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Preface

This book describes modeling and analysis of DC–DC converters for future
renewable energy systems. Chapter 1 will help researchers to get a thorough
understanding about the design of key component of the DCMG (DC microgrid),
i.e., DC–DC converter. It allows control operation to take place in interconnected
renewable energy sources (RES), energy storage systems (ESS) and loads operating
at different voltage levels to a common DC bus. In Chap. 2, the description of
DC–DC high gain converters with different solar photovoltaic (PV)-based systems
is presented, and then, an improved high gain buck–boost converter (IHGBBC)
suitable for PV-based systems is demonstrated. A boost converter with the gener-
alized structure of quadratic boosting cell is proposed in Chap. 3. The proposed
structure having three quadratic boosting cells (n = 3) can produce a high magni-
tude of output DC voltage from a low-magnitude DC voltage by adjusting the
number of quadratic cells in the generalized quadratic cell structure with an
appropriate duty ratio (d). Chapter 4 portrays the procedure to design a flyback
converter (230 V DC–5 V DC) functioning under discontinuous conduction mode.
The three-level and five-level of neutral point control inverter (NPC multilevel
inverters) utilized for DC to AC control transformation are explained in Chap. 5. In
Chap. 6, a bidirectional interleaved switched capacitor DC–DC converter is pro-
posed as a power electronic interface for microgrids. Chapter 7 presents advanced
LUO converters used for renewable energy applications in detail, and simulations
of these converters are presented. The performance review of solar energy con-
version systems (SECS) with the integration of the advanced DC/DC converter
super-lift Luo converter (SLLC) is discussed in Chap. 8. Chapter 9 explains a
detailed analysis of transformerless non-coupled inductor quadratic boost con-
verters. Chapter 10 presents the design and modeling of photovoltaic (PV) emulator
using DC–DC buck converter in MATLAB/Simulink and its hardware imple-
mentation utilizing Arduino controller. In Chap. 11, a smart low-voltage DC
(LVDC) distribution system is designed in real time to utilize the power from
hybrid DC microgrid made of solar photovoltaic (SPV) and wind energy conver-
sion systems (WECS). In this work, a DC–DC converter plays a major role to
achieve the proposed distribution system. Chapter 12 presents an approach using
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multiple input converter (MIC) to realize individual maximum power from pho-
tovoltaic modules. Chapter 13 presents the overview of control methods and
parameter designing of the dual active bridge (DAB) power converter, applicable in
the renewable energy system. Chapter 14 focuses on high-frequency signal-based
fault diagnosis strategy for open-circuit (OCF) and short-circuit fault (SCF) iden-
tification on two-level three-phase voltage source power converter-based PMSM
drive system. Chapter 15 describes modeling of different DC–DC converter
for green energy applications. Chapter 16 focuses on the design and analysis of
DC–DC buck converter with drift-free MPPT algorithm for a self-excited induction
generator (SEIG)-based wind energy generation system. Chapter 17 explains design
of roof-top photovoltaic system (RTPV) panels connected to the boost converter
with an inverter and batteries. The design and implementation of the virtual syn-
chronous machine (VSM) in microgrid (MG) are explained in Chap. 18. In Chap.
19, the dominant types of DC–DC power electronics converters used for green
energy applications are discussed in detail. Chapter 20 proposes Internet of things
(IoT)-based maximum power point tracker for brushless DC motor (BLDC)-driven
photovoltaic water pumping system. Moreover, a dual-level boost converter is
employed to obtain high output voltage with enhanced efficiency and has eco-
nomical operation compared to classical boost converter. Switched mode
fourth-order buck–boost converter using Type II and Type III controllers in DC grid
applications has been discussed in Chap. 21. Fractional-order PI-lead controller
design of DC–DC power converter for renewable energy applications is explained
in Chap. 22. Chapter 23 explains power management of battery-integrated PV
system with sliding mode controller (SMC)-controlled bidirectional converter.
Overview of bidirectional DC–DC converters topologies for electric vehicle and
renewable energy system has been discussed in Chap. 24. Chapter 25 examines
conventional boost converter (CBC) and interleaved boost converter (IBC) with PV
sources that are designed to attain maximum voltage from the converter for green
energy applications.

