝐷

2∆𝑖1𝑓𝑠ℎ
               (2.6)    

𝐷 = 1 −
𝑉𝑖𝑛

𝑉𝑏
                          (2.7) 

Where Lb is input inductor, D is duty cycle, Vin = Vpv is solar PV output voltage, ∆𝑖1 is input 

current ripple and fsh is the switching frequency. 

Vin = Vpv = 122.4V to Vdc = 380V                       (2.8) 

The measured value of D is 0.678 and for this converter value of fsh is 10KHz and input current 

ripple is considered as 10% of input current I1. 

𝐼1= 𝑃 𝑉𝑖𝑛
⁄

 = 11.78A and ∆𝑖1 = 1.178A               (2.9) 
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The value of input inductor Lb is calculated and selected slightly higher value as 5mH  

2.3.3 Modelling of Battery Energy Storage 

Batteries are an important element in any standalone PV system. As different sorts of batteries 

are accessible in the market. Most regularly connected in EVs among all are the lithium-ion 

batteries because of huge energy thickness, long- life stable operation. Equivalent circuit of 

lithium-ion batteries is displayed in Fig. 2.4. 

 

 

 

 

 

 

 

Where: Rp  = parasitic resistance 

      Cp  = parasitic capacitance 

            Vint  = internal voltage    

       R1  = internal resistance 

When the battery is energized the parallel RC network appeared in Fig. 2.4 depicts the transient 

state of the battery [4]. Subsequently, there will be a few reductions happening over the internal 

resistance of the battery during this situation. Along these lines, voltage over the battery isn't 

equal as that of internal battery voltage. Fig. 2.5 shows equivalent circuit of the battery. 
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Fig. 2.4 Model of lithium-ion battery 
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Fig. 2.5 Equivalent Circuit of Battery 
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𝑉𝑅 = 𝐼𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 ∗ 𝑅𝑆𝐸𝑅            (2.10) 

Therefore, 

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑉𝑅 + 𝑉𝑖𝑛𝑡           (2.11) 

Hence, 

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑉𝑖𝑛𝑡 + 𝐼𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 ∗ 𝑅𝑆𝐸𝑅          (2.12) 

Also, cell charge battery voltage is given as, 

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
1

𝐶𝑐𝑒𝑙𝑙
∫ 𝐼𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔𝑑𝑡 + 𝑉𝑖𝑛𝑡 + 𝐼𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 ∗ 𝑅𝑆𝐸𝑅       (2.13) 

The maximum cut-off voltage of the lithium-ion battery VBattery cutoff can be calculated using 

equation (2.13) as, 

∆𝑡 =
1

𝐼
(𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑢𝑡𝑜𝑓𝑓 − 𝑉𝑖𝑛𝑡 − 𝑉 ∗ 𝐶)        (2.14) 

Hence, equation (2.14) represents the charge time taken by the battery. Here, Vint is the intial 

battery voltage before charging, RSER is the series equivalent resistance of the battery. 

2.3.4 Design of Bidirectional AC-DC converter 

The fundamental idea of vehicle-to-grid power is utilized in electric drive vehicles. When the 

electric vehicle is parked or left, at that time electric vehicle can provide electric power to the AC 

grid. When connections are made to enable this electricity to pass to grid from electric vehicle, 

then it is called vehicle to grid (V2G) energy transfer but when connections are made for battery 

charging of electric drive vehicles from grid, then it is named as Grid to Vehicle (G2V) energy 

transfer [8]. 

The connection between the bidirectional AC-DC converter and grid is the main concern when 

the electricity transfers from the grid and to the grid. As appeared in Fig.2.2 during the 

investigation, electricity from the grid to a bidirectional AC-DC converter is appraised as the 

direction of the current is positive. 

