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Abstract

One of the major sectors which have seen a rapid growth in the last

decade is mobile telecommunications. It has not only become an impor-

tant part in peoples lives but also playing a part in world business as the

entire world is connected by telecommunication networks. The growing

power demand and the dwindling fossil fuels resulted in the unreliable

power supply, which is the critical challenge facing by telecommunication

industries. Currently, telecom towers are using Diesel Generators (DG)

as source of supply, which is rather expensive and emits environmental

pollutants. This study analyses the solar photovoltaic (PV) system and

battery based hybrid power supply system to reduce the usage of DG.

The effective utilization and management of the PV and Battery sources

increases the efficiency and reliability of the system. Therefore, in this

work, a literature review related to maximum power point tracking of PV

array, Li-Ion battery aging mechanism and battery state of health (SoH)

estimation techniques have been presented.

Non-uniform insolation conditions on PV array is the most common phe-

nomenon and it affects the efficiency of the system. Therefore, in this

study two global maximum power point tracking (GMPPT) algorithms

have been developed. The first GMPPT technique is scanning based two

stage hill climbing technique and the second GMPPT technique is artificial

bee colony based soft computing technique. Both the techniques have been

developed to track the global maximum power point (GMPP) with the

fast convergence speed and with the highest tracking accuracy. Moreover,

both the GMPPT techniques uses single current sensor for tracking the

(GMPP) to reduce the overall cost of the system. The proposed GMPPT

techniques are experimentally validated and its performance characteris-

tics are compared with other GMPPT techniques proposed in literature.

Battery is the important power source in the PV and battery based hybrid

power supply system. Therefore, reliable power supply to the telecom load

depends on the health of the battery. Hence, the knowledge of battery

aging mechanism is very vital and helps to configure the right time to

replace the battery. In this study, mathematical model of a Li-Ion bat-
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tery with aging parameters and two SoH estimation algorithms have been

developed. The first SoH estimation technique measures the degradation

in capacity of the battery over a period and thus estimates the life. The

second method estimates the life of the battery by measuring the DC resis-

tance. Both the techniques have been validated using MATLAB/Simulink

platform and an experimental prototype.

The telecom load operates in a pulsed-power mode intermittently, also

the power consumption depends on signal traffic. Maintaining the con-

stant voltage at the DC load terminals during the pulsed power operation

is the biggest challenge. Therefore, in this study, Type II compensator

is developed to regulate the load voltage with fast response time. The

stability analysis of system with Type II compensator is analyzed using

the MATLAB/Simulink tool. Moreover, the developed voltage regulator

system has been tested for various load and also input voltage varying

conditions.
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Chapter 1

INTRODUCTION

Contents

1.1 GENERAL . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 POWER SUPPLY CONFIGURATIONS FOR TELECOM

LOAD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 PHOTOVOLTAIC SYSTEMS . . . . . . . . . . . . . . . . 4

1.2.1 MATHEMATICAL MODEL OF PHOTOVOLTAIC CELL 6

1.3 ENERGY STORAGE SYSTEM . . . . . . . . . . . . . . 11

1.3.1 MODELING OF LI-ION CELL . . . . . . . . . . . . . . . . 14

1.4 RESEARCH MOTIVATION . . . . . . . . . . . . . . . . 15

1.5 PROBLEM STATEMENT . . . . . . . . . . . . . . . . . . 15

1.6 THESIS ORGANIZATION . . . . . . . . . . . . . . . . . 17

1.1 GENERAL

Mobile telecommunication is one of the major sectors which has seen rapid growth in

recent times, and it is also playing a critical role in world business as telecommuni-

cation (telecom) networks connect the entire world. Telecom loads are the essential

loads which require the uninterrupted quality power; however, due to increase in

power demand and diminishing fossil fuels, the power utility companies are unable

to provide reliable and quality power. Moreover, developing nations like India has

seen a rapid power demand in these years, but due to diminishing coal reserves and

1



poor infrastructure resources for power generation and distribution, the power utility

companies are unable to provide quality power to the country. Moreover, poor quality

of power substantially increases the operational expenditure of system. In the midst

of these adversities, the telecom sector has seen a fast development in the last decade.

The power supply equipments required for the telecom network is housed by Base

Transceiver Station (BTS). Generally BTS stations are classified into three groups

based on their power consumption levels (Liu et al., 2013). A small rating BTS station

consumes 400 to 1000W, a medium rating station consumes 1000 to 2000W and super

macro (High power rating) station consumes more than 2000W of power. Typically,

80% of telecom towers have power rating around 3.5kW. Majority of these BTS are

powered by electrical grid which is basically the conventional energy produced by

fossil fuels. Many telecom towers are present in rural areas where this electrical grid

power is unreliable or not available at all. It is observed that the main challenge

faced by the telecom industry today is to supply continuous and quality power to

BTS located in rural areas.

To provide a continuous power, telecom industries use standalone Diesel Generator

(DG) as the main backup source of electricity. These DGs have high long term costs

due to maintenance, fuel requirement and fuel transport. Cost of using DG as an

alternative source is three times more than that of grid power (Prema et al., 2014).

Further, DG can be loud and it emits pollutants like unburned HC, CO and NOx

that can have adverse health and environmental effects. DG emits 2.7kg of CO2 with

burning one liter of diesel (North, 2007).

On the other hand, renewable energy sources (RES) are becoming a major al-

ternative to the use of fossil fuel for supplying continuous power to BTS stations.

Solar energy is the one, which is abundant and reliable. In addition, reduction in the

cost of the photovoltaic (PV) panel and rapid advancements in PV technology have

made solar energy the most popular and efficient distributed energy source in recent

times. Moreover, PV systems are best suitable for BTS load, since the peak demand

of typical BTS load is only in few kWs.
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Figure 1.1: Block diagram of a conventional power supply system for telecom load

1.1.1 POWER SUPPLY CONFIGURATIONS FOR TELE-

COM LOAD

In conventional telecom stations where access to grid electricity is available, it uses

DG and batteries as backup sources in case of power outages. During which, the

battery acts as primary source of supply to meet entire telecom (i.e., base transceiver

station (BTS)) load as energy cost per unit of battery is very less compared to the

DG per unit cost. And when battery gets drained DG meets the demand of BTS.

Fig. 1.1 shows the architecture of a conventional power supply scheme of BTS station

where grid power supply is available. Power interface unit (PIU) in Fig. 1.1 switches

between the power sources and SMPS converts the supply AC voltage to 48V DC

for BTS loads. In most of the cases, DG runs with 20% to 30% of its rated load

in conventional system and due to this the fuel consumption and carbon footprint

is more. In rural areas, where access to the grid is unavailable, DG is the only

source of supply. In this case, the operational expenditure is very high due to DG.

Therefore, these limitations have led to pay more focus on standalone hybrid power

supply systems.

Analysis of literature shows that the hybrid systems such as PV/Battery/DG,

PV/DG and PV/Battery hybrid configurations reduces the use of diesel consumption

and operational cost of the system for BTS stations where there is no access to grid

supply. (Liu et al., 2013) have proposed a method where DG supplies power to

both load as well as battery to improve the load on the DG to operate at optimal
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operating point on fuel consumption characteristics. (Yamegueu et al., 2011) and

(Ajan et al., 2003) have explained experimental analysis of PV/DG hybrid system,

where PV and DG are rated to meet peak load of the system, during sunlight hours

PV is scheduled to meet the load, in case PV is unavailable DG supplies the load. In

this configuration CAPEX and OPEX is less, but smooth power flow is a big challenge

since PV power output is uncertain. The conventional configuration PV/Battery/DG

used for standalone mode is shown in Fig. 1.2.

An energy storage system (i.e. battery) is incorporated to the PV/DG configu-

rations to ensure the reliability of a system (Kaldellis et al., 2011). (Kaldellis, 2010)

have optimally sized the components of DG/PV/Battery system to ensure the re-

liability of the supply to BTS load. Also, the cost benefit analysis and sensitivity

analysis of a complete system is done. In the context of hybrid power supply based

street lighting, (Lagorse et al., 2009) have proposed PV/Battery/Fuel Cell. In this

proposition the fuel cell replaces conventional DG which therefore reduces the green

house emission.

In countries where solar insolation is ample and with the falling PV panel cost,

optimally sized PV and battery alone can supply the reliable power to the BTS load

(Energy, 2012). However, supplying a continuous power using standalone PV and

Battery is still a challenging task. Optimal design methodology of PV and battery

system for the continuous seamless power supply to the BTS load is given in the

Appendix A.

This research work mainly focuses on effective utilization of PV and battery

sources in a standalone PV-Battery power supply system to supply reliable power

to the BTS load. Fig. 1.3 shows the block diagram of PV-Battery power supply

system. Further, brief insights and working details of PV and battery are explained

in the following sections.

1.2 PHOTOVOLTAIC SYSTEMS

PV cells are the fundamental building blocks for the large PV power system. The

incident sunlight on PV cell generates the charge carriers and which produces the

current (Amps). Typically, PV cells are very small and produces power in the range

of 1−2Wp, hence a group of such cells are connected in series and/or parallel to form

a PV module, and which can produce power in the range of a few hundred watts.
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Figure 1.2: Block diagram of PV-Battery-DG power supply system for telecom load

Figure 1.3: Block diagram of PV-Battery power supply system for telecom load
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Further, to increase the power rating of the system PV modules are connected in

series and/or parallel to form a PV array.

The power generated by PV module depends on solar insolation (irradiation)

falling on its surface and ambient temperature of the PV cell. Therefore, to analyze

the electrical characteristics of PV cell and PV array in various operating conditions,

mathematical model of a PV cell will be discussed in next section.

1.2.1 MATHEMATICAL MODEL OF PHOTOVOLTAIC CELL

An electrical equivalent model of a PV cell is required to analyze the characteristics of

a PV cell for solar insolation and temperature variations. However, there are different

equivalent circuit models viz. single diode, two diode and dynamic model as shown

in Fig. 1.4 (Kim et al., 2013) and (Villalva et al., 2009). Amongst these, single

diode model is the most popular, simple and it is developed using the Schottky diode

equation. The model of a PV cell considers the solar insolation and PV cell operating

temperature as the inputs. The equation for the PV current is described as,

IPV = Iph − Id −
Vpv + IpvRs

Rp

(1.1)

where, Iph is the photo current generated from the solar insolation, Id is the diode

reverse saturation current, Rs and Rp are resistance due to material contacts and

leakage resistance respectively and Vpv and Ipv are voltage and currents of PV cell

respectively. The equation for Id is described as follows,

Id = I0

[
exp

(
Vpv + IpvRs

AVt

)
− 1

]
(1.2)

where, I0 is the reverse saturation current of the diode, Vt is the thermal voltage

of the diode and A is the ideality factor of the diode.

To simplify the computation ideality factor (A) is considered as 1. The photo

current (Iph) is expressed as follows,

Iph =

[
IscSTC

(
Rs +Rp

Rp

)
+Ki∆T

]
G

GSTC

(1.3)

where, IscSTC is the short circuit current of PV cell at STC condition, ∆T =

Tcell−TSTC , G is the solar insolaion W/m2 falling on PV cell, GSTC is the insolaion a

STC and the constant Ki is the short circuit current coefficient in mA/◦K provided
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in the technical data sheet. STC conditions are TSTC = 25◦C,GSTC = 1000W/m2.

The diode saturation current with variation in temperature is given by,

I0 =
IscSTC +Ki∆T

exp
(
VocSTC + Kv∆T

AVt

)
− 1

(1.4)

where, Kv is the open circuit voltage coefficient in mV/◦K provided in the data

sheet, VocSTC is the open circuit voltage of PV cell at STC and Vt is the thermal

voltage of the diode and it is expressed as follows,

Vt =
KT

q
(1.5)

where, K is Boltzman’s constant (1.238×10−23J/K), T is the ambient temperature

in Kelvin and q is the electron charge (1.69× 10−19C).

Using equations (1.1)-(1.5) and number of series & parallel (i.e., ns, np) cells, a

complete PV module can be modeled. Final equation to model the PV module is

expressed as follows,

Ipv = npIph − npI0

[
exp

(
npVpv + nsIpvRs

npnsAVt

)
− 1

]
− npVpv + nsIpvRs

nsnpRp

(
np

ns

) (1.6)

1.2.1.1 Electrical Characteristics of PV array

PV array exhibits different electrical characteristics (i.e., I − V & P − V ) under uni-

form and non-uniform insolation conditions on PV array. During uniform insolation

conditions, PV array exhibits single maximum power point (MPP) in its P −V curve,

the position and amplitude of MPP will be influenced by solar insolation and ambi-

ent temperature of the array. I − V & P − V characteristics under different uniform

conditions are shown in Figs. 1.5-1.6. From Fig. 1.5, it is clear that, maximum power

produced by a PV cell is directly proportional to solar insolation. From Fig. 1.6,

it is clear that, with the increase in PV cell ambient temperature maximum power

produced by PV reduces.

In the practical applications many PV modules are connected in series and/or

parallel to meet the load requirements as shown in Fig. 1.7. Hence, non-uniform

insolation i.e., partial shading conditions (PSC) are unavoidable as some portion of
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(a) (b)

(c)

Figure 1.4: (a) One-diode model (b) Two-diode model (c) Dynamic model of a PV cell
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(a)

(b)

Figure 1.5: (a) I−V (b) P−V characteristics of a PV array for different uniform insolation
conditions

the PV array may receive less solar insolation due to passing clouds over the modules

or the shadowing effect of trees, etc.

During PSC, series connected PV arrays produce multiple local peaks and one

global peak in their P−V characteristics, also, multiple steps can be seen in the I−V
characteristics. It is due to the presence of bypass diodes across the PV module. The

purpose of the bypass diode connections is to bypass the shaded module such that

unshaded modules can provide uninterrupted power. To analyze the effect of PSC,

four series connected modules have been modeled and its P−V & I−V characteristics

is shown in Fig. 1.8.
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(a)

(b)

Figure 1.6: (a) I−V (b) P−V characteristics of a PV array at 1000W/m2 and at different
temperature conditions
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Figure 1.7: Partial shading on PV array

PSC is a common phenomenon in PV systems, and during which tracking the

local peaks leads to huge power loss and it effects the efficiency of whole PV-Battery

system. Moreover, continuous power supply to BTS load is not possible. Therefore, it

is necessary to develop a global maximum power point tracking (GMPPT) algorithm

for the effective utilization of PV.

1.3 ENERGY STORAGE SYSTEM

Rapid advancements in the Lithium ion (Li-Ion) technology resulted in high specific

power and energy density. Therefore, Li-Ion batteries have become standard in ap-

plications like electric vehicles, distributed generation, consumer electronics, etc...

Li-Ion batteries have higher cycle life than any other rechargeable batteries, charge

retention of Li-Ion batteries is very good and the batteries can be cycled over a thou-

sand times. However, these batteries are expensive and they are limiting factor for

the service life of the complete product.

The term lithium-ion (Li-Ion) battery refers to a family of different chemistries

such as Lithium Cobalt Oxide (LiCoO2), Lithium Iron Phosphate (LiFePO4 or

LFP), Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2 or NCA), Lithium

Manganese Oxide (LiMn2O4 or LMO) and Lithium Nickel Manganese Cobalt Oxide

(LiNiMnCoO2 or NMC). A comparison chart of these Li-Ion chemistries have pre-

sented in Fig. 1.9. From the comparison chart, it is clear that LFP battery offers
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(a)

(b)

Figure 1.8: (a) I−V (b) P −V characteristics of PV array during non-uniform insolation
conditions
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Figure 1.9: Comparison of different Li-Ion chemistries

good cycle life, low cost per cycle and good safety. Therefore, in the present study

(i.e., PV-Battery power supply system) LFP battery is selected as energy storage

system.

In most of the cases, before the product reaches to its end of life, batteries get

damage due to improper operation and maintenance. Therefore, this increases the

recurring cost of system as the battery has to be replaced multiple times. (Lam and

Bauer, 2013) and (de Vries et al., 2015) have reported that charging/discharging the

battery with high charge/discharge rate at elevated temperatures and overcharging

and deep discharging the battery deteriorates the life (i.e., premature failure).

To prevent the premature failure of the battery, a battery management system

(BMS) should be employed to monitor and control the battery operating conditions.

However, most of the BMSs available today does not monitor the aging and health

of the battery and they monitors only state of charge (SoC). Hence, it would be

advantage to have knowledge on effect of different operating conditions on battery

life and health condition of the battery. Moreover, knowing the health of the battery in

advance, helps to improve the reliability of overall PV-Battery power supply system.

To know the health condition of the battery in advance, it is very important

to have knowledge on battery runtime characteristics. Therefore, modeling of LFP

battery will be discussed in the further sections.
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Figure 1.10: Electrical equivalent circuit of Li-Ion battery

1.3.1 MODELING OF LI-ION CELL

In literature, two types of battery models such as electrical equivalent circuit and

electrochemical models have been proposed. In this study two RC network Thevenin

electrical equivalent circuit model is adopted due to its less complexity (Lam et al.,

2011). Fig. 1.10 shows the electrical model of a single cell Li-Ion battery. Wherein,

Voc is the open circuit voltage of battery and it depends on battery state of charge

(SoC). SoC is the percentage of charge available in the battery with respect to rated

capacity.