Esbjerg, Denmark Dr. Neeraj Priyadarshi
Majitar, India Dr. Akash Kumar Bhoi
Sharjah, United Arab Emirates Dr. Ramesh C. Bansal
Footscray, Australia Prof. Dr. Akhtar Kalam
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Chapter 1
Design and Control of DC–DC
Converters in a PV-Based LVDC
Microgrid

Pradyumna Kumar Behera and Monalisa Pattnaik

Learning Objectives: Upon completion of this chapter, the readers will gain
knowledge about

• Configuration of a PV-based LVDC microgrid
• Accurate mathematical modeling of photovoltaic system, battery and

supercapacitor
• Understanding and importance of the key component of the DC microgrid

(i.e., DC–DC converter)
• Design of DC–DC boost converter used for MPPT control
• Design of non-isolated-type buck–boost bidirectional converter for inter-

facing the energy storage systems
• Control strategy and proper power sharing among PV and HESS during

various operating conditions

1.1 Introduction

The escalated global power consumption and also the adverse impact of extensive
use of fossil fuel on the environment have expedited both the usage of renewable
energy sources (RES) as well as development of cost-effective and smart microgrid
technologies. Typically, microgrid is an autonomous low-voltage power system
which encompasses multiple RES, energy storage systems (ESS), loads and various
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power electronic devices and converters within clearly defined boundaries incor-
porating bidirectional energy exchange with the electric grid. Microgrid can operate
seamlessly between islanded as well as grid-integrated mode. The operation of
microgrid provides numerous advantages to the utility sector and customers, in
terms of enhanced energy efficiency, decreased environmental impact, network
operational advantages such as minimization of loss, voltage control and
cost-effective electricity infrastructure replacement. DC microgrid (DCMG), one
out of three possible microgrid topologies (AC, DC and hybrid AC–DC), has
proliferated as an inevitable part of modern power distribution networks with an
improved efficiency and reliability. A DCMG is a controllable system with group of
distributed energy resources (DER) connected through a common DC bus and can
supply power to the local loads. Furthermore, it is distinguished with a simple
control and energy management with its counterpart, i.e., AC microgrid (ACMG)
and overcomes various innate challenges such as reactive power compensation,
phase synchronization and high inrush current. Also, the substantial growth of
electronic loads like electric vehicles (EV), data centers, lighting system, battery
chargers, cell phones, laptops, etc. points toward the adaptation of DCMG as a new
standard in the LVDC power system. Numerous energy generation and storage
technologies like solar photovoltaic (SPV), fuel cell (FC), battery, supercapacitor
(SC), etc. are ingrained qualified for DCMG application because they supply DC
power. In case of DC grid power system, the proper selection of suitable voltage
level can supply most of the loads effectively. This also reduces various conversion
stages making the design as well as control simpler than the AC system.

The idea of DCMG has been coined few decades ago, but numerous issues such as
lack of proper standards and codes, misconceptions regarding safety and efficiency
hindered its wide spread usage. DCMG is a promising solution for power generation
because RES and ESS can be directly interfaced without conversion losses. The
primary goal of control in DCMG is to maintain a constant voltage at the point of load
(POL) and ensure power balance between generation and demand. But, the inter-
mittent nature of RES creates voltage fluctuation at the DC bus. This voltage fluc-
tuation can be easily suppressed by power exchange with the utility grid to fulfill the
load demand in case of utility connected MG. However, the stand-alone DCMG rely
mostly on energy storage tomeet the generation-demandmismatch and ensure a stable
DC bus voltage. Therefore, RES along with appropriate HESS and proper control
mechanism can be considered as a reliable option for residential application or for
remote locations where electricity supply from utility grid is practically infeasible.

This chapter seeks to address and solve power balance issues arising during
dynamic conditions in a DCMG comprising of PV as the prime energy source,
battery and SC as hybrid energy storage and the load. Further, this chapter will help
researchers to get a thorough understanding about the design of key component of
the DCMG (i.e., DC–DC converter). It allows control operation to take place in
interconnected RES, ESS and loads operating at different voltage level to a common
DC bus. The major challenges in design and control of LVDC microgrid involve
development of control strategy to maintain a stiff DC-link voltage and proper
power sharing within RES and ESS during various operating conditions. Therefore,
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in this chapter, an effort has been made to design the converters required for the
PV-based LVDC microgrid. Also, the design of a coordinated controller and
optimum power management scheme for a 48 V stand-alone LVDC microgrid
typically for residential application is also presented.