𝑣𝑠(𝑡) = √2𝑉𝑠sin(𝜔𝑡)           (2.15) 
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The voltage of grid is observed as sinusoidal and it is given by the equation (2.15). The 

fundamental component of converter and Grid current is given as below; 

𝑣𝑐(𝑡) = √2𝑉𝑐sin(𝜔𝑡 − 𝛿)          (2.16) 

𝑖𝑠(𝑡) = √2𝐼𝑠sin(𝜔𝑡 − 𝜃)          (2.17) 

Where 𝑣𝑠(𝑡) is grid instantaneous voltage whose rms value is𝑉𝑠. Fundamental component rms 

value is 𝑉𝑐  and 𝛿 is the angle between AC converter voltage and grid voltage. 𝜃 is the angle 

between AC converter voltage and grid current. 
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When 𝑣𝑐(𝑡) lags 𝑣𝑠(𝑡) Fig. 2.6 (a), active power supplied by the grid and 𝑣𝑐(𝑡) leads 𝑣𝑠(𝑡) Fig. 

2.6 (b), active power sent to the grid. Grid current is sinusoidal because AC converter voltage 

and grid voltage is sinusoidal. The direction of the flow of reactive power decides the angle (𝜃) 

between grid current and AC converter voltage. Reactive power sent to the grid when angle (𝜃) 

is positive and reactive power supplied by the grid when angle (𝜃) is negative. 

Bidirectional AC-DC converter is invented to converge the demand of bidirectional flow of 

power with increased power quality and good regulated DC link voltage. Fundamental voltage of 

converter  𝑉𝑐  is set by the below equation, 

𝑉𝑐 =
𝑚𝑉𝑑𝑐

√2
        (2.18) 

Where Vdc    =    380V (DC link voltage) 

           m        =    0.9 (modulation index) 

The value of Vc is calculated as 241.86V. The grid inductance value is provided by the below 

equation and this equation is also named as relation between Vc and source voltage (Vs). 

𝑉𝑐 = √𝑉𝑠
2 + (𝐼𝑠

2 ∗ 𝑋𝑙
2)        (2.19) 

Where Vs    =    230V (source voltage or rms grid voltage) 

The value of inductor is compute as 2.1mH. 

2.4 CONCLUSION: 

In this chapter, designing of the system configuration has been done. For the designing of solar 

PV array of 1.4kW, 3 modules are associated in series and 4 modules are associated in parallel. 

The DC-DC boost converter is constructed to increase the voltage and in this system voltage is 

boosted up to 380V. For the charging and discharging of the battery a bidirectional DC-DC 

buck-boost converter has been designed. For the grid connected system for electric vehicles AC 

grid is connected through a bidirectional AC-DC converter has been successfully designed. 
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`CHAPTER 3 

CONTROL ALGORITHMS  

 

3.1 OVERVIEW 

This segment gives information about control methods for various blocks of proposed system. 

For the extracting maximum power from the solar PV array an Incremental conductance (INC) 

algorithm, for the charging and discharging of the battery an adaptive sliding mode controller 

based on washout filter and for the bidirectional flow of energy in AC grid an inverting and 

rectifying mode controller has been designed. It assumes a significant job in the activity of such 

system and clarified as per following. 

3.2 DESIGN OF INCREMENTAL CONDUCTANCE BASED MPPT 

MPPT (maximum power point tracking) is utilized to obtain the extreme power from sun 

irradiance. MPPT cooperates with DC-DC boost converter to control the duty cycle (D) of the 

boost converter by following the maximum current and voltage of solar PV system [24]. 

Incremental conductance (INC) based MPPT algorithm for solar PV system is developed here. 

The equation for implementing the INC algorithm can be easily gotten from the basic power 

equation. The equation for power is given as, 

𝑃 = 𝑉 ∗ 𝐼               (3.1) 

Differentiating the above equation with respect to voltage. The condition for MPPT is that the 

incline dP/dV should be equal to 0 (zero). 

dP

dV
= 0                (3.2) 

dP

dV
=

d (V∗I)

dV
                (3.3) 

dP

dV
= I + V ∗  (

dI

dV
)               (3.4) 

Therefore, 
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I + V ∗ (
dI

dV
) = 0                                                                                                                   (3.5) 

Hence, 

𝑑𝐼

𝑑𝑉
=  − (

𝐼

𝑉
)               (3.6) 

Fig. 3.1 shows the P-V characteristics of the solar photovoltaic array and it is clear that the curve 

at the maximum power point is 0 (zero). 