The two parallel RC networks represent the transient behavior, RSer is the internal

resistance of the battery which contributes for the instantaneous voltage drop and Rsd

contributes for the calendar life loss. Calendar loss is the degradation of battery life,

when it is in idle condition. Ccap represents the rated capacity of the battery.

The battery parameters Voc, RSer, RS, RL, CS and CL are the functions of SOC

and expressed as (Lam et al., 2011),

Voc = −0.5863× e−21.90×SoC + 3.414 + 0.1102× SoC −
(

0.1718× e
−0.008
1−SoC

)
(1.7)

RSer = 0.1298×SoC4−0.2892×SoC3+0.2273×SoC2−0.07216×SoC+0.0898 (1.8)

RS = −0.0108× e−11.03×SoC + 0.01827− 6.462× 10−3 × SoC (1.9)

CS = 0.01697× SoC3 − 1.007× 10−3 × SoC2 + 1.408× 10−3 × SoC

−0.07216× SoC − 3.897× 10−2
(1.10)

RL = 0.295× e−20×SoC + 0.04722− 0.0242× SoC (1.11)
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CL = 2.13× 106 × SoC6 − 6.007× 106 × SoC5 + 6.271× 106 × SoC4

−2.958× 106 × SoC3 + 5.998× 105 × SoC2 − 3.102× 104 × SoC + 2.232× 103

(1.12)

A 4Ah single cell LFP battery has been modeled using the above equations, the

open circuit voltage characteristics, terminal voltage characteristics during discharg-

ing mode and run time characteristics during charging mode are shown in Fig. 1.11.

In this section, only LFP cell modeling is discussed, the effect of different operating

conditions (i.e., aging parameters) and their modeling will be discussed in detail in

Chapter 4.

1.4 RESEARCH MOTIVATION

PV and Battery based power supply configuration for standalone telecom load reduces

the operational cost by eliminating the use of diesel generator. However, non-uniform

insolation conditions on PV array makes the system ineffective. To overcome this,

an effective GMPPT algorithm is required for the efficient utilization of PV and to

improve the overall system efficiency.

Li-Ion Batteries are used in PV/Battery power supply configuration for BTS load

are less tolerant to the overcharge, deep discharge and charging/discharging at ele-

vated temperatures. Therefore, monitoring and controlling the parameters such as

battery voltage, SoC and charge/discharge currents enhance the battery life. More-

over, knowing the health of the battery and aging process helps the user to take the

remedial action (i.e., operating the battery in safe conditions) to improve the reli-

ability of overall system. Hence, it is necessary to develop a BMS which estimates

the health of the battery and controls the battery parameters effectively. Therefore,

literature review related to GMPPT techniques and Li-Ion battery life estimation

techniques are discussed in next chapter.

1.5 PROBLEM STATEMENT

Tracking local maximum power point during partial shading condition makes system

ineffective in PV, battery based hybrid power supply system. Moreover, overcharg-

ing and deep discharging the battery deteriorates the battery life, which affects the
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(a)

(b)

(c)

Figure 1.11: (a) Open circuit voltage and terminal voltage characteristics of LFP cell for
various discharge rates (b) Voltage drop characteristics of battery modeling parameters for
1C discharge rate (c) runtime characteristics during charging mode
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reliability of complete system. Therefore, it necessitates the development of control

algorithm for the effective utilization and management of power sources in hybrid

power supply system.

1.6 THESIS ORGANIZATION

The whole thesis is organized into six chapters as follows,

Chapter 1: A brief introduction to the BTS load, different power supply configura-

tions for BTS load, limitations of conventional power supply configura-

tions and introduction to the PV-Battery based power supply system

are discussed in this chapter.

Chapter 2: State-of-the-art related to global maximum power point tracking (GMPPT)

techniques, Li-Ion battery state of health (SoH) estimation techniques,

identified research gaps and research objectives are discussed in this

chapter.

Chapter 3: For the effective utilization of PV array during non-uniform insola-

tion conditions, two different kinds of GMMPT techniques has been

proposed in this chapter. The first method comes in the category of

two-stage scanning based technique and the second method is a hybrid

technique, which combines the artificial bee colony optimization and hill

climbing algorithms. Tracking the GMPP with good tracking speed and

efficiency are the major motives of this work. The proposed techniques

have been validated using MATLAB/Simulink and also using a exper-

imental prototype. The simulation and experimental performance of

proposed GMPPT techniques are discussed in this chapter. Moreover,

the proposed techniques have been compared with the other GMPPT

techniques in literature.

Chapter 4: In PV-Battery power supply system batteries are the essential element

and it decides the reliability of the overall system. Most of the times

before the power supply system reaches to its end of life, batteries get

damage due to improper operation and maintenance. Therefore, ef-

fect of operating conditions on battery life is discussed in this chapter.
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Moreover, to estimate the life of the battery, two on-line state of health

(SoH) estimation techniques are proposed in this chapter. The first

technique measures the degradation in capacity of the battery over a

period and thus estimates the life. The second method estimates the

life of battery by measuring the DC resistance. Both the techniques

have been validated using Matlab/Simulink platform and using a ex-

perimental prototype.

Chapter 5: For the safe operation of DC loads of BTS, it is required to maintain

48V constant DC supply at the load terminals. However, with the signal

traffic load current varies and which effects the load voltage regulation.

Therefore, in this chapter a voltage regulation technique is developed

and tested in MATLAB/Simulink platform. Moreover, its performance

characteristics are discussed in this chapter.

Chapter 6: This chapter concludes the contributions of the proposed research work

and also discusses about scope for the possible future works.

18



Chapter 2

LITERATURE REVIEW

Contents
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2.1 GENERAL

Since the present study deals with the PV and battery based hybrid power supply

system, state-of-the-art related to maximum power point tracking techniques and

battery management systems are discussed in this chapter.
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2.2 MAXIMUM POWER POINT TRACKING TECH-

NIQUES

PV sources exhibit nonlinear electrical characteristics, thus their power-voltage (P −
V ) curves exhibit a single maximum power point (MPP) during uniform insolation.

However, the maximum power point continuously moves its position based on solar

insolation and PV module ambient temperature. Therefore, to extract the maximum

power in all insolation conditions, a maximum power point tracking (MPPT) algo-

rithm is necessary. Upon analyzing the literature, MPPT techniques can be broadly

classified into two categories such as,

• Conventional MPPT (CMPPT)

• Global MPPT (GMPPT)

2.2.1 CMPPT TECHNIQUES

The conventional MPPT techniques include, fractional open circuit voltage (Focv),

fractional short circuit current (Fscc), Perturb and Observe (P&O), Hill Climbing

(HC) and Incremental conductance (INC).

2.2.1.1 Fractional Open Circuit Voltage and Fractional Short Circuit

Current Techniques

(Schoeman and Wyk, 1982) have developed fractional open circuit voltage (Focv)

technique on an approximation that, MPP voltage (Vmpp) occurs anywhere in the

range of 65% to 90% of open circuit voltage (Voc). Similarly to the Focv, (Masoum

et al., 2002) have developed fractional short circuit current ((Fscc)) technique, which

is approximated on a relation that the PV current at MPP will be in the range of

80% to 90% of short circuit current (Isc). For the periodic measurement of Voc and

Isc of a PV array, whole circuit should be isolated from the PV array. This leads to

momentary power loss. Accuracy of these techniques are less, since they are developed

based on an approximation.
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2.2.1.2 Perturb & Observe and Hill Climbing Techniques

Perturb & observe (P&O) technique measures the PV power in two successive time

steps by giving a small voltage perturbation. Further, the direction of tracking is

identified by observing the sign changes in PV power for every voltage perturbation.

If the sign change of PV power is positive, then controller ensures that operating

point is shifting towards the MPP. On the other hand, if the sign change is negative,

controller changes the voltage perturbations in opposite direction. Therefore, once the

MPP is tracked, operating point will have oscillations around the MPP. Hill climbing

(HC) technique works similar to the P&O, but the only difference is perturbation in

duty cycle is made instead of PV voltage (Veerachary et al., 2001). Fig.2.1 shows the

flowchart of the P&O technique.

The tracking time of these techniques depends on step size in perturbation. If the

step size is large, P&O will converge quickly. However, the oscillations around MPP

will be high. On the other hand, convergence time will be poor, if the step size is less.

To overcome this, an adaptive step size P & O technique is proposed by (Killi and

Samanta, 2015). In adaptive P&O technique, perturbation step size changes with the

P − V curve slope.

2.2.1.3 Incremental Conductance Technique

Incremental conductance (INC) technique compares the instantaneous conductance

I/V with the incremental conductance (∆I/∆V ) to track the MPP. INC technique

is developed on the fact that dP/dV is zero at the MPP, i.e.,

dPpv

dVpv
=
d(PpvdIpv)

dVpv
= Ipv + Vpv

dIpv
Vpv

= 0 (2.1)

Equation (2.1) can be rearranged as,

Ipv
Vpv

= − dIpv
dVpv

=
∆Ipv
∆Vpv

(2.2)

INC technique works on the basis of slope characteristics of P − V curve during

uniform insolation conditions. Typically, P − V curve can be divided into three

regions as explained using following relation;
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Figure 2.1: Flowchart for the Perturb and Observe MPPT Technique
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Figure 2.2: Flowchart for the INC Technique
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Figure 2.3: Classification of Various MPPT Techniques


∆Ipv
∆Vpv

= −Ipv
Vpv

; at MPP

∆Ipv
∆Vpv

> −Ipv
Vpv

; right of MPP

∆Ipv
∆Vpv

< −Ipv
Vpv

; left of MPP

(Kuo et al., 2001) have implemented INC technique for a two-stage grid connected

PV system. The tracking efficiency and oscillations around the MPP of this technique

is same as P&O, but the INC works better under rapidly changing insolation condi-

tions. Similar to the adaptive P&O, (Enrique et al., 2010) have developed an adaptive

INC technique to track the MPP with faster convergence speed.

2.2.2 GMPPT TECHNIQUES

In practical environmental conditions, due to the fast variation in insolation, passage

of clouds, shadow of buildings and dust on the PV cell surface results in non-uniform

insolation on PV array. Thus, multiple peaks (local maxima and global maxima) occur

in the power vs. voltage (P−V ) characteristics. In this condition, CMPPT techniques

fail to track the global maxima. To increase the efficiency of whole PV power system

and for the effective utilization of PV array during non-uniform insolation conditions,

it is required to operate the PV array at its global maxima (GMPP). In this section,

operating principles of different GMPPT techniques will be discussed, and also their

critical advantages and disadvantages will be discussed. The GMPPT techniques can

be classified into two categories such as 1) Hardware 2) software based techniques.

Classification of various MPPT techniques are shown in Fig.2.3.

Hardware based techniques are further classified into two categories such as 1)
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RMPPT and 2) DMPPT. RMPPT techniques dynamically reconfigure the electrical

connection scheme of PV array to mitigate the multiple peaks in the Power vs. Voltage

characteristics of PV array. Total cross-tie, bridge-link and honey-comb are the basic

connection schemes of PV array, these techniques requires greater number of switches

to form a switching matrix to change the connection pattern (La Manna et al., 2014).

Moreover, complexity of control algorithm used and total cost of the system is more.

On the other hand, DMPPT techniques divide the PV array into subgroups and

use the conventional MPPT technique for each subgroup (Pilawa-Podgurski and Per-

reault, 2013). This type of techniques best suits for small power rated systems and it

requires separate power electronic interface circuits for each subgroup of a PV array.

Therefore, it increases the overall cost of the system.

Software based algorithms track the GMPP by developing the control algorithm

for the power electronic interface between PV array and load. The software based

GMPPT algorithms are further classified into two groups such as two-stage algorithms

and soft computing based optimization algorithms. These software based GMPPT

technique includes two modes of operation such as,

1. Detecting the event of non-uniform insolation on PV array

2. Tracking the GMPP

Most of the GMPPT techniques in the literature, detects the event of partial

shading on PV array by measuring either PV voltage or PV power in two consecutive

time intervals and compares it with the threshold value as described in equations

(2.3)-(2.4).

Ppv(K)− Ppv(K − 1) > Pthreshold (2.3)

Vpv(K)− Vpv(K − 1) > Vthreshold (2.4)

2.2.2.1 Two-Stage GMPPT Techniques

Two-stage GMPPT techniques, generally uses some searching process to identify the

GMPP locality in stage 1. Further, in stage 2, conventional MPPT techniques are used

to track and retain the GMPP. (Kobayashi et al., 2003) have presented a GMPPT

technique, which tracks the GMPP by measuring the Voc and Isc of the PV array.

This technique requires the additional circuitry to measure Voc and Isc periodically.
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In another attempt, (Kobayashi et al., 2005) have presented a load line based two-

stage GMPPT algorithm, this method shifts the operating point of the PV array to

the vicinity of global peak by estimating the Rmpp value in stage 1 using the following

equation (2.5);

Rmpp = K
Vmpp

Impp

(2.5)

Where, K is the correction factor, Vmpp and Impp are approximated as 80% Voc

and Isc respectively.

In stage 2, the conventional MPPT (i.e. INC) technique is used to track the

GMPP. However, this method fails to track GMPP in some partial shading patterns,

specifically when global peak exists in the right most corner in the P − V character-

istics. A short circuit pulse based GMPPT technique is proposed by (Noguchi et al.,

2002). This method fails to track the GMPP in few shading conditions and it requires

extra switch to measure short circuit for every few minutes.

(Ji et al., 2011) have presented a linear equation to find the vicinity of GMPP.

Therefore, in stage 1, using this equation operating is shifted to GMPP neighborhood

and in stage 2, conventional INC method is used to track and retain the GMPP.

(Koutroulis and Blaabjerg, 2012) have proposed a P − V curve scanning based

two-stage GMPPT technique. In this technique, the complete P −V curve is scanned

from maximum voltage to minimum voltage in stage one. During the scanning, at

each sampling interval, PV voltage and current is measured and stored in memory

to find the GMPP existing area. Further, in stage 2, conventional INC technique is

used to track and retain the GMPP.

A duty cycle sweep based P − V curve scanning two-stage GMPPT technique

proposed in (Lei et al., 2011). In this technique, duty cycle of the power electronic

interface between the PV array and load is varied from the range of 0 to 90%. Similar

to the method in (Koutroulis and Blaabjerg, 2012), at every duty cycle, PV voltage

and current is recorded to locate the GMPP. Further, conventional P&O technique

is used to rack the GMPP in stage 2. Therefore, this technique requires the scanning

of almost 80% of P − V curve, which worsen the tracking performance.

In (Bifaretti et al., 2012) have proposed a switched capacitor boost circuit for

tracing the I−V characteristics to identify the GMPP in stage 1. Further, a conven-

tional P&O technique is used in stage 2. The increased component count is the major
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limitation of this technique. These periodical P − V or I − V curve scanning tech-

niques have low implementation complexity, but they cannot converge to the GMPP

in all insolation conditions.

A P −V curve scanning based two-stage GMPPT algorithm is presented in (Patel

and Agarwal, 2008) based on two assumptions such as LMPPs in a P −V curve occur

at multiples of 80% of PV module Voc and power level of each LMPP increases as

travelling towards GMPP and decreases after the GMPP. The GMPPT algorithm in

(Patel and Agarwal, 2008) scans the P−V curve at multiples of 80% of Voc−module and

finds the neighbourhood of GMPP in stage 1 and the INC algorithm is implemented

in stage 2 to retain the GMPP. This algorithm works well in all PSCs, however, it

has slow tracking speed.

A two-stage GMPPT method in (Chen et al., 2014) detects the occurrence of PSC

and calculates the number of LMPPs in a P − V curve by measuring and comparing

the voltage level of each PV module in an array. Upon detecting the event of PSC, a

controller measures and compares the power level of each LMPP at 80% of Voc−module

to identify the location of the GMPP. This method effectively identifies the event of

PSCs, but requires a voltage sensor for each bypass diode in a PV string.

(Ghasemi et al., 2016) have proposed GMPPT technique in which a ramp duty

cycle is given to power electronic interface between load and PV source. Continuous

sampling of P −V curve has been done in stage 1 to find the GMPP neighbourhood.

In stage 2, P&O method is used to track and retain the GMPP. The sampling rate,

rate of ramp duty cycles and the size of input capacitor used in interface circuit

determine the tracking speed of the system. However, for the higher rate of ramp

duty cycles chances of missing the GMPP is more.

(Escobar et al., 2012) have proposed a variable voltage controlled P − V curve

scanning technique. This technique uses the HC method and a dP/dV sign change

to determine the power level of each LMPP and then finds the GMPP. This method

tracks the GMPP accurately but tracking time increases with increase in the PV

string voltage.

(Wang et al., 2016) have proposed two GMPPT techniques, the first of which

works similarly to the method in (Escobar et al., 2012) with a reduced voltage search

space. However, this method has a slow tracking speed, as a major portion of the

P − V curve has to be scanned. In the second method, a rapid GMPPT technique

is presented to improve the tracking speed. This method measures the bypass diode
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currents of each PV module and approximates the power level of each LMPP to

identify the GMPP. The implementation cost is the major drawback of this method.