1.2 Scientific Background and Motivation

During the last decade, the research on DCMG has gained major attention since
they can supply DC loads directly avoiding notable conversion losses. Additionally,
it is free from reactive power, phase synchronization issues and harmonics as
compared to its AC counterpart (i.e., ACMG) [1]. Generally, DCMG is attributed as
a low-voltage (LV) power system which encompasses several distributed energy
resources (DER), energy storage devices and loads that can operate in stand-alone,
islanded or grid-connected mode [2]. Low-voltage direct current (LVDC) distri-
bution system with RES integration provides numerous advantages such as:
(a) reduced AC–DC conversion stages improves energy saving due to high effi-
ciency of DC equipment, (b) easily compatible with efficient home equipments like
BLDC fans, LED lights etc., (c) better power quality (no power factor and har-
monics related issues), (d) safe and secure voltage level which ensures human
safety. LVDC systems are generally popular for their applications in marine,
automotive and aerospace system. The selection of proper DC bus voltage is a
crucial parameter for safety, efficiency and reliability of connected loads and
generating units. Currently, more research focus is toward optimal selection of
suitable voltage level for several applications. For example, a 380 V DC voltage
standard has been developed for data centers with the combined effort of Lawrence
Berkley Laboratory and Electric Power Research Institute (EPRI) [3, 4], a 24 V
DCMG for interior lighting has been proposed by Emerge Alliance. So, the
selection of suitable voltage level of a DCMG is application specific and depends
upon the power requirement. In [5–7], it is shown that, a 48 V DCMG is considered
suitable for residential applications. Further, for such cases, the operation of battery
with or without direct contact is safe and efficient.

The primary concerns in designing and control of LVDC microgrid involve:
(a) choice of suitable converter, (b) extraction of maximum power from RES,
(c) voltage regulation and (d) power sharing among various sources and loads [7,
8]. The output power of PV is intermittent in nature and is affected due to change in
climatic conditions. Thus, the system requires MPPT technique to provide maxi-
mum power irrespective of operating conditions. Efficient MPPT algorithms play a
vital role in maximization of energy efficiency of PV array. A comparative research
on several MPPT control techniques for PV system is clearly depicted in [9].
Among various MPPT control algorithms reported in literature, much focus is given
to perturb and observe (P&O), incremental conductance (INC), adaptive step-size
P&O, fractional open-circuit voltage (FOCV), fractional short-circuit current
(FSCC) and several fuzzy inference MPPT techniques. However, P&O and INC
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techniques are widely used and well suited for applications seeking the true MPP
due to low implementation complexity. The surplus power generated using these
MPPT techniques can be stored in ESS and supplies back to the system whenever
required [8, 10]. Unlike grid-connected microgrids that have reactive power sup-
port, stand-alone microgrids mostly leverage on ESS to balance the power con-
sumption and generation mismatch. Also, the incorporation of ESS not only
provides promising solution to triumph over several challenges such as voltage
instability, power quality issues and load discrepancy but also ensures stable system
operation. Hence, in recent years, many ESS technologies have been developed and
are classified into electrical, electrochemical, mechanical and chemical-based
storage systems. The extensively used energy storages are flywheel, supercapacitors
(SC), superconducting magnetic energy storage (SMES), compressed air-based
energy storage (CAES), batteries and hydrogen tanks. Among these, batteries have
evolved as promising and notable energy storage medium for stable operation in
case of utility interfaced system. Furthermore, they play an essential and much
important role in managing momentary and uncertain power fluctuations in an
off-grid system. The combination of renewable energy sources (RES) such PV,
wind energy with ESS improves the reliability and resiliency of the system and
reduces energy import dependence in addition to reduction in carbon footprints.
Moreover, developing nations like India are actually moving toward building smart
cities to attain energy sustainability, adopting e-vehicles for transportation where
RES and ESS play an important role. However, it would be worth noting that, every
ESS is confined to a particular application and has certain limitations based on
power and energy density. In [11, 12], the authors developed a battery-integrated
wind energy generation system to mitigate the power fluctuations arising due to
wind speed change. However, the charge/discharge rate and power density of the
battery are low to meet the load demand during peak operating periods. The inte-
gration of high power density supercapacitor with RES is proposed in [13] to
eliminate the above demerits. But, SC having a lower energy density could not
fulfill the long-term load demand. The SC has lower energy and higher power
density in comparison to battery and vice versa [14]. Therefore, authors in [15]
proposed an active configuration HESS to harness merits of both the energy storage
devices. Several topologies of battery-SC HESS are discussed in [16]. They are
classified mainly into passive, semi-active and active configurations. Among them,
active configuration has independent control over battery and SC through bidi-
rectional DC–DC converter. This particular topology not only improves the relia-
bility of HESS but also enhances the efficiency, life cycle and overall system
performance. As of now, numerous control schemes of HESS in electric vehicle
(EV) applications are reported in literature. But, relatively less papers concentrated
on voltage regulation of DC bus in microgrid. Authors in [17] developed a simple
power sharing scheme in a hybrid AC/DC microgrid comprising of PV, wind
energy generation system, SC and battery. However, internal power sharing among
battery and SC is not considered. Another control technique proposed in [18] could
not explain clearly about current sharing between SC and battery to deal with
fluctuating load demand. In [19], a hysteresis controller for composite converter to
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control several battery packs in distributed power generation system is proposed.
But, this controller fails to maintain desired grid voltage during rapid power fluc-
tuations. The authors in [20] considered seven different voltage range to decide the
operating mode and priority of power supply is set according to voltage level of the
source. However, during transient condition, severe DC bus voltage variation is
encountered. In [21], an improved voltage control loop for battery/SC HESS is
presented which eradicates the high-frequency components of SC charging current
and does not interfere with DC-link voltage control loop. To improve the con-
trollability and reliability of HESS, several advanced control schemes such as
artificial neural network (ANN) [22], fuzzy logic-based control (FLC) [23],
optimization-based methods [24] and model predictive control (MPC) [25] are
available in literature. However, such sophisticated methods require large storage
space for data, rigorous data training and complex mathematical computations.