 

 

 

 

 

 

 

 

 

 

 

It is clear from the Fig. 3.1 that the curve from left side is increasing and from right side it is 

decreasing and the equations (3.6) can be written as: 

𝑑𝐼

𝑑𝑉
=  − (

𝐼

𝑉
)  At maximum power point                      (3.7) 

𝑑𝐼

𝑑𝑉
>  − (

𝐼

𝑉
)  Left of maximum power point         (3.8) 

𝑑𝐼

𝑑𝑉
<  − (

𝐼

𝑉
)  Right of maximum power point                                          (3.9) 

Where I, V and P are the output current, voltage and power of the solar PV array respectively. 

The duty cycle (D) is determined, as stated by maximum power point tracking algorithm. The 

flow chart explaining the INC algorithm is appeared in Fig. 3.2 

Left of MPP

dI/dV>-I/V Right of MPP

dI/dV<-I/V
At MPP

dI/dV=-I/V

 

Fig. 3.1 Basic diagram of an INC method on P-V characteristics of the solar PV module 
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3.3 DESIGN OF SLIDING MODE CONTROLLER BASED ON WASHOUT FILTER 

As to obtain the ideal task of battery, a DC-DC buck-boost bidirectional converter is utilized. A 

SMC based on washout filter is utilized to control Ib.  
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Fig. 3.2 Incremental conductance flow chart 
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Fig. 3.3 Simplified model of PV-battery model  
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Battery storage converter is planned to keep up power stability of the system and the battery is 

viewed as a perfect DC voltage source. Fig. 3.3 shows the simplified model of solar PV-battery 

model. By this we can calculate bus current (ibus) and equivalent resistive load (Req). 

𝑖𝑏𝑢𝑠 =  
𝑉𝑑𝑐

𝑅
+  

𝑃

𝑉𝑑𝑐
             (3.10) 

𝑅𝑒𝑞 =  
𝑉𝑑𝑐

𝑖𝑏𝑢𝑠
              (3.11) 

Where Vdc  = DC bus voltage 

       Vb   = Input battery voltage 

        iL  = Inductor current 

              rL  = Series resistor of the inductor 

       Q1 & Q2 = Control input switches 

        ibus   = DC bus current 

    R  = Equivalent resistive load 

        Ps   = Source power 

This equation can create two situations, in first, when the generated power is greater than or 

equal to the power demand then load can directly feeds through source power; mean         

{|𝑃𝑠|  ≥  |𝑃𝐿|}. In second, when the generated power is less than power demand than a small 

disturbance can occur in voltage and current; means{|𝑃𝑠|  <  |𝑃𝐿|}. [21] 

So the equivalent load is not linear and because of the varieties in accessible energy source, load 

can fluctuate over a wide scope of bends. That’s why a nonlinear examination is required for a 

stable operation. 

The dynamics of this model can be represent as 

𝑑𝑖𝐿

𝑑𝑡
=  

1

𝐿
[𝑉𝑏 −  𝑟𝐿𝑖𝐿 − 𝑢𝑉𝑑𝑐]           (3.12) 

𝑑𝑉𝑑𝑐

𝑑𝑡
=  

1

𝐶
[𝑢𝑖𝐿 −

𝑉𝑑𝑐

𝑅
−

𝑃

𝑉𝑑𝑐
]           (3.13) 
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In which, u is a control input modeled for switches Q1 and Q2. We assume when Q1 switch is on 

then Q2 is off and when Q2 is on then Q1 is off. Therefore 𝑢 ∈  {0,1}.  

The dynamics can be simplified by scaling the system in amplitude and time. 

As 𝑡 = 𝜏√𝐿𝐶  and  {𝑖𝐿 , 𝑉𝑑𝑐} = {√
𝐶

𝐿
𝑉𝑏𝑥, 𝑉𝑏𝑦}  respectively. 