A new MPPT approach that works under PSC is introduced by (Ji et al., 2011). In

this technique, the voltage values of every LMPP must be previously stored in the

controller memory. Therefore, this technique becomes system-dependent.

A Fibonacci sequence based P −V curve scanning method is proposed by (Ahmed

and Miyatake, 2008). This method works similar to conventional P&O, but the

only difference with respect to the conventional algorithms is Fibonacci sequence

determines the step size of perturbations. This method enhances the tracking speed.

However, this method fails to locate GMPP during some partial shading conditions.

A modified hill climbing (HC) method in (Ramyar et al., 2017) measures the PV

array current at multiples of 80% Voc−module to calculate the number of steps and their

length in a current-voltage (I −V ) curve to analyze the type of P −V curve pattern.

Further, using the HC method, all the identified LMPPs are tracked and their power

levels are compared to identify the GMPP. This method tracks the GMPP accurately

but scans a major portion of the P − V curve.

In (Nguyen and Low, 2010), dividing rectangles (DIRECT) algorithm based P −
V curve scanning is proposed in stage 1, a P&O technique is used in stage 2 to

retain the GMPP. Computational complexity and slow tracking speed are the major

disadvantages of this method. (Boztepe et al., 2014) have proposed restricted voltage

window search based GMPPT by selecting upper and lower limits to the search space

for the fast tracking of GMPP. However, this method fails to track GMPP if two local

peaks have the same power levels. The GMPPT method in (Furtado et al., 2018)

also restricts the scanning range of P −V curve using the maximum power trapezium

area concept. Further, in stage 2, conventional INC technique is used to track the

GMPP.

A power estimation based hybrid two-stage GMPPT algorithm is proposed by

(Manickam et al., 2016). This method combines the conventional P&O algorithm

and soft computing based PSO algorithm to track MPP during uniform insolation

conditions. In stage one, P&O technique is used to track the first LMPP and to

estimate the GMPP existing area. In stage two, PSO algorithm with reduced search

space is initiated to locate the GMPP. This method has slow tracking speed since

PSO is employed during PSC. A brief comparison of two-stage GMPPT techniques

is listed in Table 2.1.
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Table 2.1: Brief Working Principles of Different Two-stage GMPPT Techniques

# Reference Remarks

1 (Noguchi et al., 2002)
Identifies the GMPP by measuring the Isc,
requires additional circuit for measuring Isc

2 (Ji et al., 2011)
A linear equation is developed to identify the
GMPP vicinity, however chances of missing
the GMPP is more in some of PSCs

3
(Koutroulis and
Blaabjerg, 2012, Lei
et al., 2011)

Converges in all PSCs. But, tracking speed is
less, since it requires the scanning of almost
80% of P − V curve

4 (Bifaretti et al., 2012)
Component count is more, since a switched
capacitor I − V tracer circuit is employed to
locate the GMPP

5
(Patel and Agarwal,
2008)

Tracking speed is improved by scanning only
neighborhood of each LMPP

6 (Ghasemi et al., 2016)

A ramp duty cycle is given to trace the P−V
characteristics across the input capacitor of
interface circuit. No guarantee of conver-
gence in some PSCs

7 (Escobar et al., 2012)

Variable voltage control scanning technique
skips the some portion of P − V curve to
improve the tracking speed. Converges in all
PSCs with good tracking speed

8 (Wang et al., 2016)

A separate current sensor is included for
each series connected bypass diode to locate
GMPP. Tracking speed is good but the cost
of the system increased

9
(Ahmed and Miy-
atake, 2008)

Scans the P − V curve using Fibonacci se-
quence to locate the GMPP, however chances
of missing the GMPP is more in some PSCs

10 (Ramyar et al., 2017)
DIRECT algorithm is used for reduced scan
of P−V curve. Complex in computation and
tracking speed is low
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2.2.2.2 Soft Computing based GMPPT Techniques

As the P −V characteristics during non-uniform insolation exhibits multimodal char-

acteristics, soft computing based GMPPT techniques are very effective to track the

GMPP. These techniques use the evolutionary and nature inspired principles to solve

the global maxima problems. Firstly, evolutionary algorithms such as artificial neu-

ral networks (ANN) and fuzzy logic controllers (FLC) have been tested for MPPT

applications. In the recent years, research is mainly focused on nature inspired opti-

mization techniques to solve the MPPT problems.

ANNs are popularly used for solving the solutions for non-linear systems. Typ-

ically, in MPPT applications, three layer networks (i.e. input, hidden and output

layer) have been used. The input layer of the network consists of information related

to solar insolation or PV voltage/current and the output layer consists of duty cycle

or reference voltage for the MPP. The input signals are processed using the hidden

layer and then it will be transported to the output layer. The number of neurons used

can be selected randomly or an empirical formula can be used. Using the radial basis

function (Karatepe et al., 2009) have developed ANN technique for tracking GMPP.

In another attempt, (El-Helw et al., 2017) have combined the ANN with P&O to

enhance the tracking characteristics.

Similar to the ANN, FLC also works in three stages (i.e. fuzzifier, rule base and

defuzzifier), but it has advantage of convenient user interface and ease of implemen-

tation. In literature, mostly FLC is combined with the other technique like ANN,

genetic algorithm (GA) in MPPT applications (Tarek et al., 2013), (Bounechba et al.,

2014). Despite of having advantages like tracking GMPP in all PSCs, ANN requires

the separate sensors for measuring the solar insolation and PV module temperature,

whereas, FLC requires the prior knowledge of system.

To overcome the shortcomings of ANN and FLC, metaheuristic nature inspired

algorithm have been tested for the MPPT application. Particle swam optimization

(PSO) is the first successful and most popular technique among these nature inspired

algorithms. PSO is a population based optimization technique developed based on

the bird flocking. In PSO, each particle moves to the global best value based on the

success of neighbour particles and the success of its own.

The operation of PSO is shown in Fig. 2.4, where Xj
i is the ith particles current

position (i.e., in jth iteration), Vj is the velocity in current position, Vj+1 is the

velocity of ith particle in next iteration (i.e., (j + 1)th iteration) and Xj+1
i is the
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Figure 2.4: Vector representation of PSO Technique

position achieved in the next iteration. Each particle in the search space moves to

the global best position using the following equation (2.6),

Xi(j + 1) = Xi(j) + Vi(j + 1) (2.6)

The velocity of each particle is updated using equation (2.7),

Vi(j + 1) = WVi(j) + C1r1(Pbesti −X
j
i ) + C2r2(Gbesti −X

j
i ) (2.7)

where, C1, C2 are acceleration coefficients, r1 and r2 are the random numbers

∈ [0 1] and W is the inertia weights, Pbesti and Gbesti are the personal and global

best positions of the particles respectively.

(Miyatake et al., 2007) & (Liu et al., 2012) have implemented PSO technique to

track the GMPP in partially shaded PV systems for constant voltage DC bus applica-

tions. However, population initialization is tedious process in this technique. (Ishaque

et al., 2011) & (Ishaque and Salam, 2013) have proposed deterministic PSO, which

avoids the rand function in the velocity equation (2.7) of conventional PSO. This

technique uses minimum number of particles to track the GMPP. (Shi et al., 2015)

have proposed dormant PSO, which operates in two-stages (i.e., active and inactive

stages) to improve the tracking speed. (Li et al., 2019) have proposed overall distri-

bution particle swarm optimization (OD-PSO) technique. Wherein, OD technique is
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used to identify the GMPP vicinity and to reduce the search space for PSO to track

the GMPP. This technique improves the tracking speed.

In addition to these methods, (Seyedmahmoudian et al., 2015) have combined

differential evolutionary (DE) algorithm with PSO for MPPT application. To over-

come the limitations in PSO. (Tey et al., 2018) have developed improved differential

evolutionary (IDE) technique, unlike PSO, this technique requires the initialization

of only two parameters, and thereby it reduces the tracking time. Further, to reduce

the convergence time, (Kumar et al., 2017b) have fused Jaya optimization technique

with DE. Wherein, Jaya technique pushes away the worst positions in search space

and DE pulls the population towards the global maxima.

Artificial bee colony (ABC) is the metaheuristic optimization technique developed

based on foraging behavior of bee colonies. (soufyane Benyoucef et al., 2015) &

(Sundareswaran et al., 2015) have suitably modified conventional ABC algorithm for

GMPPT application. (Sundareswaran et al., 2015) have compared the performance

characteristics of ABC and PSO techniques for GMPPT application and found that

ABC has better performance and guarantees convergence in all PSCs. For the better

tracking characteristics and to track the GMPP in PSCs, (Fathy, 2015) have modified

the inertia weights of nectar positions in conventional ABC algorithm. Selection of

number of bees play a major role in this technique, if the number is less, the algorithm

might end up tracking a LMPP.

(Yang and He, 2013) have developed Fireflies optimization technique based on

the movement of fireflies with the intensity of light. (Sundareswaran et al., 2014b)

have implemented FA technique for partially shaded PV system and its performance

characteristics have been compared with PSO and P&O technique. Further, it is

reported that MPP tracking characteristics using FA is superior to the PSO and

P&O. However, FA technique still has a limitation of long computational time in

each iteration. Therefore, to counter react to this problem, (Teshome et al., 2017)

have modified FA technique with reduced number iterations.

(Sundareswaran et al., 2014a) have developed random search method (RSM) to

track the GMPP. RSM is a unique approach, which initializes the population ran-

domly in search area and starts the search process for global maxima. Authors have

tested RSM for different PSCs and the results show that RSM converges in all PSCs

with good tracking speed.

(Meng and Pan, 2016) have developed a unique evolutionary algorithm (i.e. Mon-
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key king evolutionary (MKE)) based on a Chinese mythological novel. In this tech-

nique, a monkey king transforms into various small monkeys and searches for the

global best position. (Kumar et al., 2017a) have implemented the MKE technique for

250Wp PV system. Similar to the MKE, based on the different states of human men-

tal conditions (i.e., self-motivation, inspiration, excitement and over-excitement), a

human psychology optimization (HPO) technique is proposed. (Kumar et al., 2017c)

have validated HPO technique for 250Wp PV system. Moreover, HPO uses only single

current sensor to track the GMPP.

(Mohanty et al., 2016) have used grey wolves optimization (GWO) technique

to track the GMPP during PSC; GWO works based on the hunting procedure and

leadership hierarchy of grey wolves. Although, GWO has the good tracking efficiency,

the tracking speed needs to be further improved. Similar to the other nature inspired

evolutionary algorithms, Ant colony optimization (ACO) (Jiang et al., 2013) and

flower pollination (FP) (Ram and Rajasekar, 2017) techniques are tested for MPPT

applications and from the results it is clear that these techniques converges in all

shading conditions. A brief comparison of some of the soft computing based GMPPT

techniques are listed in Table 2.2.

2.3 LI-ION BATTERY STATE OF HEALTH ES-

TIMATION TECHNIQUES

Li-Ion batteries have become popular choice over other rechargeable batteries due to

several advantages such as high specific energy, high terminal voltage and long life

cycle. However, these batteries have high cost and failure of which results in explosion,

power supply interruption and huge replacement cost. To prevent this, a battery

management system (BMS) should be employed to monitor and control the battery

operating conditions. However, most of the BMSs available today do not monitor the

health of the battery and they monitors only state of charge (SoC), charging voltage,

charge/discharge rates and battery operating temperature. Therefore, this section

mainly focuses on Li-Ion battery state of health (SoH) estimation techniques that are

available in literature.

The performance and aging of the battery will be influenced by various stress

factors such as overcharge, depth of discharge (DoD), operating temperature and
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Table 2.2: Brief Working Principles of Different Soft Computing GMPPT Techniques

# Reference Remarks

1 (El-Helw et al., 2017)
Combined ANN with P&O. Requires the
measurement of solar insolation and PV
module temperature

2 (Tarek et al., 2013)

Fuzzy logic is combined with ANN. Complex
in computation and Requires the measure-
ment of solar insolation and PV module tem-
perature

3
(Miyatake et al., 2007,
Liu et al., 2012)

Employed PSO for global maxima searching.
Initialization of population is tedious

4
(Ishaque et al., 2011,
Ishaque and Salam,
2013)

Employed deterministic PSO, which elimi-
nates random numbers from velocity equa-
tion to improve tracking speed.

5
(Manickam et al.,
2016)

Tracking speed is improved. Search space for
PSO is reduced by combining with and P&O

6
(Sundareswaran et al.,
2015)

Compared performance of ABC and PSO.
ABC is having better tracking efficiency and
speed

7 (Yang and He, 2013)
FA performs better than PSO and P&O, but
computational time is more

8
(Sundareswaran et al.,
2014a)

Random search technique is used, number of
iterations determines the tracking speed and
accuracy

9 (Kumar et al., 2017b)

Jaya optimization and DE techniques are
combined. During the searching Jaya tech-
nique eliminates the worst solution to im-
prove the tracking speed

10 (Kumar et al., 2017c)
GMPP is tracked using different mental
states of human mind. single sensor is used
for GMPP tracking

charge/discharge rates. However, understanding the aging mechanism of battery is

complex, as the aging of battery do not depend on single stress factor but number

of factors and their interactions causes the battery aging. As the battery ages, a

solid electrolyte interface (SEI) layer forms between the electrodes of the battery and
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it causes the increase in impedance of the battery and reduction in usable capacity.

Moreover, with the battery age loss of lithium takes place in th electrolyte (Vetter

et al., 2005).

Knowing the effect of these stress factors and knowing the health of the battery

in advance helps to enhance the cycle life of the battery and thus it prevents the

premature failure of the battery. SoH is the index that describes the health of the

battery and its performance compared with the new battery. However, it is not simple

to measure the SoH as it is not a direct measurement. In literature, two types of SoH

estimation methods are available such as,

• Destructive methods

• Non-destructive methods.

2.3.1 DESTRUCTIVE METHODS

Scanning transmission electron spectroscopy (STEM) (Zhou and Wang, 2007), X-ray

diffraction (Maher and Yazami, 2014) and Raman spectroscopy (Markervich et al.,

2005) are the destructive analysis SoH estimation methods. These techniques require

the disconnection of battery from existing setup and the possibility of battery damage

during the SoH estimation is more. Moreover, these techniques are not suitable for

the industry applications (Berecibar et al., 2016a).

2.3.2 NON-DESTRUCTIVE METHODS

Generally, these non-destructive analysis techniques are further classified into two

groups viz., experimental methods and adaptive battery model methods. The classi-

fication of SoH estimation techniques are shown in Fig.2.5.

2.3.2.1 Experiment based SoH Estimation Techniques

The aging of the battery brings about two major changes such as increase in impedance/DC

resistance of the battery and reduction in its charge with holding capacity. Exper-

iment based techniques continuously monitors the change in these parameters to

estimate the SoH.

Due to the fact that battery impedance increases with the age, (Kozlowski, 2003)

and (Bueschel et al., 2011) have performed electrolytic impedance spectroscopy (EIS)
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Figure 2.5: Classification chart of various SoH estimation techniques

analysis to measure the change in the impedance of the battery during its course of

usage. Department of energy U.S. (Christophersen et al., 2002) & (Abraham et al.,

2007) have analyzed the aging process of different chemistries of Li-Ion cells using the

EIS test. EIS is the most popular non-destructive analysis method, which measures

the response of electrochemical cell to an applied potential. This method requires the

supply of small amplitude of AC voltages at different frequencies. EIS is an offline

method which requires the disconnecting of battery from the existing system and

supply of AC voltage signals. Moreover, on board implementation is very complex

and costly. To overcome the problem of high cost and complexity, authors in (Escobar

et al., 2012) and (Bohlen, 2008) have used passive EIS test. This technique avoids

the supply of small amplitude AC signals for frequency analysis.

EIS test is not only used for SoH estimation using impedance growth values, most

of the electrical equivalent circuits of rechargeable batteries have been modeled using

EIS test results. These electrical models of battery later used in adaptive model based

SoH estimation techniques.

Equation to calculate SoH using impedance measurement is as follows,

SoH =
ZEoL − Zi

ZEoL − ZNew

× 100 [%] (2.8)

where, Zi is impedance of the battery at the ith cycle, ZNew is impedance of the

new battery and ZEoL is the impedance of the battery at the end of life.

Estimating the SoH by measuring the DC resistance of the battery is a simple

technique. Wherein, battery resistance is measured in every charge/discharge cycle
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to estimate the SoH. Equation to estimate SoH using DC resistance is as follows;

SoH =
REoL −Ri

REoL −RNew

× 100 [%] (2.9)

where, Ri is impedance of the battery at the ith cycle, RNew is impedance of the

new battery and REoL is the impedance of the battery at the end of life. Typically,

REoL will be around 1.6 times of RNew.

Therefore, To measure the DC resistance, variation in battery voltage is observed

for a short period of current pulse as given in equation (2.10). (Zhang et al., 1970)

have used 1C discharge pulse to measure the resistance. Authors in (Wei et al., 2009)

have also used measuring DC resistance growth to estimate the SoH of Li-ion battery

used in electric vehicle application. In another attempt, authors in (Remmlinger

et al., 2011) have used 3 different pulse currents of different time periods to measure

the DC resistance accurately.