𝑑𝑥

𝑑𝜏
= 1 − 𝑏𝑥 − 𝑢𝑦           (3.14) 

𝑑𝑦

𝑑𝜏
= 𝑢𝑥 − 𝑎𝑦 −

𝑑

𝑦
           (3.15) 

Where  𝑎 =
1

𝑅
√

𝐿

𝐶
 ;  𝑏 = √

𝐶

𝐿
𝑟𝐿 ; 𝑑 = √

𝐿

𝐶

𝑃

𝑉𝑏
2 

Where P is the variation between generated power and load demand as PBES = P= PS - PL  

The Sliding Mode Control based on Washout filter is provided all together to accomplish the 

following targets: 

(1) To regulate DC bus voltage 

(2) To reduce the transient response during the changing load 

(3) To guarantee robustness under changes. 

When the standardized inductor current x is gone through a washout filter then we get another 

signal xF. Transfer function of xF is given as, 

𝐺𝐹(𝑠) =
𝑋𝐹(𝑠)

𝑋(𝑠)
=

𝑠

𝑠+𝜔𝑛
=

1−𝜔𝑛

𝑠+𝜔𝑛
                      (3.16) 

Where 𝜔𝑛 is the cut off frequency of this filter. In this way, the consideration of the filter include 

to equation an extra differential condition given by, 

𝑑𝑧

𝑑𝑥
= 𝜔𝑛(𝑥 − 𝑧)              (3.17) 

Where z = x-xF. Representation of the sliding surface which utilized is given as follows. 

ℎ𝑛 = 𝑦 − 𝑦𝑟 + 𝑘𝑛(𝑥 − 𝑧)           (3.18) 
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Where 𝑦𝑟  is the desired DC link voltage, 𝑘𝑛 is positive scalar control parameter, z is the lower 

frequency part of signal x. Control input u for switch control is given as, 

𝑢 = {
𝑢+ = 1, 𝑖𝑓 ℎ𝑛(𝑥) > 𝜇

𝑢− = 0, 𝑖𝑓 ℎ𝑛(𝑥) < −𝜇
           (3.19) 

Where 𝜇 is constant which limits the hysteresis band is expressed as, 

𝜇 =
𝑉𝑏(𝑉𝑑𝑐−𝑉𝑏)

2𝐿𝑓𝑠𝑉𝑑𝑐
             (3.20) 

Now it's important to denormalize the factors of the system. 

𝜔 =
𝜔𝑛

√𝐿𝐶
              (3.21) 

𝑘 = 𝑘𝑛√
𝐿

𝐶
  

After all the parameters have been resolved, the estimations of those parameters are at that point 

connected in the control block. Calculated parameters are as follows 

C = 50𝜇𝐹 (Capacitance) 

L = 2.5mH (Inductance) 

rL = 5mΩ (Inductor series resistance) 

fs = 100kHz (Switching frequency) 

𝜇          = 0.3796A (Hysteresis band) 

Vb       = 196V (Battery voltage) 

Vdc     = 380V (DC link capacitor voltage) 

𝜔         = 283rad/s (cut-off frequency) 

k          = 10 (scalar parameter) 

Q         = 150Ah (Battery capacity) 
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3.4 Design of Control for Bidirectional Single-Phase AC-DC Converter 

A power flow between AC grid and DC bus are empowered. Bidirectional power converter has 

an indispensable job to empower a conversable power flow in the microgrid. As long as energy 

transformation between AC grid and DC bus is required, power converter must be capable to 

supply bidirectional flow of energy like inversion as well as rectification. In rectification mode 

control, energy transferred from AC grid to DC bus and in inverting mode control, energy 

transferred from DC bus to AC grid. This process works in three steps. First is "mode selector" 

which decides when the inverting and rectifying mode should be done, second is "inverting 

mode" in which power flow from DC bus to Ac grid and third is "rectifying mode" in which 

power flow from AC grid to DC bus [25].    

3.4.1 Mode Selector: Fig. 3.5 demonstrates a logic circuit. This logic circuit decides when the 

inverting and rectifying mode should be done. The mode of the operation of bidirectional single 

phase AC-DC converter is decided by a mode selector circuit which decides the mode of 

operation of converter based on PV output power and battery SOC %.  

3.4.1.1 Working: If the %SOC is greater than 70 and the solar PV power is insufficient, the 

converter operates in inverting mode and the battery send the required power back to the 

AC grid. If the %SOC is less than 70 but solar PV power is sufficient the converter 

operates in inverting mode and the PV provides power both for charging the battery and 

sending power to the grid. If %SOC is less than 70 and PV power is insufficient, in that 
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Fig. 3.4 Simulation diagram of sliding mode controller based washout filter 
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case the converter will operate in rectifying mode to provide necessary power to charge 

the battery. 

 

3.4.2 Inverting mode control: Fig. 3.6 shows a grid connected control technique for inverting 

mode control. It is a type of closed-loop system. Phase-locked loop and the current 

controller are the fundamental parts of this circuit. Phase-locked loop generates an output 

signal and the phase of this signal is related with the phase of an input signal. Here 

synchronization of the current with voltage is done by phase-locked loop. 

Synchronization between induced sine wave and AC grid phase angle is done by phase-

locked loop. In inverting mode, phase-locked loop is also utilized to calculate the 

required amount of active and reactive power provided to the AC grid side. An inverter 

output current is controlled by hysteresis current controller. In this scheme a double band 

hysteresis current controller is utilized. The output current of an inverter is synchronized 

with the AC grid voltage by utilizing this control technique. By the required power factor 

angle we can decide the phase angle betwixt AC grid voltage and AC grid current. The 

active and reactive powers required by the AC grid is decides the value of current 

reference and the output AC grid current is then compared with this current reference 

value. 
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Fig. 3.5 Mode Selector 
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3.4.2.1 Double band hysteresis current controller: 

The idea of double band hysteresis current controller is expressed in Fig. 3.7. The output current 

of the inverter is controlled using three levels. The DC bus voltage which is input voltage is 

varied from +Vdc to 0 and 0 to - Vdc. 
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Fig. 3.6 Schematic diagram of single phase inverting mode control  
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Fig. 3.7 Double band hysteresis current control technique 
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The block diagram of double band hysteresis current controller is shown in Fig. 3.8. The 

hysteresis band is separated by two uniform levels, which is –HB to 0 and 0 to +HB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The switching frequency of the double band hysteresis current controller is determined as 

follows, 

𝑇𝑂𝑁 =
𝐿𝑓𝐻𝐵

𝑉𝑑𝑐−𝑉𝑔
             (3.22) 

During the Ton period (positive cycle) S1 and S4 switches will ON and the variation in voltage as 

+Vdc to 0. S2 and S3 switches will ON during TOFF period which forms Vdc zero. During the 

negative cycle same procedure will be followed. Hence, Toff period is expressed as, 

𝑇𝑂𝐹𝐹 =
𝐿𝑓𝐻𝐵

𝑉𝑔
             (3.23) 

Where Lf is AC side inductor, HB is hysteresis band, Vdc is DC bus voltage, Vg is grid voltage. 
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Fig. 3.8 Block diagram of double band hysteresis current controller 
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𝑇𝑠 = 𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹             (3.24) 

𝑇𝑠 =
2𝑉𝑑𝑐𝐿𝑓𝐻𝐵

(𝑉𝑑𝑐−𝑉𝑔)(𝑉𝑔)
             (3.25) 

Switching frequency of double band hysteresis current controller which is fs
DBHCC determined as, 

𝑓𝑠
𝐷𝐵𝐻𝐶𝐶 =

1

𝑇𝑠
               (3.26) 

𝑓𝑠
𝐷𝐵𝐻𝐶𝐶 =

(𝑉𝑑𝑐−𝑉𝑔)(𝑉𝑔)