R =
∆I

∆V
(2.10)

(Lam and Bauer, 2013) and (de Vries et al., 2015) have reported that with the

battery age, usable capacity (i.e., rated capacity) of the battery degrades. There are

two different capacity losses takes place as the battery gets aged. One capacity loss

is due to keeping the battery in idle condition over a longer period of time, this type

of loss is called as calendar loss. The second capacity loss results from several factors

such as operating temperatures, over charge, deep discharge, high charge/ discharge

rates, etc., this loss is also called as cycle loss. To estimate the SoH of a battery,

change in usable capacity is compared with the capacity of the battery when it was

new. SoH estimation using capacity fade can be calculated using equation (2.11),

SoH =
Qi

Q0

× 100 [%] (2.11)

where, Qi is the capacity of the battery at ith cycle and Q0 is the rated capacity

or usable capacity of the battery when it was new.

Coulomb counting (i.e. current integration) is the most popular technique to

measure the capacity Qi of the battery. Authors in (Ng et al., 2009) have adopted

coulomb counting technique for SoH estimation. In this technique, capacity of the

battery is measured in every discharge cycle of the battery. For measuring the Qi, this

37



method requires constant discharge current till the battery reaches to discharge cutoff

voltage (i.e. 100% depth of discharge). Whereas, in practical applications discharge

current varies over a time and also the depth of discharge (DoD) will not be 100%

every time.

Coulomb counting technique requires the huge memory to store the accumulative

capacity over a time. Moreover, a small error in current integration accumulates

over a time and leads to inaccurate SoH estimation. In literature, coulomb counting

technique is mostly used for SoC estimation.

In (Berecibar et al., 2016b), a unique SoH estimation of LFP cells have been

proposed. This method uses differential voltage (DV) curves for SoH estimation,

it is due to DV curves have ability to represent the degradation mechanism. This

technique idenifies the changes in the shape of differential voltage plateaus in capacity

vs. voltage curve. This technique has been experimentally validated on 18 different

LFP cells. Moreover, this technique does not require 100% discharge like coulomb

counting method.

Data fitting is the another type of experimental based SoH estimation technique,

which uses the large set of resistance/impedance growth or capacity degradation and

a characteristics map is formed from the data. Further, by comparing the real time

battery parameters in every charge/discharge cycles with the characteristic map SoH

can be obtained (Sarikurt et al., 2014) and (Goebel et al., 2008).

Authors in (Feng et al., 2013) have used probabilistic method to estimate the

capacity of the battery using the experimental data (i.e, capacity, impedance). This

technique works similar o the classical probability theory (i.e., probability of number

of times same voltage is measured by considering Ah-V characteristics of new and aged

battery). In (Saha et al., 2007) probabilistic method is combined with the electrical

model of battery to estimate the SoH. Similar to the probabilistic methods, (Saha

et al., 2009) have used Bayesian statistics method combined with the electrical model

of the battery.

Data fitting, probabilistic and statistical methods require the huge set of experi-

mental data of cells tested at different temperatures, different charge/discharge rates

and different depth of discharge conditions. Collecting the huge set of data at different

operating conditions is practically tedious.

38



Figure 2.6: Block diagram of SoH estimation using KF Technique

2.3.2.2 Adaptive Battery Model Methods

Battery parameters estimation methods using the equivalent circuit model have been

developed to determine health condition of the battery. There are different adaptive

methods to estimate SoH, all these methods use electrical equivalent model which is

build on battery aging parameters.

Kalman filter (KF) is very popular and old approach for estimating the state of

a dynamic system. Typically, KF technique is a set of mathematical equations that

consists of predictor and corrector type estimator. KF technique works in two-stages,

in stage one, predictor estimates the current output variable. Further, in stage two,

the estimated variable will get updated to achieve high estimation accuracy. The

major advantage of KF technique is that, it provides dynamic error boundary for

estimated values.

In (Remmlinger et al., 2013), an on line KF technique is developed, which uses

battery internal resistance growth model to estimate the SoH. The battery model used

in this technique considers only effect of temperature on battery age. However, in the

practical applications along with the temperature, DoD, charge/discharge rates also

shows considerable impact on battery aging. The block diagram of SoH estimation

using KF technique is shown in Fig. 2.6 and the flowchart of the KF operation is

shown in Fig. 2.7.

KF technique works better for linear systems, however battery exhibits non-linear

characteristics. Hence, to overcome this limitation, KF technique is appropriately
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Figure 2.7: Flowchart of KF Technique

modified to form extended kalman filter (EKF). EKF technique uses Taylor series

expansion to linearizes the model around an operating point. In (Plett, 2004) have

used EKF technique to estimate SoH, similarly authors in (Hu et al., 2012) have

developed multi scale frame work EKF technique, which estimates battery SoC and

capacity degradation. Unscented kalman filter (UKF) is also a modified version of KF

technique, which reduces the computation time (Zhang et al., 2009). All the kalman

filtering techniques involve huge matrix operation, and requires accurate model of bat-

tery aging mechanism. Therefore, the computational and implementation complexity

of these techniques are high.

For the better accuracy in estimation, (Schwunk et al., 2013) have used particle

filter (PF) technique, which works similar to the EKF technique, but PF technique

have advantages in parameter and state estimations of non-Gaussian or nonlinear

time-varying system. Particle filter shows more accuracy than EKF method in highly

nonlinear systems. However complexity in computation and time consumption are

the limitations of the particle method. Similar to the KF and PF techniques, (Kim,

2010) have developed sliding mode observer technique, which works along with the

battery aging model.

(Chen et al., 2013) have reported that battery diffusion capacitance has a corre-

lation with the SoH. Therefore, Genetic algorithm (GA) technique is adopted in this

study to identify the battery diffusion capacitance. Further, a equation is developed

to estimate the SoH using the identified diffusion capacitance value.

(Andre et al., 2013) have proposed Artificial Neural Networks (ANN) method to

estimate life of Li-ion battery. ANN uses battery model based parameter identification
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to estimate the life. Moreover, authors have compared the performance of ANN with

EKF technique. From the comparison results it is clear that, the implementation

complexity of ANN is less compared to EKF. However, computational effort and

memory requirement of ANN is less compared to EKF. Comparison of some of the

popularly used SoH techniques are listed in Table. 2.3.

Table 2.3: Brief Working Principles of Different SoH Estimation Techniques

# Reference Method Remarks

1
(Remmlinger
et al., 2011)

DC Resistance
Method

Current pulses are used to measure
resistance. Low efficiency since ef-
fect if impedance variations ignored

2 (Ng et al., 2009) Coulomb counting

Requires 100% DoD with constant
discharge rate, error in current mea-
surement effects the estimation effi-
ciency

3
(Berecibar et al.,
2016b)

DV curve compari-
son

Compares the changes in differential
voltage curve

4
(Feng et al.,
2013, Saha
et al., 2007)

Probabilistic
Works on the principle of probabil-
ity theorem, it requires huge set of
battery aging data

5
(Remmlinger
et al., 2013)

Kalman filter
Requires the accurate battery
model, for non-linear systems
estimation accuracy is poor

6
(Plett, 2004, Hu
et al., 2012)

Extended Kalman
filter

Improved version of KF technique,
requires battery model, highly com-
plex in computation

7
(Andre et al.,
2013)

ANN

Requires huge battery test data for
training, low computational com-
plexity than EKF and it requires ac-
curate battery aging model

2.4 SUMMARY

From the analysis of literature related to MPPT techniques it is observed that, the

conventional MPPT techniques like Focv and Fscc have low tracking accuracy, and the

other methods such as P&O, INC tracks the MPP with acceptable tracking efficiency

during uniform insolation on whole PV array, but these methods get trapped in
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the local peaks during non-uniform insolation conditions. Most of the two-stage

GMPPT techniques have good tracking speed, but fails to track the GMPP in some

of the PSCs. Moreover, these techniques have high steady state oscillations. Artificial

intelligence and nature inspired evolutionary algorithms accurately tracks the GMPP

in PSCs. Moreover, steady state oscillations are very less compared to two-stage

GMPPT techniques. However, the computational complexity and low tracking speed

are the major limitations.

Upon analyzing the literature related to battery SoH estimation it is observed

that, destructive analysis based SoH estimation methods are not suitable for prac-

tical applications. On the other hand, most of the non-destructive analysis based

SoH techniques are offline and they require accurate model of battery with aging pa-

rameters. Moreover, these techniques require huge set of EIS test reports for battery

parameter modeling. Some of the on-line non-destructive SoH techniques require the

battery to be discharged completely from fully charged state with a constant discharge

rate, however in practical systems 100% discharge of the battery is undesirable.

2.5 IDENTIFIED RESEARCH AREAS

Non-uniform insolation conditions on PV array makes the PV-Battery system inef-

fective. The proposed GMPPT techniques in literature uses minimum of two sensors

to track the GMPP and moreover they have poor tracking time and fails to track

the GMPP during some of the PSCs. Therefore, it is worth to extend the research

in developing the GMPPT technique with reduced number of sensors and with fast

convergence speed.

Upon analyzing the literature, it is observed that, BMS plays a major role in any

battery based systems. However, most of the BMSs available today in the literature

does not monitor the health of the battery. Very few health estimation techniques

have been discussed in the literature and mostly they are off-line techniques and they

require accurate modeling of battery being tested. Therefore, it is worth to investigate

the on-line techniques which works good in all practical load changing conditions.

From the telecom load characteristics, it is observed that, DC loads works at a

constant voltage of 48V. However,load current varies with the signal traffic strength.

Therefore, it is required to develop a voltage regulation method for the effective

operation of the complete system.
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2.6 RESEARCH OBJECTIVES

The proposed works aims to analyze, design, modeling and hardware implementation

of PV and battery based hybrid power supply system for powering DC Loads of

standalone telecom tower. After thorough literature survey of PV and energy storage

systems the following areas have been identified for the proposed research work. The

complete schematic of PV-Battery based power supply system with the proposed

research objectives is shown in Fig. 2.8.

1. Development and experimental verification of global maximum power point

tracking technique (GMPPT) in a PV and Battery powered BTS load applica-

tion with the following characteristics.

• Ability to detect the event of non-uniform insolation on PV array and to

track the GMPP with reduced number of sensors.

• Ability to track GMPP in all partial shading conditions with good tracking

efficiency and with faster convergence time

2. Development of an on-line battery management system (BMS) for the Li-Ion

battery used in PV-battery based power supply system with the following char-

acteristics.

• Development of BMS which monitors the battery parameters such as charg-

ing voltage, charging current and state of charge (SoC) during the battery

is in charging mode (i.e. charging from PV source). Also, the BMS should

able to estimate an accurate state of health (SoH) of a battery during

discharging mode.

• Experimental validation of proposed BMS using the laboratory prototype

developed.

3. Development of a voltage regulation method to maintain a constant output

voltage for the varying load conditions of DC-DC converter used for DC loads

of BTS.
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Figure 2.8: Schematic of PV-Battery power supply system
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Chapter 3

EFFECTIVE UTILIZATION OF

PHOTOVOLTAIC ARRAY

USING GMPPT TECHNIQUES
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3.1 GENERAL

In this chapter, for the effective utilization of PV array by tracking the GMPP in

PSCs with the reduced tracking speed and with the high tracking accuracy, two

GMPPT techniques have been proposed. The first method comes in the category of
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Figure 3.1: Block diagram of GMPP Tracking system

two-stage scanning based techniques and the second method is the combination of

soft computing GMPPT technique and conventional HC technique.

3.2 TWO-STAGE SCANNING BASED GMPPT

TECHNIQUE

The proposed two-stage GMPPT technique detects the incident of PSC and identifies

the type of the P − V curve to find the locality of GMPP in stage 1. In stage 2, a

conventional hill climbing (HC) algorithm is used to track and conserve the GMPP

during PSC. The detection of incident of PSC on PV array is explained as follows,

Generally, most of the two-stage GMPPT algorithms measure the PV power

(i.e, Ppv = Vpv × Ipv) in two successive perturbations to recognize the incident of

PSC and to track the GMPP. However, in applications like PV-Battery power supply

system (ref. Fig. 2.8 in chapter 2) requires two additional sensors (voltage and cur-

rent) at the DC link terminals. Therefore, the overall count and cost of the sensors

are increased in the system. Moreover, this increases the computational burden and

memory requirement.

To reduce the component count, the proposed technique measures the variations

in power electronic interface output current in two consecutive perturbations to iden-

tify the incident of PSC and to track the GMPP. Hence, one current sensor (refer

Fig.3.1) is adequate to sense the incident of PSC and to track GMPP. The idea behind

the selection of the single current sensor at the output terminal of power electronic

interface is as follows,
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During the steady state power balanced condition,

Ppv = VpvIpv =
VloadIload

η
(3.1)

Since, the boost DC-DC converter is used as power electronic interface, equation (3.1)

is rearranged as,

Ppv = VpvIpv =
VpvIload
η(1−D)

(3.2)

P ?
pv =

Iload
η(1−D)

(3.3)

P ?
pv = f (D, η, Iload) (3.4)

where, η is the efficiency of the DC-DC boost power converter, D is the duty cycle of

the boost DC-DC converter switch, P ?
pv is the objective function to be maximized.

From equations (3.3) and (3.4), maximizing the load current Iload of constant load

applications, by varying the duty cycle (D) results in the maximizing the power from

PV source. Since, the proposed PV-Battery system (refer Fig.2.8) also maintains the

constant DC link voltage, a single current sensor is used in this work to track the

GMPP. Moreover, from equations (3.3) and (3.4) it is clear that, the DC link current

vs. duty cycle characteristics of the power electronic interface replicates the P − V
characteristics of the PV array during PSC which is shown in Fig. 3.2. Therefore,

the proposed GMPPT technique scans the Idc link vs. D curve instead of P −V curve

to locate the GMPP neighborhood.

The complete flowchart of the proposed two-stage GMPPT technique is shown

in Fig. 3.3. PSC routine in Fig. 3.3 shows the algorithm to identify the event

of PSC. Considering that a PV array is operating at the MPP with an uniform

insolation on whole PV array, due to passage of the clouds, PV modules receives non-

uniform insolation. Consequently, the DC link current Idc link reduces. Therefore, the

controller (block 3) measures the change in the current (i.e. ∆Idc link) in two successive

perturbations. During PSC, the value of ∆Idc link will be more than predefined critical

value and the controller initiates the global peak (GP) tracking routine (block 6), if

the value of ∆Idc link is more than critical value in block 4. As reported in (Patel

and Agarwal, 2008), that the maximum insolation variation on PV module in 1s

time interval is less than 27W/m2. Therefore, a 5% change in the battery current

is observed for more than 27W/m2 insolation change and this value is considered
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Figure 3.2: P − V characteristics of PV array and its corresponding Idc link-D character-
istics

as critical value (IC) in block 8. During some non-uniform insolation conditions,

due to fractional variation in insolation on PV modules, the change in Idc link is

not sufficient to determine the occurrence of PSC. In such cases, GMPP tracking

algorithm cannot track the actual GMPP. To avoid this problem, a 15mins delay

timer (block 5) is incorporated to the controller. This initiates the scanning of Idc link

vs. D characteristics periodically.

GP routine in the flowchart scans the Idc link vs. D characteristics of the boost

converter at selective duty cycles to identify the shading pattern and to detect the

GMPP neighborhood. Further, controller (block 8) calculates the duty cycle corre-

sponding to 80% of Voc of a single PV module from the leftmost peak in the Idc link

vs. D characteristics using the equation 3.5,

D(i) =

(
1− 0.8 (N − i+ 1)Voc module

Vdc link

)
× 100% (3.5)

where, Voc module is an open circuit voltage of a single PV module, i = 1, 2, N (N is

number bypass diodes in series) and Vdc link is the DC link voltage or output voltage

of the power electronic interface.

For every duty cycle perturbation during the scanning of Idc link vs. D curve, the

DC link current (Idc link) will have the oscillations due to switching and converter non-

idealities. The measurement of Idc link before it get settles to a steady state affects

the GMPP tracking accuracy. To overcome this, a delay timer (block 9) with time

period equal to a boost converter settling time is incorporated to the controller. If the
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Figure 3.3: Flowchart of the proposed two-stage GMPPT technique
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Figure 3.4: P − V characteristics used for validating the proposed GMPPT technique

status of the delay timer is true, then the controller measures the Idc link and stores

the measured current as I(1) and its corresponding duty cycle as D(1). Tracking

of GMPP for the P − V curves under different PSCs shown in Fig. 3.4 have been

explained for three cases. In case 1, tracking of GMPP for shading pattern 1 & 2

(i.e. first peak of P − V curve is GP) is explained. In case 2, tracking of GMPP for

shading pattern 4 & 5 (i.e. second peak of P −V curve is GP) is explained. In case 3,

tracking of GMPP for shading patterns 3 and 6 (i.e. GP is not from first two peaks

of P − V curve) is explained.