2𝑉𝑑𝑐𝐿𝑓𝐻𝐵
               (3.27) 

𝑓𝑠
𝐷𝐵𝐻𝐶𝐶 =

(𝑉𝑑𝑐 .𝑉𝑔−𝑉𝑔
2)

2𝑉𝑑𝑐𝐿𝑓𝐻𝐵
            (3.28) 

𝑓𝑠
𝐷𝐵𝐻𝐶𝐶 =

𝑉𝑑𝑐(
𝑉𝑔

𝑉𝑑𝑐
−

𝑉𝑔
2

𝑉𝑑𝑐
)

2𝐿𝑓𝐻𝐵
            (3.29) 

𝑓𝑠
𝐷𝐵𝐻𝐶𝐶 =

𝑉𝑑𝑐(𝐾𝑠𝑖𝑛(𝜔𝑡)−𝐾2𝑠𝑖𝑛2(𝜔𝑡))

2𝐿𝑓𝐻𝐵
            (3.30) 

Where 𝑉𝑔 = 𝑉𝑚𝑠𝑖𝑛(𝜔𝑡) and 𝐾 =
𝑉𝑚

𝑉𝑑𝑐
  

Maximum frequency of switching is obtained at 
2

𝜋
 . So the average switching frequency is 

determined as, 

𝑓𝑠,𝑎𝑣
𝐷𝐵𝐻𝐶𝐶 =

𝑉𝑑𝑐

2𝐿𝑓𝐻𝐵
(

2

𝜋
𝐾 −

1

2
𝐾2)         (3.31) 

3.4.3 Rectifying mode control: Fig. 3.9 shows a control technique for rectifying mode control. 

Phase-locked loop and the current controller are the fundamental parts of this circuit. 

Phase-locked loop generates an output signal and the phase of this signal is related with 

the phase of an input signal. In rectifying mode, when the AC current is synchronized, 

unity power factor is obtained at the input side and this synchronization is done by the 

phase-locked loop. As appeared is Fig. 3.9, input current of the rectifier is formed by the 

hysteresis current controller. In this scheme a double band hysteresis current controller is 
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utilized. The controlling of the input current of rectifier is done because it should be 

sinusoidal with unity power factor. 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 CONCLUSION: 

In this chapter, control methods for various blocks of proposed system have been studied. For the 

tracking of solar PV power and controlling the duty cycle of boost converter, Incremental 

conductance MPPT has been implemented. For the bidirectional DC-DC buck-boost converter 

controlling a sliding mode controller based on washout filter has been implemented. For the 

controlling and managing of bidirectional AC-DC converter, inverting and rectifying mode has 

been designed. 

 

 

 

 

 

S1 S2

S3 S4

AC 

Grid

Lac

-

+

Iac

Vac

Vdca

b

×
+

-

+

-

Sine Wave 

Generator

Switching Frequency 

Balancing Circuit

Hysteresis 

Controller

PLL

Cdc

Idc

AC-DC 

Converter

 

Fig. 3.9 Schematic diagram of single phase rectifying mode control 



34 

 

CHAPTER 4 

RESULTS AND DISCUSSION  

 

4.1 INTRODUCTION: 

Results of the isolated solar PV-battery power producing system and grid connected system for 

electric vehicle are explained in this segment. Isolated system includes solar photovoltaic array, 

boost converter, BESS (bidirectional power flow) and resistive load. Grid connected system for 

electric vehicle includes solar photovoltaic array, boost converter, BESS (bidirectional power 

flow) and AC grid connected through bidirectional AC-DC converter. 

4.1 ISOLATED SOLAR PV BATTERY SYSTEM: 

MATLAB simulation is performed to prove the SMC based on washout filter in the isolated 

system. Results are obtained as the comparison of conventional proportional-plus integral control 

method with sliding mode controller based on washout filter. 

4.1.1 Case study: There are three cases which have been performed. Table 4.1 shows the system 

parameters planned for the simulation. 