Case 1:

The proposed algorithm checks for the number of iterations (i) in block 11, if the

value of ’i’ is less than two, the algorithm redirects to block 8 to calculate the next

duty cycle D(2). After applying D(2) to the power electronic interface, the above

explained process continues from block 8 to 10. Furthermore, the controller (block

15) compares the measured currents at the D(1) and D(2) to identify the type of

shading pattern and to find the GMPP neighborhood. If the measured current I(1)

is greater than I(2) then the first peak in the rightmost region of the P − V curve

will be the GP as shown in Fig. 3.4 (i.e. shading pattern 1 & 2). Hence, the duty

cycle corresponds to I(1) will be in the vicinity of GMPP. Therefore, controller stops

the scanning procedure and initiates the single sensor hill climbing (SSHC) routine

to track and retain GMPP.
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SSHC algorithm works on the principle of maximizing the load current of constant

voltage load applications (i.e. gradient ascent method). Therefore, SSHC routine

compares the measured value of battery current in two successive steps (I(k) & I(k−
1)) in block 24. If the value of I(k) is more than I(k − 1), controller increments

the duty cycle to shift the operating point towards GMPP in block 25. However,

controller decrements the duty cycle if I(k) is less than I(k − 1) in block 26. In this

case, the convergence speed of the algorithm is more since very less portion of Idc link

vs. D curve is scanned.

Case 2:

If the measured currents I(1) is less than I(2) in block 15, the first peak of the

P − V curve cannot be the GMPP. Therefore, controller checks for the possibility of

second peak of P − V curve to be global peak, hence the controller increments the

iteration count (block 18) and redirects to block 8 to calculate the next duty cycle

D(3). After applying the D(3) to the boost converter, the process continues up to

the measurement of I(3). Subsequently, controller (block 16) compares the measured

currents I(1), I(2) and I(3) to analyze the type of P − V curve shading pattern and

to locate the GMPP neighborhood. If the value of I(2) is greater than I(1) and I(3)

the global peak exist between two local peaks similar to shading pattern 4 & 5 in

Fig. 3.4. Therefore, duty cycle corresponds to I(2) i.e. D(2) will be in the vicinity of

GMPP. Hence, the controller (block 19) sets the D(2) as a duty cycle to the power

electronic interface and stops the scanning procedure. Similar to the case 1, block 21

calls SSHC routine to track and retain the GMPP.

Case 3:

If the value of I(2) is not greater than I(1) and I(3), then the global peak cannot

exist in the first two peaks from the right side of P − V curve, hence GMPP exist

anywhere in the left side region of P − V curve similar to shading patterns 3 & 6

shown in Fig. 3.4. Therefore, the controller needs to scan complete Idc link vs. D

characteristics at every 0.8Voc module to find the GMPP existing area. After scanning

complete Idc link vs. D, the controller (block 20) sets the duty cycle corresponding

to maximum current of I(i) and block 21 calls the SSHC routine to track and retain

the GMPP. During most of the practical non-uniform insolation conditions, the dif-

ferences in insolation levels on PV modules are very less. As a result, GMPP exists

in the rightmost corner of P − V characteristics (Manickam et al., 2016). Therefore,

measuring the Idc link at three places finds the GMPP neighborhood in most of the
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practical cases.

In this study, a PV array composing of four PV modules connected in series is

taken as example for simulation and experimentation. However, proposed algorithm

in Fig. 3.3 is given for a generalized n number of PV modules in a PV array. The

convergence speed of proposed algorithm reduces with increase in number of PV

modules during shading patterns 3 and 6.

3.2.1 RESULTS AND DISCUSSION

A single diode model of a PV array (four series and one parallel (4s1p) configu-

ration), the boost converter and the proposed GMPPT controller are modeled in

MATLAB/Simulink platform. The parameters used for the PV array and boost con-

verter model are given in Table 3.1. In this section, simulation and hardware results

of the proposed algorithm are presented for 1000Wp PV system. For the better un-

derstanding of the proposed algorithm, the above explained three cases i.e. tracking

of GMPP during three types of shading patterns are simulated and shown in Figs.

3.5-3.7.

For testing the proposed GMPPT technique, a battery is connected at the output

terminal of the boost converter. This configuration works similar to the PV-Battery

power supply system as shown in Fig. 2.8, since the battery voltage will have less than

10% variations, hence it is assumed to be constant as DC link voltage. Therefore,

while testing the proposed GMPPT technique, battery charging current is termed as

DC link current (i.e., Idc link) and battery voltage is termed as DC link voltage (i.e.,

Vdc link).

Two shading patterns i.e., pattern 1 (i.e., 1000W/m2, 1000W/m2, 1000W/m2 and

800W/m2) and pattern 2 (i.e., 1000W/m2, 900W/m2, 800W/m2 and 700W/m2) have

been applied to the PV array. The duration of pattern 1 on PV array is 1.5s and

pattern 2 is 1s as shown in Fig. 3.5(a). Fig. 3.5(b) shows the PV power and Idc link

characteristics during the tracking of GMPP for patterns 1 & 2. In Fig 3.5(b), the

controller started the scanning of Idc link - D curve at 0.07s. Further, the controller

measured the Idc link at two duty cycles. Since the value of Idc link at D(1) is more

than Idc link at D(2), and from the analysis of P −V characteristics (i.e., case 1), it is

clear that GP exists in the rightmost corner of a P − V curve. Hence, the controller

stops the scanning and initiates the HC algorithm around the D(1) to track and retain
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the GMPP.

The tracking efficiency and tracking speed of the proposed algorithm for this case

are found to be 98.16% and 0.14s respectively. Furthermore, after a 1.5s pattern of

P − V curve has been changed, consequently, Idc link has been varied more than 5%.

Therefore, controller restarted the scanning of Idc link D curve and tracked the GMPP

successfully.

Shading patterns 3 (i.e., 1000W/m2, 600W/m2, 200W/m2 and 100W/m2 ) and 4

(i.e., 1000W/m2, 900W/m2, 720W/m2 and 400W/m2) have been applied to PV array

as shown in Fig. 3.6(a). PV power tracking characteristics for these patterns are

shown in Fig. 3.6(b). Firstly, pattern 4 has been applied for the duration of 1.5s,

during this period controller scanned the Idc link - D characteristics. The value of

Idc link at D(1) is found to be less than Idc link at D(2), then the controller calculated

the next duty cycle (i.e., D(3)). Since, the value of current at D(2) is more than

D(1) and D(3), then the second peak in the P − V curve is the global peak (i.e.

shading pattern 3). The proposed technique tracked the maximum power of 426W

with the tracking efficiency of 97.93%. The tracking time for this case is 0.26s, which

is slightly more compared to the previous case. Further, after 1.5s, the pattern 3 has

been applied, the controller scanned the Idc link D curve at 4 duty cycles since the GP

is not from the first two peaks of P − V curve from rightmost region. In this case

the proposed technique tracked the maximum power of 233.5W with the efficiency of

98.10% in the duration of 0.375s.

Table 3.1: Parameters Used for PV Array and Boost Converter Modeling

Parameter Value

No. of bypass diodes 4

Voc and Isc of a PV module 50V & 4A

Inductor (L) and Capacitor (C) value in boost
converter

560µH & 940µF

Switching frequency 40kH

Rated capacity and voltage of the battery 10Ah & 240V

Similar to the above two cases, pattern 2 & 6 have been applied as shown in Fig.

3.7(a). PV power tracking characteristics for these patterns are shown in Fig. 3.7(b).
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(a)

(b)

Figure 3.5: (a) P − V characteristics (patterns 1 & 2) of PV array (b) GMPP tracking
characteristics of PV power for the patterns 1 & 2
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(a)

(b)

Figure 3.6: (a) P − V characteristics (patterns 3 & 4) of PV array (b) GMPP tracking
characteristics of PV power for the patterns 3 & 4
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Firstly, pattern 2 has been applied for the duration of 1.5s, since the value of Idc link

at D(1) is greater than at D(2), the controller instigated the SSHC routine around

the D(1). In this case the proposed technique successfully tracked the maximum

power of 457W. Further, after 1.5s, the shading pattern is changed to pattern 6, in

this case the value of Idc link at D(3) is more than D(1) and D(2). Therefore, GMPP

does not exist in the first two peaks from the right side of P − V curve. Hence, the

controller has to scan the entire Idc link-D curve to locate the GMPP existing area.

After the completion of scanning procedure, the value of current at D(4) is found to be

maximum among all. Therefore, the controller operated the SSHC algorithm around

D(4). The tracking time in this case is more since, it requires complete scanning of

Idc link-D characteristics. Further, if the number of PV modules is increased in PV

array and global peak is not from the first two peaks of P − V curves (i.e. shading

patterns 3 & 6 in Fig. 3.4) then the controller has to completely scan the Idc link-D

curve. Hence, the tracking speed of the proposed technique degrades. During the

practical cases of PSC, global peak mostly exist in the rightmost region of P − V

characteristics. Therefore, in most of practical cases tracking speed of the proposed

technique is very high.

The performance of the proposed method is validated using a experimental proto-

type; and the description of the prototype is explained in section 6.3. The experimen-

tal performance of the proposed algorithm is investigated for three different patterns

and the results are shown in Figs. 3.8-3.11. Figs. 3.12 shows the steady state GMPP

performance details for 3 different shading conditions on PV array.

In Fig. 3.8, initially shading pattern 1 with the insolation levels of 1000W/m2,

900W/m2, 800W/m2 and 800W/m2 has been applied to PV array. The proposed

algorithm measures the Idc link at two different operating points (i.e. D(1) & D(2))

with the time delay of 2s. The motive behind the measurement of Idc link after 2s is

to ensure the power converter to reach the steady state for a large change in duty

cycle while scanning the Idc link-D characteristics. Since, the maximum settling time

of the converter for the step change of 0.3 (duty cycle) has been used in the present

study. As the value of Idc link at first operating point (i.e. D(1)) is greater than

second, the global peak exists in the neighborhood of D(1) (i.e. first peak from

the right side). Therefore, the controller initiates the SSHC algorithm with D(1)

as a initial operating point. During the SSHC execution a delay time of 20ms is

used between two successive perturbations. Under this shading pattern the proposed
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(a)

(b)

Figure 3.7: (a) P − V characteristics (patterns 5 & 6) of PV array (b) GMPP tracking
characteristics of PV power for the patterns 5 & 6
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Figure 3.8: Vpv,Ipv ,Ppv and Idc link characteristics while the tracking the GMPP for
pattern 1 shown in Fig. 3.12(a)

algorithm extracted 622.2W of PV power in 4s with the efficiency of 99.89%. In

Fig. 3.8, at point A, the insolation levels on modules has been changed to 900W/m2,

800W/m2, 700W/m2 and 600W/m2. The proposed GMPPT algorithm detects the

change in Idc link, which is more than 5% and re-initiated the scanning procedure to

track GMPP.

Fig. 3.9 shows Vpv, Ipv, Ppv and Idc link characteristics of proposed algorithm for

the insolation levels of 1000W/m2, 900W/m2, 720W/m2 and 400W/m2 (i.e. shading

pattern 4). In this case Idc link at D(2) is more than at D(1) and D(3). Therefore,

second peak of the P − V curve from right side will be the global peak. Hence, the

SSHC algorithms operates around D(2) and tracks the maximum power of 505W with

the efficiency of 99.58% in 4.5s. Further, after a delay of 15s, the insolation on PV

modules has been changed to 1000W/m2, 900W/m2, 780W/m2 and 450W/m2. The

proposed GMPPT algorithm has detected a change in insolation and re-initiated the

scanning procedure to track GMPP.

In Fig. 3.10(a), insolation levels of 1000W/m2, 400W/m2, 200W/m2 and 100W/m2

has been applied to PV system and the controller scans the complete Idc link-D charac-

teristics at 4 places as the GMPP is not found from first two peaks of the P −V curve

from right side. The proposed controller tracks the maximum power of 204W with

the efficiency of 99.52% in 5.8s. The time required to track the GMPP in this case is

more due to requirement of scanning at more number of places. Fig. 3.10(b) shows

the DC link voltage, boost converter parameters such as inductor current, voltage
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Figure 3.9: Vpv,Ipv ,Ppv and Idc link characteristics while the tracking the GMPP for
pattern 4 (i.e., pattern 2 shown in Fig. 3.12(b))

across the switch and duty cycle variation during the tracking of GMPP.

The proposed technique is also tested at reduced power levels (i.e., Voc=100V and

Isc=3A), the GMPP tracking characteristics for the 3 different shading patterns are

given in Fig. 3.11. From the simulation and experimental results it is observed that,

the tracking speed varies with the P−V curve pattern and number of series connected

bypass diodes. However, tracking accuracy will be almost same in all PSCs.

3.3 SOFT COMPUTING AND HC ALGORITHM

BASED HYBRID GMPPT TECHNIQUE

From the literature it is observed that, soft computing based GMPPT techniques

accurately find the GMPP location during all PSCs but have a slow convergence

speed and they have high implementation complexity. Therefore, to overcome these

limitations, a hybrid GMPPT technique is proposed which combines the artificial

bee colony (ABC) optimization technique and HC algorithm to improve the tracking

speed and accuracy. The reason behind selecting the ABC optimization technique is,

simple in computation when compared to other soft computing based techniques.

The complete flowchart of the proposed hybrid GMPPT technique is shown in Fig.

3.13. The main routine in Fig. 3.13 detects the event of PSC similar to the two-stage

GMPPT technique presented in Section (3.2). Upon detecting the PSC, the proposed
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(a)

(b)

Figure 3.10: (a) GMPP tracking characteristics (b) DC link voltage and boost converter
parameters of proposed algorithm for pattern 3 shown in Fig. 3.12(c)
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(a) (b)

(c)

Figure 3.11: GMPP Tracking characteristics of 300Wp system (a) Pattern 1 (b) Pattern
2 (c) Pattern 3
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(a) (b)

(c)

Figure 3.12: Steady sate GMPP Tracking characteristics of proposed technique for (a)
Pattern 1 (b) Pattern 2 (c) Pattern 3

62



technique initiates the GP tracking routine. The GP tracking routine initially scans

the Idc link-D characteristics using the equation (3.5). Due to the power electronic

interface non-idealities, Idc link reaches to a steady state value by subsequent delay

for respective duty cycle perturbation. Sampling the Idc link during this time affects

the tracking accuracy. To overcome this, the controller is incorporated with a delay

timer of time period equivalent to the boost converter settling time. If the status of

the delay timer is true, then the controller measures the Idc link and stores it as I(1),

and the duty cycle corresponding to I(1) is saved as D(1).

In this hybrid GMPPT technique, the practical shading patterns shown in Fig.

3.4, have been categorized as case 1 and 2. In case 1, the rightmost peak of the P −V
curve is the GP (i.e., pattern 1 & 2). In case 2, the GMPP is not the rightmost

peak of the P − V curve (i.e., patterns 3, 4, 5, and 6). Tracking of GMPP using the

proposed hybrid GMPPT technique is explained for the above two cases.

Case 1:

Similar to the two-stage GMPPT technique explained in the Section (3.2), the

proposed hybrid GMPPT technique also scans the Idc link-D at two duty cycles (i.e.,

D(1) and D(2)) and compares the measured currents I(1) and I(2) to recognize

the type of shading pattern and thus to locate the GMPP neighborhood. From the

P −V characteristics analysis, if the measured current I(1) is greater than I(2), then

the rightmost peak of the P − V curve will be the GP as shown in Fig. 3.4 (i.e.

shading pattern 1 & 2). Therefore, the duty cycle D(1) will be in the neighborhood

of the GMPP, thus the controller stops the scanning procedure and initiates the SSHC

routine to track and retain the GMPP.

Case 2:

If the first peak in the rightmost region of P − V curve is not the GP (i.e., I(1)

is less than I(2)), then the controller initiates the ABC algorithm to search for the

GMPP. The ABC algorithm is a swarm based meta-heuristic algorithm developed by

(Karaboga and Akay, 2009) based on the behavior of bee colonies searching for the

food. The ABC algorithm uses artificial bees, categorized into three types; employed

bees, onlooker bees, and scout bees. Wherein, there will be a single scout bee and the

remaining bees are equally divided into employed and onlooker bees. The responsibil-

ities of employed bees are to search for food sources and to pass the food information

to the onlooker bees waiting at the hive. If the search process stagnates, a scout bee

becomes employed bees and restarts the search process.
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Employed bees go to the known nectar sources and search for new nectar sources

in the neighborhood. If the new nectar is richer than the previous, the bee updates

its position with the new nectar source. The onlooker bee selects the richest nectar

found by the employed bees for further foraging. In the proposed algorithm, duty

cycle D of the boost DC-DC power converter is termed as the position of the food

source. Maximizing the Idc link results in extracting the maximum power from the

PV source, therefore output current of boost converter (i.e., Idc link) is termed as

amount of nectar and maximizing the Idc link current will be the objective function

(P ?
pv in equation (3.4) The ABC routine starts by initializing the number of employed

bees and their initial food position (i.e., initial duty cycles) in block 18, as follows

(Sundareswaran et al., 2015):

Dx = Dmin +
(x− 1)(Dmax −Dmin)

L− 1
(3.6)

where L is the number of employed bees, x = 1, 2, 3...L, and (Dmax − Dmin)

constitutes the GMPP search space.

Since, the GP is not from the first peak, the search space for the ABC will be D(2)

to Dmax. After finding the nectar amount at the initial positions, the employed bees

update their position (block 21) within their surrounding area using the following

equation:

Dx(k + 1) = Dx(k) + φ (Dx(k)−Dx(j)) (3.7)

where k represents the iteration number, j is the random index ∈ {1, 2, ...L/2},
and φ is the random number [0-1] which directs the new position towards the GMPP.

The onlooker bees update their position (in block 20) to the neighborhood of the

best nectar explored by the employed bees, as follows:

Dx(k + 1) = Dbest(k) + φ (Dmax −Dmin) (3.8)

where Dbest is the position with richest nectar amount.

After reaching the predefined iteration count, and if there is no further increment

in Idc link, the GMPP search terminates and the duty cycle corresponding to maximum

Idc link will be applied to the power electronic interface. If the search process stagnates

after the predefined iteration count, the algorithm restarts the search process by

initializing employed bees and iteration count (i.e. scout bee phase).
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In a practical scenario, during some PSCs the change in output current of power

electronic interface (∆Idc link) can be less than the decisive value, and thus the ABC

algorithm cannot track the new MPP if the insolation on the PV modules changes.

To overcome this, a 15min timer (block 6) is incorporated to the controller which

runs the GP routine periodically; although the 15min timer is not incorporated in

cases such as of shading pattern 1 & 2 or uniform insolation, as the SSHC algorithm

can respond to the variations in insolation changes. In the proposed hybrid GMPPT

technique, during scanning of the Idc link-D curve, the Idc link will have a smaller

amount of variations for each duty cycle perturbation. Therefore, an accurate and

sensitive current measurement unit is necessary for effective GMPP tracking.

3.3.1 RESULTS AND DISCUSSION

The same experimental setup and same shading patterns used for two-stage GMPPT

technique in Section (3.2) is used for validating the hybrid GMPPT Technique. The

tracking characteristics for pattern 1 & 2 using hybrid GMPPT technique is not

shown here, since the hybrid GMPPT method works similar to the two-stage GMPPT

technique.

Shading patterns 3 & 4 have been applied to the PV array as shown in Fig. 3.14(a).

Firstly pattern 3 has been applied for the duration of 3s. Further, during the scanning

of Idc link-D curve, the value of Idc link at D(1) is found to be lesser than Idc link at

D(2). Hence, the controller instigates the ABC algorithm to track the GMPP. The

search space for the ABC is defined as D(2) to Dmax (i.e. 0.9), and six employed

bees are initiated using (3.6). After six iterations of ABC searching process, the

controller measured Idc link value at around 25 duty cycles in the search space of D=

0.5 to 0.9. Scanning only 40% of Idc link-D curve at around 25 duty cycle can find the

GMPP location efficiently. Hence, the termination criterion for the proposed method

is set to 6 fixed iterations. Therefore, the proposed hybrid GMPPT controller has

tracked the maximum power of 248W with the efficiency of 99.13% after 6 iterations

and the tracking speed of the algorithm is found to be 1.35s. After 3s, the pattern of

P−V curve has been changed and the proposed GMPPT controller initiated the ABC

algorithm since the GP is not from the rightmost region of the P − V curve and the

GMPP is tracked successfully with the tracking efficiency of 99%. The characteristics

of PV power during the tracking of GMPP are shown in Fig. 3.14(b).
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Figure 3.13: Flowchart of the proposed ABC and HC based Hybrid GMPPT Technique
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(a)

(b)

Figure 3.14: (a) P − V characteristics (patterns 3& 4) of PV array (b) GMPP tracking
characteristics of PV power for the patterns 3 & 4
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Shading patterns 5 & 6 shown in Fig. 3.15(a) have been applied to the PV system

and the proposed GMPPT controller instigated the ABC routine since the GP is not

in the rightmost corner of the P − V curve. The ABC routine has efficiently tracked

the GMPP with 97.57% tracking accuracy. Similar to the previous case, the pattern

of P − V curve has been changed after 3s, and the proposed algorithm detected the

change in Idc link and restarted the GP routine and successfully tracked the GMPP.

The convergence speed of the proposed technique for patterns 3, 4, 5 & 6 is less when

compared to patterns 1 & 2. The characteristics of PV power during the tracking of

GMPP are shown in Fig. 3.15(b).

In case of most of the practical mismatch conditions on PV array, the difference

in irradiation levels on modules in an array is very less. Consequently, GP occurs

in the rightmost region of the P − V curve. Therefore, the tracking speed of the

proposed technique is very fast as less section of a P − V curve is scanned in most

cases. Moreover, the proposed method can efficiently track the GMPP in all mismatch

insolation conditions.

Experimental results of tracking the GMPP for the insolation levels 1000W/m2,

400W/m2, 200W/m2 and 100W/m2 have been shown in Fig. 3.16. The proposed

GMPPT controller has initiated the ABC algorithm as the GP is not in right most

corner of P − V curve. The maximum power of 204.1W was tracked in 14s with a

tracking efficiency of 99.52%. A delay timer with 10s is incorporated to restart the

GP routine. In Fig. 3.16, when the GP routine was initially restarted, the insolation

on the PV modules had not changed; therefore, unwanted power loss occurred during

the ABC searching process. When the GP routine restarted on the second occasion,

the insolation level on module 2 had been increased to 450W/m2 and the proposed

algorithm successfully tracked the GMPP. Fig. 3.17 shows the boost DC-DC converter

duty cycle variation (D), PV current (Ipv), boost converter switch voltage (Vsw), and

DC link voltage (Vdc link) characteristics during the tracking of GMPP for the shading

patterns 3 and 2 shown in Fig. 3.12. From Fig. 3.17 it is clear that the proposed

hybrid GMPPT technique tracks the maximum power of 204.1W and 510.6W, with

tracking efficiencies of 99.52% and 99.87% for shading patterns 3 and 2 respectively.

Fig. 3.18 shows the performance characteristics of proposed GMPPT technique during

the tracking of only shading pattern 2.

For the proposed hybrid GMPPT technique and Idc link vs. D curve scanning

based two-stage GMPPT technique, effect of PV panel temperature on the tracking
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(a)

(b)

Figure 3.15: (a) P − V characteristics (patterns 5 & 6) of PV array (b) GMPP tracking
characteristics of PV power for the patterns 5 & 6
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Figure 3.16: Vpv, Ipv, Ppv, and Idc link characteristics during the tracking of GMPP for
pattern 3 shown in Fig. 3.12

Figure 3.17: DC link voltage and boost converter parameters during the tracking of
GMPP for shading patterns 2 and 3 shown in Fig. 3.12

70



Figure 3.18: GMPP tracking characteristics for pattern 2 shown in Fig. 3.12

performance is not considered. Since, from the thermal analysis of PV panels in

(Armstrong and Hurley, 2010), temperature of a PV module takes 10-15min to reach

a steady state temperature for a large step change in insolation (i.e. 600W/m2).

However, the tracking time of the proposed GMPP algorithm is within few seconds

and during this time change in Voc module due to the effect of temperature is very

less. The proposed hybrid GMPPT technique and two-stage GMPPT technique is

compared with the other GMPPT techniques in literature, the comparison details are

discussed in the next section.

3.4 COMPARISON OF PROPOSED GMPPT TECH-

NIQUES WITH OTHER GMPPT TECHNIQUES

IN LITERATURE

The proposed hybrid GMPPT technique and two-stage GMPPT technique is com-

pared with the HC based variable voltage controlled two-stage GMPPT technique

proposed in (Wang et al., 2016) and the conventional ABC algorithm with large

search space was introduced in (Sundareswaran et al., 2015). Fig. 3.19 shows the

PV power characteristics during the tracking of GMPP for the three shading pat-

terns (i.e., Patterns 1, 4 & 6) using the GMPPT technique proposed in (Wang et al.,

2016). To scan the voltage range (from 30V to 180V), this GMPPT technique re-
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quired around 0.36s. Moreover, the tracking time of this method further increases

with the increase in the voltage range of the PV string.

Fig. 3.20 shows the PV power characteristics while tracking the GMPP for three

shading patterns using the conventional ABC technique (Sundareswaran et al., 2015).

The search space defined for conventional ABC algorithm is more (i.e., D = 0.2 to

0.9) and the number of employed bees used are eight, which is more than the pro-

posed method. The tracking speed of this method is found to be 1.6s. Moreover, the

methods in (Wang et al., 2016) & (Sundareswaran et al., 2015) require two measure-

ments units to track the GMPP, which increases the cost of the system. Further, the

comparison details of these methods in terms of tracking accuracy, tracking speed

and the number of sensors used are tabulated in Table. 3.2.

From the comparison it is observed that, the proposed Idc link vs. D curve scanning

based two-stage GMPPT technique performs superior to the HC based variable volt-

age controlled two-stage GMPPT technique in terms of tracking speed and tracking

accuracy. In a similar way, proposed HC and ABC based hybrid GMPPT technique

reduces the search space for the ABC algorithm and reduces the tracking time.

3.5 SUMMARY

To track the GMPP with acceptable tracking speed and accuracy, two GMPPT algo-

rithms are developed in this work. The first GMPPT technique is from the scanning

based two-stage GMPPT techniques, which efficiently scans the Idc link vs. D cycle

characteristics of power electronic interface at selective duty cycles in stage 1 to locate

the GMPP neighborhood area, in stage-2 hill climbing algorithm is implemented to

track and retain the GMPP. Moreover, this technique identifies the type of shading

pattern on PV array by measuring the Idc link at selective duty cycles to improve the

convergence speed. The minimum tracking time of proposed algorithm for 4s1p PV

array configuration is found to be 4s.

The second proposed GMPPT technique combines the ABC and HC techniques

for the effective utilization of PV system under non-uniform insolation conditions.This

technique uses the HC algorithm during uniform insolation conditions and to detect

the occurrence of PSC. An effective and fast scanning of Idc link vs. D characteristics is

carried out to identify the type of shading pattern of the P−V curve, and thus operate

the ABC or SSHC algorithm. The proposed hybrid GMPPT technique reduces the
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(a) (b)

(c)

Figure 3.19: PV power characteristics using the method in (Wang et al., 2016) during
non-uniform insolation (a) Pattern 1 (b) Pattern 4 (c) Pattern 6
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(a) (b)

(c)

Figure 3.20: PV power characteristics using the method in (Sundareswaran et al., 2015)
during non-uniform insolation (a) Pattern 1 (b) Pattern 4 (c) Pattern 6
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Table 3.2: Comparison of Proposed GMPPT Techniques with the Other Methods in
Literature

Method
Tracking
Time
(s)

Tracked
Power
(W)

Max.
Power
(W)

Tracking
Efficiency
(%)

Shading
Pattern

Two-stage
GMPPT

0.14 590 98.16

Hybrid GMPPT 0.14 590 98.16

(Wang et al.,
2016)

0.36 588 601 97.84 Pattern 1

(Sundareswaran
et al., 2015)

1.67 585.97 97.5

Two-stage
GMPPT

0.26 426 97.93

Hybrid GMPPT 1.33 430 99

(Wang et al.,
2016)

0.38 428 435 98.55 Pattern 4

(Sundareswaran
et al., 2015)

1.71 427 98.34

Two-stage
GMPPT

0.34 179 98.62

Hybrid GMPPT 1.25 177 97.57

(Wang et al.,
2016)

0.4 176.2 181.5 97.05 Pattern 6

(Sundareswaran
et al., 2015)

1.68 175.7 96.85

search space for ABC and thus it improves the convergence speed when compared to

conventional ABC technique. The proposed two GMPPT techniques uses only single

current sensor, hence overall cost of the system reduces.
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4.1 GENERAL

From the Chapter 1.3, it is observed that knowing the battery aging mechanism and

estimating the state of health (SoH) reduces the failure rate of the battery and im-

proves the reliability of overall PV-Battery power supply system. From the literature

77



study presented in Chapter 2, it is observed that most of the available SoH techniques

are model dependent and off-line methods. Therefore, in this research work, two on-

line SoH estimation techniques are proposed. In order to validate the proposed SoH

techniques in practical way, it requires the exhaustive accelerated battery charging

and discharging results till the battery reached to its end of life (EoL). To arrive at

the battery behavior for multiple charge discharge cycles in a limited time, effect of

aging factors on battery life has to be modeled and added to the equivalent circuit of

single cell Li-Ion battery discussed in Chapter 1.3.1.

During the battery course of usage, there exists two type of capacity losses such

as calendar loss and cycle loss. Typically, the calendar losses are minimal and can be

ignored if the battery is cycle every day. From the cycle life test reports of lithium

iron phosphate (LFP) cells in (Xu et al., 2018) & (Wang et al., 2011), it is observed

that, large DoD of battery cycled at high charge/discharge rates and operating the

battery at elevated temperatures degrades the battery usable capacity at faster rate.

Therefore, the effect of operating temperature and DoD on battery capacity degra-

dation has been added to the equivalent circuit of Li-Ion cell shown in Fig.1.10 in

chapter 1.

The capacity degradation (i.e., change in Ccap in Fig.1.10) due to the effect of

DoD (cycling at C/2 charge/discharge rate) is modeled as follows (Gholizadeh and

Salmasi, 2014),

∆Q = 30330exp

(
−31500

8.314× T

)
(N ×DoD × 2)0.552 (4.1)

where, ∆Q is the percentage change in usable capacity of the battery, T is the

operating temperature (Kelvin), N is the number of elapsed charge/discharge cycles

and DoD is the percentage depth of discharge.

The effect of operating temperature on battery capacity degradation has been

modeled using following equation (Han et al., 2014).

∆Q = 0.1825exp

(
−1324.65

T

)
N0.5878 (4.2)

The equations (4.1) & (4.2) determines the capacity loss due to the effect of aging

parameters of the battery. Therefore, the effective usable capacity is expressed as,

Ccap = Ccap rated − (∆QDoD + ∆QTemperature) (4.3)
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where, Ccap rated is the rated capacity of the battery specified by the manufacturer.

The effect of aforementioned aging parameters on battery run time over a period

of time is shown in Figs. 4.1 & 4.2. From Fig. 4.1(b), battery capacity degrades

at a faster rate when it is operating at elevated temperatures. Similarly, from Fig.

4.2(b) it is observed that, higher DoDs degrades the battery faster. Moreover, it is

also observed that, effect of temperature on battery life cycle is higher than the effect

of DoD.

With the knowledge of battery aging mechanism, two SoH estimation techniques

are proposed in the following sections. The proposed two methods estimates the

SoH without disturbing the ongoing charging/discharging process. The first method

suitably modifies the coulomb counting (i.e. current integration) method to calculate

the discharge capacity of the battery, when the discharge current of the battery is

varying and DoD of the battery is not 100%. The second method method measures

the DC resistance of the battery in every discharge cycle and thereby the SoH.

4.2 DEVELOPMENT OF COULOMB COUNT-

ING BASED STATE OF HEALTH ESTIMA-

TION TECHNIQUE

The conventional current integration (i.e. coulomb counting) based SoH estimation

techniques require 100% DoD and constant discharge rate to estimate the life of the

battery. However, in most of the practical applications discharge current and DoD

level varies based on load variation. Therefore, in the proposed method, current

integration technique is appropriately tailored to measure the discharge capacity and

then to estimate the SoH, when the discharge current is varying and the DoD of the

battery is not 100%.

The proposed technique is validated using a Bi-directional power electronic inter-

face circuit as shown in Fig. 2.8. In Fig. 2.8 voltage and current sensors at the battery

terminals are used to measure the SoC and discharge capacity of the battery. Fig.

4.3 shows the complete flowchart of the proposed modified current integration based

SoH estimation technique. The proposed method measures the discharge capacity of

the battery in every cycle and compares it with capacity of the battery when it was

new as described in equation (2.11).
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(a)

(b)

Figure 4.1: (a) Battery runtime characteristics at different cycle numbers and at operating
at 35oC (b) Capacity degradation of LFP battery at different cycle numbers and operating
at different temperature conditions
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(a)

(b)

Figure 4.2: (a) Battery runtime characteristics at different cycle numbers and at operating
at 100% DoD (b) Capacity degradation of LFP battery at different cycle numbers and
operating at different DoD conditions
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To measure the discharge capacity (Qi), current integration technique is used,

which continuously monitors the discharge current of the battery and integrates it

with the discharge time as described in equation (4.4).

Qi =

∫ ∞
0

Idischargedt (4.4)

where, Idischarge is the discharge current of the battery, t = 0 is fully charged state

(i.e. SoC = 100%) and t = end is the time taken to discharge the battery completely.

In conventional coulomb counting technique (Q0) is set to a constant value equal

to a rated capacity mentioned in the manufacturer specification and that is stored in

the memory. Due to use of the constant rated capacity (Q0), on number of occasions

the SoH determined is inaccurate. For example, the SoH measured when the bat-

tery is fully discharged and when the battery is partly discharged shall be different.

Thereby providing a different SoH when the battery has undergone a same number of

charge/discharge cycles. To illustrate the disadvantage further, considering 200 cy-

cles elapsed 4Ah rated capacity battery is charged to 100% SoC and then discharged

to 0% SoC with the 1C discharge rate as shown in Fig. 4.4(a). From the discharge

characteristics, the total discharge time of the battery is found to be around 3380s

and by using the current integration technique, the discharge capacity of the battery

may be determined as 3.78Ah. Therefore, the estimated SoH of the battery from

equation (2.11) is 94.5%. However, for the same battery, if the discharge process

terminates through midway at 2180s as shown in Fig. 4.4(b) , then the calculated

discharge capacity through current integration technique would be 2.88Ah. The re-

duced discharge capacity is not due to the aging of the battery, but due to the battery

being not discharged completely. Therefore, the estimated SoH value using equation

(2.11) gives an incorrect result. Further, in various applications, full discharge of the

battery is undesirable.