 

 

 

 

 

 

 

 

 

Table 4.1 System parameters for simulation design 

Sr. No. Parameters Value Units 

1. Solar PV power (Ppv) 1.4 kW 

2. Capacitance (C) 50 𝜇F 

3. Inductance (L) 2.5 mH 

4. Inductor resistance (rL) 5 mΩ 

5. Hysteresis band (2𝛿) 0.3796 A 

6. Battery voltage (Vb) 196 V 

7. Initial capacitor voltage (Vc) 196 V 

8. Cut-off frequency (𝜔) 283 rad/s 

9. Scalar control parameter (k) 10 - 

10. Battery capacity (Q) 150 Ah 
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4.1.1.1 Performance of the system with variation in solar irradiance: Depending upon the 

solar irradiance, power generated by the solar panel is vary with time. For these changes, various 

irradiance values for the solar-PV input power are simulated for this case. The main reason 

behind this case is to check the response of sliding mode controller whether it can give better 

response when the solar power is fluctuated. The peak power capacity of solar PV array is considered 

around 1.4kW in this work and the load is 210Ω. The total time of simulation run is 035s. Fig. 4.1 shows 

the output plot of PV module at 500 W/m2 & 1000 W/m2. Power balance in this case is as, when 

the irradiance is high that time load feeds through PV power and the surplus power goes in 

battery and when PV irradiance is low then PV generates less power and has insufficient power 

to feed the load, at that time load feeds through battery. 

 

 

 

 

 

 

 

 

 

 

 

Results of the output voltage of DC link capacitor shown in fig. 4.2. Battery energy storage can 

mark the bus voltage with the variation in solar photovoltaic array. Inductor current simulation 

result is shown in figure 4.3. In this the Proportional-plus integral control moreover induces the 

comparative outcome with the Sliding mode control, main distinctive is proportional-plus 

integral control generates additional oscillation with the Sliding mode control when the transients 

occur. In Fig. 4.1 & 4.2 SMC drawn with red line and PI drawn with dashed blue line. 

 

Fig. 4.1 P-V and I-V Characteristics of Solar photovoltaic Array 
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Fig. 4.2 Output voltage of DC link capacitor with in solar irradiance 

 

 

Fig. 4.3 Inductor current during variation in solar irradiance 

 

 

Fig. 4.4 Power Balance in Standalone Solar PV System 
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Fig. 4.4 shows the power balance in standalone mode. Consumption of the load power is around 

657 W. Solar power, Battery power and load power drawn with red, blue and green respectively. 

4.1.1.2 Regulation of Voltage at DC Link with SMC and PI: In this case the load is set as 

160Ω and simulation time to run it up to 0.05sec. These result shows there is no overshoot in 

SMC when we compare it with PI and also SMC has faster settling time than PI. Fig. 4.5 shows 

DC link capacitor output voltage and Fig. 4.6 shows the inductor current results.  PI drawn with 

dashed blue line and SMC drawn with red line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Output voltage of DC link capacitor with DC bus voltage regulation  

 

 

Fig. 4.6 Inductor current during DC bus voltage regulation 
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4.1.1.3 Performance of the system with variation in load: The result of load variety is 

examined in this section. In this case the load resistance will change the value as 350Ω, 250 Ω, 

150 Ω , 250 Ω  and 350 Ω  sequentially with the time duration of 01sec and the total simulation 

time is 0.5s. Fig. 4.7 shows the DC link capacitor voltage and Fig. 4.8 shows the inductor current 

result. We can see when the resistance load is minimized then voltage dip is occurring in result 

and when resistance load is maximized then voltage swell is occurring. When the overshoot 

voltage and undershoot voltage is occur SMC has a little better results than PI control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 Output voltage of DC link capacitor with variation in load 

 

 

Fig. 4.8 Inductor current Results during variation in load 

 



39 

 

4.2 GRID CONNECTED SYSTEM FOR ELECTRIC VEHICLE: 

MATLAB simulation is performed with the SMC based on washout filter for the controlling of 

bidirectional DC-DC buck-boost converter. Results are obtained as variation in solar irradiance 

and battery %SOC. 