From the datasheet of LFP battery (MARQUE ACL9014) and from the discharge

Ampere-hour throughput (Ah-V) characteristics of a 4Ah Li-Ion battery shown in

Fig.4.5 it is evident that, rated capacity (Q0) of the battery varies with the discharge

rate. In most of the practical applications like BTS, load current varies with the signal

traffic. As a result, discharge current varies in a single discharge process. Thus, by

keeping the constant rated capacity (Q0) in equation (2.11) yields an inaccurate SoH

results.
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Figure 4.3: Flowchart of the proposed coulomb counting based SoH estimation technique
for Li-Ion battery
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(a)

(b)

Figure 4.4: (a) Discharge characteristics of a completely discharged battery (b) Discharge
characteristics of a battery with 63% DoD

Figure 4.5: Ah-V characteristics of LFP battery at different discharge rates
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In Fig. 4.4(b), discharge process is terminated when the battery terminal voltage

is reached to 3V and the Qi is calculated through current integration, whereas Q0 is

can be calculated from Fig. 4.5 (i.e. capacity at 3V). The effect of change in discharge

rate in a single discharge process is addressed in the proposed method by calculating

the effective Q0 using a time weightage method (i.e. amount of time spent by battery

at each discharge rate) as described in equation 4.5.

Q0 =
(Qo1 × t1) + (Qo1 × t1) + ...+ (Qo1 × t1)

t1 + t2 + ...+ tn
× (1− SoCtermination) (4.5)

Where Qo1, Qo2,. . . Qon are usable capacities of battery for each discharge rate

given in the manufacturer data sheet, t1, t2,. . . tn are the time spent by battery in

each corresponding discharge rate. SoCtermination is the SoC of the battery at which

discharge process was terminated.

In the equation 4.5, the term (1−SoCtermination) overcomes the problem of variable

DoD and the other term (Q01×t1)+(Q02×t2)+...+(Q0n×tn)
t1+t2+...+tn

overcomes the problem of multiple

discharge rates in a single discharge process. In the flowchart of the proposed method,

block 1 checks if the battery is in discharging mode. Since, the proposed technique

requires the battery to be charged to 100% and it has to be in discharging mode.

Block 2 measures the battery terminal voltage and discharge current continuously to

estimate the SoC. To measure the SoC of the Li-Ion battery, the controller calls the

SoC routine (i.e. conventional coulomb counting method). The SoC of the battery is

measured as follows,

SoC = SoC0 +

( ∫
Ichargedt

RatedCapacity
−

∫
Idischargedt

RatedCapacity

)
× 100 [%] (4.6)

where, SoC0 is the initial SoC of the battery measured based on Voc vs Ah char-

acteristics of the battery. RatedCapacity will be specified in the manufacturer data

sheet.

The controller (i.e. block 4) ensures battery is completely charged (i.e., 100% SoC)

and calls the proposed SoH routine. Further, controller (blocks 16 & 17) identifies the

discharge rate of the battery and initiates the timer to measure the amount of time

spent by the battery in same discharge rate. Furthermore, controller initiates the
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current integration technique. During the discharging process, if the discharge rate

varies (i.e. in block 20), controller initiates the new timer and calculates the amount

of charge delivered to the load with the new discharge rate. This process continuous

till the battery gets completely drained or discharge process terminates in middle.

The controller (Block 21) calculates the total discharge capacity (Qi) of the bat-

tery and the block 22 calculates the normalized usable capacity (i.e. Q0) of the

battery after the discharge process terminates. Further, the controller estimates the

SoH of the battery using the equation (2.11). Hence, the proposed SoH estimation

technique estimates the health of the battery accurately at the end of the every dis-

charge cycle. Moreover, the proposed SoH technique considers the variable discharge

rate and variable depth of discharge conditions for estimating SoH. The calculated

SoH details can be displayed on a user interface through serial communication of the

controller. Moreover, the proposed technique does not require any additional circuitry

to estimate SoH.

4.2.1 RESULTS AND DISCUSSION

The proposed method has been evaluated using two test cases such as complete dis-

charge test (i.e.,using the conventional coulomb counting technique) and the partial

discharge test (i.e., using the proposed modified coulomb counting technique).

Case 1: Complete Discharge

A 4Ah LFP battery is cycled at 35◦C with 100% DoD for 450 cycles, and then

it is subjected for the SoH estimation using the proposed method. In this case, the

battery is discharged with 1C rate and the controller initiated the 0.5ms timer for

the current integration. The controller calculated the discharge capacity (Qi) at the

end of 100% DoD and the value of SoH found to be 90.875%. The battery discharge

current, SoC and the current integration characteristics are shown in Fig. 4.6. From

the Fig. 4.6, it is observed that battery is holding 3.635Ah capacity after 450 cyles

of aging.

Fig. 4.7 shows the discharge current, SoC and the current integration characteris-

tics of 1020 cycles aged battery. In this case, battery is subjected to stress factors of

temperature 40◦C, 50% DoD and 0.5C discharge rate. The proposed SoH estimation

method is implemented at the 1021st discharge cycle. The proposed method calcu-

lated the discharge capacity (Qi = 3.366) after the end of discharge and the estimated
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Figure 4.6: SoC and coulomb counting characteristics of a 450 cycles aged completely
discharged battery

Figure 4.7: SoC and coulomb counting characteristics of a 1020 cycles aged completely
discharged battery

SoH value is found to be 84.15%. In (Gholizadeh and Salmasi, 2014), it is reported

that, if the value of SoH reaches to 60%, then the battery is approaching to its end

of life (EoL). Therefore, 70% SoH alerts the user to plan for the replacement of the

battery or to take the remedial action (i.e. operating the battery at safe operating

conditions).

Case 2: Partial Discharge

To verify the effectiveness of the proposed technique for the partial discharge,

the same stress factors as used in the case of complete discharge is applied in this

case. A 450 cycles aged battery with stress conditions of 35◦C and 1C discharge

rate is subjected for the SoH estimation. The proposed controller initiated the SoH

routine, battery discharge process is terminated after battery SoC reaches to 66.3%.

The calculated discharge capacity for 33.7% DoD is found to be 1.22Ah. Fig. 4.8

shows the discharge characteristics. Further, the controller calculated the normalized
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Figure 4.8: SoC and coulomb counting characteristics of a 450 cycles aged partially dis-
charged battery

Figure 4.9: SoC and coulomb counting characteristics of a 1020 cycles aged partially
discharged battery

usable capacity using equation 4.5 and estimated the SoH as 90.57%. Due to the

bi directional converter used, the discharge current is having the ripple content of

around 12%, but in the proposed technique average current is considered for the

current integration process.

The test conditions of 40◦C, 0.5C & 50% DoD for a 1020 cycle elapsed battery as

similar to the previous case is applied for the partial discharge test. The discharge

characteristics of the battery for this test condition is shown in Fig. 4.9. From the

Fig. 4.9, it is evident that the proposed SoH estimation controller has calculated the

(Qi) is 1.66Ah and the normalized usable capacity as 1.94Ah. Thus, the estimated

SoH is 85.5%. For the same test conditions, the estimated SoH values for partial and

complete discharge test conditions are almost same with the deviation of less than

1.5%.

SoH estimation during multiple discharge rates in a single discharge process is
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Figure 4.10: SoC and coulomb counting characteristics of a 1020 cycles aged battery
discharged with multiple discharge rates with 50% DoD

tested with the 3 different discharge rates (i.e. 1C, 0.5C & 0.33C) for the test con-

ditions of 40◦C, 0.5C & 50% DoD for the 1020 cycle elapsed battery. In this case,

battery is first discharged with 1C discharge rate for 900 seconds, then the discharge

rate is changed to 0.5C for the next 750 seconds and finally battery is discharged

with 0.5C till the SoC reaches to 50% (i.e. DoD is 50%). In this case, the proposed

controller initiated the timer for 3 times and calculated the discharge capacity in 3

discharge rate conditions (i.e. Q1 = 1Ah, Q2 = 0.44Ah & Q3 = 0.25Ah). Further,

the normalized (Qo) is calculated as 2.02Ah using battery data sheet and equation 4.5

and thus the SoH is found to be 84.05%, which is same as previous case. Therefore,

from the results it is evident that the proposed technique estimates the SoH under

variable DoD and variable discharge rate conditions effectively. Coulomb counting

characteristics of multiple discharge rates is shown in Fig. 4.10.

The proposed modified coulomb counting based SoH estimation technique is exper-

imentally validated using a prototype shown in Appendix C. The prototype consists

of a half bridge bi-directional DC-DC converter, a LFP battery of 48V, 4.5Ah rating

and digital signal processor (i.e. dSPACE 1104) is used. The experiment tests have

been carried for two batteries of different ages. The experimental results of the pro-

posed SoH estimation technique are shown in Figs. 4.11. Fig. 4.11(a) & (b) shows the

coulomb counting and SoC characteristics of a battery is discharged with 1C & 0.5C

discharge rate respectively for 200s duration. The proposed controller has calculated

the SoH at end of discharge (i.e. at 100% DoD).However, in Fig. 4.11, only 200s

characteristics are shown due to the oscilloscope constraints.

Fig. 4.11(c) shows the coulomb counting and SoC characteristics of a battery is
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(a)

(b)

(c)

Figure 4.11: Experimental characteristics of SoC and coulomb counting technique for (a)
Constant 1C discharge rate (b) Constant 0.5C discharge rate (c) multiple discharge rates
in a single discharge process
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Figure 4.12: User interface system (i.e. dSPACE control desk) to display BMS parameters

discharged to 50% SoC with multiple discharge rates. The controller has calculated

the (Qi) in each discharge rate and calculated the normalized (Q0) for SoH estimation.

The estimated SoH is printed on user interface (i.e. dSPACE control desk) as shown in

Fig. 4.12. From the simulation and experimental results it is clear that the proposed

technique estimates the SoH of a LFP battery accurately even when the DoD and

discharge rates are varying. Moreover, the proposed technique is an on-line technique

and it is simple in implementation and requires less component count. The estimated

SoH values at he end of every discharge cycle is printed on user interface (i.e., dSPACE

control desk is used in this work) as shown in Fig. 4.12.

4.3 DEVELOPMENT OF DC RESISTANCE BASED

STATE OF HEALTH ESTIMATION TECH-

NIQUE

As the battery ages, the DC resistance (i.e. RSer in Fig. 1.10) increases. The increase

in the RSer has been modeled using the MATLAB curve fitting tool by considering

the LFP cell cycle life test results presented in (Omar et al., 2014). The equation (4.7)

describes the RSer evolution profile over the battery cycle number. The resistance

growth model has been added to the electrical equivalent model of LFP cell shown in

Fig. 1.10 in chapter 1.

RSer = −2.581× 10−12×N3 + 8.998× 10−9×N2 + 1.355× 10−6×N + 0.1007 (4.7)
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Figure 4.13: Terminal voltage characteristics of Li-Ion battery for short duration of pulse
current

The DC resistance monitoring method is used to estimate the SoH of the battery

at any cycle number without disturbing the ongoing charge/discharge process. This

method applies a short duration current pulse to the battery as shown in Fig. 4.13.

For this pulse current, terminal voltage (Vt) of the battery immediately drops from

point A to B due to the DC resistance of the battery. Further, the battery terminal

voltage drops from point B to C due to the transient impedance network (i.e., ZS and

ZL in Fig. 1.10). The change in (Vt) increases as the battery gets age. Therefore, by

observing the change in resistance in every charge/discharge cycle, SoH of the battery

can be estimated using the equation (2.9).

Using equation (2.10) resistance of the battery at ith cycle (i.e. Ri) can be cal-

culated and REoL can be found from the resistance evolution model of the battery.

Using equation (2.10) resistance of the battery at ith cycle (i.e. Ri) can be calculated

by applying the current pulse and REoL can be found from the resistance evolution

model of the battery. In (Omar et al., 2014), authors have considered REoL as 80%

of RNew.

Fig.4.14 shows the flowchart of the proposed DC resistance method, and this

method has been implemented when the battery SoC is 100% and the battery is

in discharging mode. The proposed SoH estimation technique is developed using

MATLAB/Simulink for a 4Ah Li-Ion battery. In this study, 1C discharge pulse for

the duration of 5s is used to evaluate the DC resistance. The controller measured the

variation in terminal voltage before and after applying the pulse discharge. Further,
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Figure 4.14: Flowchart for the SoH estimation using DC resistance method

the controller calculates the Ri of the battery using the equation 2.11, after measuring

the resistance, SoH of the battery at ith discharge cycle will be calculated using

equation 2.10.

4.3.1 RESULTS AND DISCUSSION

The proposed technique is validated in MATLAB/Simulink environment by giving

a 1C pulse current. When the battery SoC is 100% SoC and it is in discharging

mode, switch SB1 in Fig. 2.8 is turned ON for 5seconds to measure the variation in

terminal voltage. The variation in terminal voltage for short duration pulse discharge

at different cycle number is shown in Fig.4.15. From Fig. 4.15 it is clear that as

the battery ages, resistance of the battery increases, as a result the terminal voltage

profile deforms. The calculated DC resistance and SoH using the proposed technique

for the modeled battery at different cycle numbers is listed in Table. 4.1.

For validating the proposed SoH technique experimentally, the same experimental

setup in previous section (4.2) is used. The test results of pulse discharge are shown
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Figure 4.15: Voltage profile of Li-Ion battery for pulse discharge current when the battery
is at different cycle numbers

Table 4.1: DC resistance and SoH of a LFP battery at different cycle numbers

Cycle
No.

∆V Ri(mΩ)
SoH
(%)

1 0.2221 55.525 100

500 0.2273 56.825 97.07

1000 0.2381 59.525 90.99

1500 0.2499 62.475 84.35

2000 0.2589 64.725 79.28

2500 0.2615 65.375 77.82

in Fig. 4.16. The test results describes the terminal voltage variation of two Li-Ion

batteries at different ages for the pulse discharge current. From the test results, it is

clear that a fresh battery has 360mV (i.e., ref Fig. 4.16(a)) variation in Vt for the pulse

discharge current, whereas, a few cycles aged battery has 420mV variation in Vt for

the same pulse discharge current (ref Fig. 4.16(b)). Therefore, the proposed method

accurately identifies the changes in the terminal voltage due to aging of the battery,

and estimates the SoH. The implementation cost of the proposed SoH estimation

technique is insignificant, since it does not require any additional circuitry and to

implement the pulse discharge for estimating the Ri, the proposed technique uses the

same bi-directional converter used for charge/discharge process. Therefore, a simple
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(a)

(b)

Figure 4.16: Terminal voltage variation of (a) fresh LFP batery (b) few cycles aged battery
for pulse discharge current
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and low cost micro controller is sufficient to implement the proposed method.

Comparison of the two proposed SoH estimation techniques (i.e., Coulomb count-

ing based and DC Resistance based techniques) has not been done in this work,

since the resistance growth data set used for developing the DC resistance based SoH

technique, and the capacity degradation model data set used for developing coulomb

counting technique are taken from two different LFP cells tested at different condi-

tions.

4.4 SUMMARY

For enhancing the useful life of Li-Ion (i.e. LFP) battery, two on-line state of health

estimation (SoH) techniques have been developed. The proposed techniques estimates

the SoH of a battery without disturbing the ongoing charge/discharge process. The

first SoH estimation technique modifies the coulomb counting method to calculate the

discharge capacity of the battery and thereby estimates the SoH. This method requires

the continuous monitoring of battery discharge current and state of charge (SoC) and

it estimates the SoH at the end of any discharge process. The second proposed SoH

technique estimates the SoH by measuring the battery DC resistance. This method

applies short duration discharge current pulses to measure the battery DC resistance.

Thus, by comparing the measured DC resistance at ith cycle with the resistance of the

battery when it was new gives the information of battery health index. The proposed

SoH estimation methods have been simulated in MATLAB/Simulink environment

and tested under various stress conditions of the battery. Moreover, the two proposed

techniques have been validated experimentally using the two LFP batteries of different

ages. From the simulation and experimental results, it is observed that the proposed

techniques estimates the SoH of Li-Ion battery accurately.

96



Chapter 5

DEVELOPMENT OF VOLTAGE

REGULATION TECHNIQUE

FOR TELECOM LOAD

Contents

5.1 GENERAL . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2 TYPE II COMPENSATOR DESIGN . . . . . . . . . . . 98

5.2.1 RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . 103

5.3 SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.1 GENERAL

The DC loads of telecom station (i.e., transceivers) operates in pulsed power mode,

and also the power consumption of these loads depends on signal traffic. (Liu et al.,

2005) have modeled the transceivers in BTS station operates in a pulsed-power mode

intermittently also the power BTS load profile based on the assumptions that the

transceiver operates for 200s out of every 250s. During the on state condition, load

draws the high amount of power for 10s and for the next 10s it draws low power as

shown in Fig. 5.1. The DC loads in BTS stations requires the constant DC voltage

(i.e., 48V or 24V) (Energy, 2012). However, due to pulsed power consumption of DC

loads voltage will have fluctuations. Therefore, for safe operation voltage across DC
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Figure 5.1: Load profile of Telecom Tower

loads has to be maintained constant. Therefore, in this chapter a Type II compensator

is designed to regulate the voltage at the terminals of DC loads.