4.2.1 Case study: There are two cases based on %SOC which have been performed. Table 4.2 

shows the system parameters planned for the simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 System parameters for simulation design 

Sr. No. Parameters Value Units 

1. Solar PV power (Ppv) 1.4 kW 

2. Capacitance (C) 50 𝜇F 

3. Inductance (L) 2.5 mH 

4. Inductor resistance (rL) 5 mΩ 

5. Hysteresis band (2𝛿) 0.3796 A 

6. Battery voltage (Vb) 196 V 

7. Initial capacitor voltage (Vc) 196 V 

8. Cut-off frequency (𝜔) 283 rad/s 

9. Scalar control parameter (k) 10 - 

10. Battery capacity (Q) 150 Ah 

11. Grid voltage (Vgrms) 230 V 

12. Frequency (Hz) 50 Hz 

13. Inductor at AC side (Lac) 2.1 mH 

14. DC bus voltage (Vdc) 380 V 
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4.2.1.1 Case 1: Battery is fully charged  

In this case variation in solar PV irradiance level is 1000 W/m2 and 500 W/m2 and the battery 

%SOC is 100% means battery is already charged. In this case waveforms depicts as if the solar 

irradiance level is at 1000 W/m2 and battery %SOC is 100% means, PV should feeds the AC grid 

and at 500W/m2 or PV has less power than power should be flow from battery to grid. In both of 

cases bidirectional AC-DC converter should works in inverting mode. In this case if the battery 

is already fully charged then we can see the discharging process of the battery into the grid. Fig. 

4.9 shows the starting and steady state response of solar PV current, voltage and power. Fig. 4.10 

shows the dynamic behavior of the system. Varying irradiance level of solar PV is shown in Fig. 

4.10. Fig. 4.10 demonstrates the tracking of voltage at maximum power point under different 

irradiance level. Fig. 4.10 depicts that if the irradiance of the solar PV is going to decrease then 

solar PV current (Ipv) and solar PV power (Ppv) is also decreased with constant solar PV voltage 

(Vpv). Fig. 4.10 also demonstrates that when solar irradiance level going to decrease battery 

current is increased because at this point power flow from battery to grid and battery is going to 

discharge. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 Starting response of PV current, voltage and power (SOC is 100%) 
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4.10 Dynamic response of system parameters under varying irradiance and SOC is 100% 



42 

 

4.2.1.2 Case 2: Battery is discharged 

In this case variation in solar PV irradiance level is 1000 W/m2 and 500 W/m2 and the battery 

%SOC is 20% means battery is already discharged. In this case waveforms depicts as if the solar 

irradiance level is at 1000 W/m2 and battery %SOC is 20% means, PV should feeds the battery 

and surplus power should go in AC grid, and at 500W/m2 or PV has less power than power 

should be flow from grid to battery. When PV irradiance level is 1000 W/m2 than bidirectional 

AC-DC converter should works in inverting mode, and when PV irradiance level is 500W/m2 

bidirectional AC-DC converter should works in rectifying mode, means power should flow from 

grid to battery. In this case if the battery is already discharged then we can see the charging 

process of the battery from the grid. Fig. 4.11 shows the starting and steady state response of 

solar PV current, voltage and power. Fig. 4.12 shows the dynamic behavior of the system. 

Varying irradiance level of solar PV is shown in Fig. 4.12. Fig. 4.12 demonstrates the tracking of 

voltage at maximum power point under different irradiance level. Fig. 4.12 depicts that if the 

irradiance of the solar PV is going to decrease then solar PV current (Ipv) and solar PV power 

(Ppv) is also decreased with constant solar PV voltage (Vpv). Fig. 4.12 also demonstrates that 

when solar irradiance level going to decrease battery current is also decreased because at this 

point power flow from grid to battery and battery is going to charge. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Starting response of PV current, voltage and power (SOC is 20%) 
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                      4.12 Dynamic response of system parameters under varying irradiance and SOC is 20% 
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