5.2 TYPE II COMPENSATOR DESIGN

Type II compensators are popularly being used in controlling the output voltage of

switching power electronic converters. Type II compensator has two poles and one

zero, which provides the required phase and gain to the total control loop of the

switching converter. In this research work, to step down the voltage to 48V from DC

link voltage of 220V, a buck converter is used (ref. Fig. 2.8 in Chapter 2). In general,

it is significant to have adequate phase margin and gain margin to work the control

loop properly in all conditions. The schematic of the Type II compensator is shown

in Fig. 5.2.

To implement the Type II compensator to the buck converter, it is required to

have the control to output voltage transfer function considering the parasitic elements

of energy storage components of the buck converter. Equivalent series resistance

(ESR) of the output capacitor in buck converter is a very critical parameter, since it

introduces a zero in the converter transfer function. The buck converter control to

output voltage transfer function is given in equation (5.1). From the control point of

view, it is important to derive the transfer function of all the blocks shown in Fig.

5.3. The transfer function of Type II compensator is derived from the Fig. 5.2 and

it is given in equation (5.2). The transfer function of PWM is generally described as
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Figure 5.2: Schematic of the Type II compensator

Figure 5.3: Complete control diagram of a buck converter with the Type II compensator

1
VPWM

, where VPWM is the peak to peak voltage of the carrier wave used.

V0

d
(s) =

Vdc linkRload(s(C0 × ESR) + 1)

L0C0s2(RLoad + ESR) + s(L0 +RLoad × C0 × ESR) +RLoad

(5.1)

Vcontrol
V0

(s) = −
s+ 1

R2C2

R1C2s(s+ 1
R2C2

)
(5.2)

V0

d
(s) =

1056 + 0.0696s

5.745× 10−7s2 + 8.768× 10−4s+ 4.8
× 1

6.6
(5.3)

To design the compensator with required loop characteristics, it is required to eval-

uate the Bode plot of the open loop system (i.e., Buck converter with PWM). Buck

converter parameters considered for deriving the open loop transfer function is listed

in Table. 5.1. The open loop transfer function of buck converter with PWM voltage

is given in equation (5.3) and the bode plot for the same is shown in Fig. 5.4. The

rest of the design steps are explained as follows,

Step 1:

Selecting the crossover frequency (F0) plays an important role in any compensator

design. For the desired loop characteristics, typically (F0) is selected to be in the range

of 10% to 20% of switching frequency (Fs). Moreover, selecting the higher (F0) results

99



Figure 5.4: Bode diagram of open loop buck regulator

in the faster dynamic response during the load change. Therefore, in this study, (F0)

is selected as 7.2kHz.

Step 2:

Determine the phase and gain of the open loop transfer function at the selected

crossover frequency using the bode plot shown in Fig. 5.4. The gain and phase values

of open loop buck converter with PWM at (F0) is found to be −2.98dB and −133◦.

Step 3:

Determining the ratio of R2/R1 of compensator (ref. Fig. (5.2)) using the calcu-

lated gain value in the previous step as follows (Hart, 2011),

R2

R1
= 10

Gain@F0
20 (5.4)

Step 4:

From the calculated phase at crossover frequency from bode plot of open loop

transfer function, determine the required poles and zeros of compensator to provide

required phase margin using the K factor technique as follows (Basso, 2008),

θcompensator = θphasemargin − θ@F0 (5.5)
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where, θphasemargin is the required phase margin of the closed loop system, which

is selected to be 45◦ and θF0 is found to be −133◦.

From equation (5.5), K factor is calculated as follows,

K = tan

(
θcompensator

2

)
(5.6)

The feedback capacitors of compensator is calculated using the K value as follows,

C1 =
K

2πF0R2
(5.7)

C2 =
1

2πF0KR2
(5.8)

From the design equations, the value of compensator elements are found to be

R1=10kΩ, R2=7.09kΩ, C1=175nF and C2=53pF. From the calculated values, trans-

fer function of compensator is expressed as follows,

G(s)compensator =
−(s+ 805.28)

5.3× 10−7s2 + 1.409s
(5.9)

From the equations (5.3) & (5.9), loop transfer function is calculated and the

bode characteristics of loop transfer function is plotted and shown in Fig. 5.5. From

the loop characteristics, it is clear that the phase of the loop is around 45.5◦ at

the crossover frequency. Moreover, gain of the loop is crossing the 0dB at the low

frequency (i.e., less than Fs). Therefore, this ensures the stability of the overall

closed loop system. Voltage regulation for the variation in DC link voltage and load

is discussed in the following section.

Table 5.1: Parameters Used for Type II Compensator Design

Parameter Value

PWM oscillator peak voltage 6.6V

Buck regulator filter capacitor ESR 0.5Ω

Inductor (L) and Capacitor (C) value of buck reg-
ulator

100µH & 100µF
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Figure 5.5: Bode diagram of loop characteristics and open loop characteristics of buck
regulator
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5.2.1 RESULTS AND DISCUSSION

The developed Type II compensator for buck regulator at the DC loads of BTS

is tested for 50% load change condition i.e., BTS draws the load current of 20A

for the duration of 3s and for the next 3s it draws 10A. Load current and load

voltage characteristics for this case is shown in Fig. 5.6. From the load regulation

characteristics, it is evident that, response time of the compensator is very fast and it

has a settling time of less than 5ms which is shown in Fig. 5.6(b). Therefore, for the

pulsed power operation of BTS, the designed compensator regulates the load voltage

effectively.

The designed compensator is tested for the input voltage (i.e., DC link voltage)

variation. The voltage regulation characteristics using the designed compensator is

shown in the Fig. 5.7. In Fig. 5.7, at two instants DC link voltage is varied manually

for the testing purpose. Initially, the DC link voltage was 220V, after 3s (i.e., at

instant 1), the voltage is dropped to 200V and after 6s (i.e., at instant 2), the voltage

again dropped to 180V. At both the instants the developed compensator maintained

the output voltage constant at 48V. Generally, the DC link voltage does not vary,

however, for testing the designed compensator change in DC link voltage is considered.

From the test results shown, it is clear that closed loop system is always stable for

load and input voltage variations and response time of compensator is very fast.

5.3 SUMMARY

In this chapter, a type II compensator is designed and developed to regulate the volt-

age at the DC loads of BTS. To design the compensator with required loop character-

istics, buck converter transfer function is derived and frequency response is plotted.

To design the compensator parameters, K factor method is used. Moreover, for the

fast response time, higher F0 is selected to design the compensator. The designed

closed loop system is tested for the 50% load variation and 10% dc link voltage vari-

ation. From the results, it is clear that the system is always stable and the response

time is around 5ms, which is less than the typical BTS load variation time. The

designed compensator is tested in MATLAB/Simulink platform.
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(a)

(b)

Figure 5.6: (a) Load voltage characteristics during change in load current (b) Initial
response and settling time characteristics of designed compensator

Figure 5.7: Load voltage regulation characteristics for change in DC link voltage
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Chapter 6

MAIN CONCLUSIONS AND

FUTURE SCOPE

For the effective utilization of PV and Battery sources in PV-battery based hybrid

power supply system, two different global maximum power point tracking techniques

are developed to increase the efficiency of PV system during non-uniform insolation

conditions. Furthermore, in this thesis, battery aging mechanism is discussed and two

different on-line SoH estimation techniques are developed. The contributions, main

conclusive remarks and the future works of this thesis are presented below.

6.1 CONTRIBUTIONS

6.1.1 MAJOR CONTRIBUTIONS

• Proposed a single current sensor based two stage scanning based GMPPT tech-

nique to track the GMPP with the minimum tracking time.

• Proposed a single current sensor based hybrid GMPPT algorithm to track the

GMPP in all non-uniform insolation conditions.

• Modified coulomb counting based SoH estimation technique of Li-Ion battery

is proposed to estimate SoH during variable depth of discharge and discharge

rate conditions.
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6.1.2 MINOR CONTRIBUTIONS

• Proposed a DC resistance based SoH estimation technique of Li-Ion battery.

• Designed a Type II compensator with fast response time characteristics to reg-

ulate DC loads of BTS.

6.2 MAIN CONCLUSIONS

In this thesis several conclusions has been made. Main conclusions of the thesis are

summarized as follows,

• During non-uniform insolation conditions, P V s. V curve paterns has been

classified into three categories based on scanning the Idc link vs. D curve at

selective places.

• Scanning the Idc link vs. D curve results in scanning the P V s. V curve of

a PV array. Moreover, scanning Idc link vs. D curve reduces the number of

measurement units required for GMPP tracking.

• The first proposed GMPPT technique operates in two stages. In stage one, it

scans Idc link vs. D curve at selective places to locate the vicinity of GMPP.

In stage two, hill climbing algorithm is implemented to track the GMPP. This

technique has been tested for 4 series connected PV modules and minimum

tracking time is found to be 4s. The GMPP tracking time of this method

increases with increase in number of series connected modules.

• The second proposed GMPPT technique combines ABC optimization technique

with hill climbing algorithm. In this technique, based on the type of shading

pattern either ABC or HC algorithm is used to track he GMPP. Tracking time

of this technique is more than two stage scanning based technique. however, its

tracking time does not vary with increase in series connected PV modules.

• As the battery ages, usable capacity of the battery deteriorates, impedance and

DC resistance of the battery increases. Therefore, by monitoring the change in

this parameters results in SoH estimation.
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• In the first SoH estimation technique, conventional coulomb counting technique

is suitably tailored to estimate SoH during variable DoD and discharge rate

conditions. This technique estimates SoH accurately at the end of any discharge

level.

• In the second SoH estimation technique, a short duration 1C discharge pulse has

been given to the battery to monitor the change in terminal voltage, thereby to

calculate the DC resistance. Both the SoH estimation techniques are validated

using the experimental prototype and the results are found satisfactory.

• To design the Type II compensator K factor method is used. Moreover, for the

faster response of the closed loop, higher Fo is selected to design compensator.

The developed compensator is tested in MATLAB/Simulink platform for dif-

ferent load and input voltage variation conditions and the results show that the

system is always stable and having a fast response time.

6.3 FUTURE SCOPE

Based on the research carried out in this thesis, the recommendations for future

research are presented.

1. The proposed GMPPT techniques uses single current sensor for the GMPP

tracking. However, cost of current sensor is higher than voltage sensor. There-

fore, the research can be extend in the direction of using single voltage sensor

for GMPP tracking.

2. In the present study ABC colony optimization technique is explored for tracking

the GMPP tracking, however, other optimization technique such as Tabu search,

multi-swarm optimization, social cognitive optimization, etc... can be tested for

improved tracking performance.

3. The research on SoH estimation can be extended using state observer methods

and it can be compared with the benchmark EIS test results. Moreover, for the

SoC estimation coulomb counting method is used in the thesis, however, other

techniques such as EKF and SVM can be tested for better accuracy.
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4. For the DC voltage regulation, Type II compensator is developed and tested in

MATLAB/Simulink, however, it can be implemented experimentally to make

the complete product (i.e. GMPPT stage, Battery stage and DC regulation

stage). Moreover, other voltage controlled techniques such as sliding mode

control, H-infinite control, etc... can be tested for voltage regulation.
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Appendix A

For the seamless power supply to the BTS load, it is necessary to size the PV and

battery optimally. Therefore, in this section, detailed sizing of PV and Battery are

discussed. For designing the capacity of PV modules, monthly average equivalent

hours of full sun (EHFS) data of Bangalore city is considered and which is listed in

Table 1. The capacity of the PV panel is calculated as follows,

PVcapacity =
PL ×N

ηbatt × ηconverter × (1− fdust)× (1− ftemp)× EHFS
(1)

where, PL is the peak load on PV (i.e., Battery and telecom load), N is the average

hours of solar availability, ftemp & fdust is the loss due to temperature and dust on PV

modules respectively, ηbatt is the efficiency of the battery and ηconverter is the product

of efficiencies of power electronic converters in complete system.

Table 1: Monthly average solar insolaion of Bangalore city

Month EHFS Month EHFS

Jan 5.36 Jul 4.50

Feb 6.06 Aug 4.47

Mar 6.56 Sep 5.03

Apr 6.38 Oct 4.63

May 6.03 Nov 4.50

Jun 4.84 Dec 4.74

Avg. EHFS 5.25

Generally, for calculating the PV panel capacity, average minimum insolation of

the month in a year i.e., 4.47kW − hr/m2 or minimum EHFS of a month recorded
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in last 20 years i.e., 3.5kW − hr/m2 are considered. However, in this configuration,

there are no other power sources, hence PV has to be rated for the lower insolation

levels. Therefore, minimum insolation day of a year i.e., 2.0kW −hr/m2 is considered

for the PV sizing.

For sizing the battery average DoD is considered as 80% and to maintain the

required capacity even after the end of battery life, KEoL factor (i.e., 80%) is consid-

ered. Since the capacity of PV panel is sized for minimum insolation level in a day,

autonomy days for battery design is not considered. The equation to calculate the

size of the battery is expressed in equation (2).

Batterycapacity =
PL batt × T

ηbatt ×DoD × Vbatt ×KEoL

(2)

where, Vbatt is the nominal voltage of the battery, T is the number of backup hours,

KEoL is the factor related to end of life and PL batt is the load on battery (i.e., only

telecom load).

Table 2: Size of PV panel required for different solar insolations

Solar Insolation PV Panel Size

2.0 kW -hr/m2 10.5 kWp

4.47 kW -hr/m2 5.74 kWp

3.5kW − hr/m2 4.5 kWp

Both conventional and optimally sized systems are compared in terms of excess

energy produced. To calculate the excess energy produced by the PV and Battery

system, average insolation levels given in Table. 1 is used and the expression to

calculate the excess energy is given in equation 3.

ExcessEnergy = EPV − ELoad − EBatterycharging (3)

Expression to calculate the energy produced by PV in a month is given in equation

4.

EPV =
PVcapacity × EHFS × (1− ftemp)× (1− fdust)× 30

1000
(4)

For calculating the excess energy produced by PV, average energy required by the
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Figure 1: Excess Energy produced by different PV systems

telecom load during sunshine hours and also, energy consumed by the battery during

charging from PV is considered. Monthly excess energy produced by all the three

systems are shown in Fig. 1. from the Fig 1. , it is observed that, 10.5kWp system

can produce adequate energy even during cloudy months. Therefore, this ensures the

continuous power supply to the load.
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Appendix B

In this section description of experimental setup used for validating the proposed

GMPPT technique is presented. The experimental prototype formed by a DC-DC

boost converter, a battery bank of 7.5Ah 240V (Assumed to be constant DC link

voltage), dSPACE MicroLab Box 1202 and a PV array simulator. The specifications

of the DSP used is listed in Table 3. Since the Vmpp varies widely under PSC, the

converter is developed for large PV voltage variations. Moreover, it works in continu-

ous conduction mode (CCM) with the switching frequency of 10kHz. For measuring

the Idc link, an accurate Hall Effect based sensor (LA-25P) is used. An opto-coupler

(6N136) is used to provide isolation between the DSP and switch gate driver. The

value of inductor and capacitor is used for boost converter is 1mH and 940µF. A

4s1p configured PV array (Voc module = 50V and Isc module = 5A) is emulated using

PV array simulator. Fig. 2 shows the experimental prototype used for validating the

proposed GMPPT techniques.

Figure 2: Experimental Setup Used for Validating the Proposed GMPPT Techniques
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Table 3: Specifications of the dSPACE MicroLab Box 1202

Parameter Value

Analog input
8 14bit and 24 16 bit chan-
nels

Analog input sampling rate 10Msps

Analog output 16 16bit channels

Digial I/O 48 channels

PWM Resolution 10ns

Input voltage range -10 to 10V

Communication channels
USB 2.0, 2 CAN & 2 UART
channels

Memory 128MB Flash
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Appendix C

In this section description of experimental setup used for validating the proposed

GMPPT technique is presented. A 1kW rating half bridge bi-directional converter is

developed to charge and discharge the battery. Moreover, the converter is developed

to operate in CCM mode for all the variations in battery voltage (i.e., from full charge

to complete discharge). Two LFP batteries (48V and 4.5Ah) of different ages has been

used to validate the estimated SoH. To implement the proposed SoH algorithms, a

digital signal processor (i.e. dSPACE MicroLab Box 1202) is used. For measuring the

battery charge and discharge currents, Hall Effect based sensor (LA-25P) configured

to work for 5A is used. For measuring the voltage of the battery, voltage divider

network is used. An opto-coupler (6N136) is used to provide isolation between the

DSP and switch gate driver. The value of inductor and capacitor is used for bi-

directional converter is 560µH and 940µF.

Figure 3: Experimental Setup Used for Validating the Proposed SoH Estimation Tech-
niques
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