1.3 Architecture of PV-Based LVDC Microgrid
with HESS

The architecture of a PV-based LVDC microgrid with parallel active HESS is
shown in Fig. 1.1. The system configuration includes photovoltaic as the primary
energy source, power electronic converters, SC and battery as HESS. In order to

Fig. 1.1 Configuration of PV-based LVDC microgrid with hybrid energy storage system
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improve the efficacy of the system, it is necessary to adopt an efficient MPPT
algorithm for the PV generation system. The PV module is connected with the DC
bus using a DC–DC converter. The battery and supercapacitor are interfaced with
the DC bus to form a parallel active HESS using two different non-isolated
half-bridge bidirectional converters. The HESS compensates the supply and
demand mismatch and also helps in quick restoration of DC-link voltage (Vo) to
desired level. Whenever the generation from PV system is more than the demand of
the load, the HESS absorbs the excess power whereas in case of lesser generation,
HESS supplies the deficit power to fulfill the load demand. The bidirectional power
exchange between the DC grid and HESS is done using a buck–boost-type bidi-
rectional converter. In Fig. 1.1. SW1 represent the control switch for the boost
converter. SW2, SW3 and SW4, SW5 represent the complementary control switches
for bidirectional converters for battery bank and the SC pack, respectively. Ipv, Isc
and Ibat represent the PV module, SC and battery current, respectively, Vo is DC bus
voltage. Lpv, Lbat and Lsc are PV panel, battery and SC filter inductance. C is
DC-link side filter capacitance and R is the load resistance, respectively. The HESS
not only maintains the power balance but also regulates the DC bus at desired level.

1.4 Accurate Mathematical Modeling of PV Array,
Battery and Supercapacitor

1.4.1 Equivalent Mathematical Model of PV Panel

The photovoltaic (PV) system transforms sunlight directly into electricity. The
fundamental unit of a photovoltaic energy generation system is PV cell. Depending
upon the type of material used, an individual cell is a capable of producing 1 or 2 W
of power approximately. Cells are generally grouped to form PV panel or module.
These PV modules are ultimately connected in series and/or parallel arrangement to
form PV array to meet the current and voltage requirements. All PV modules in an
array are assumed identical for the sake of simplicity.

The equivalent circuit representation of a single-diode five-parameter expo-
nential model of PV cell is shown in Fig. 1.2. It generally consists of a light
generated current source (Iph) in parallel with the diode (D) and also takes into
account the effect of parasitic resistances (i.e., Rs and Rsh). Applying KCL at the
node ‘m,’ the current generated by the single PV cell can be expressed as:

Ipv ¼ Iph � ID � Ish ð1:1Þ

The current (Iph) generated depends upon the intensity of light incident on the
PV cell. Henceforth, the light generated current is also directly proportional to
changes in temperature that corresponds to change in intensity of light. It can be
expressed as:

6 P. K. Behera and M. Pattnaik



Iph ¼ Iph;n þ kiðT � TnÞ
� �S=Sn ð1:2Þ

According to semiconductor theory, the diode current (ID) can be expressed as:

ID ¼ Io exp
qVd

aKT

� �
� 1

� �
ð1:3Þ

where

Io ¼ Isc;n þ ki T � Tnð Þ
exp Voc;n þ kvðT�TnÞ

aNsVt

� 	
� 1

ð1:4Þ

Substituting (1.2) and (1.3) in (1.1) we get,

Ipv ¼ Iph � Io exp
Vpv þRsIpv

aVt

� �
� 1

� �
� Vpv þRsIpv

Rsh
ð1:5Þ

where

Vt ¼ k:T
q

ð1:6Þ

The equation governing the PV module current consisting of ‘Np’ no. of parallel
connected strings of PV cell as shown in Fig. 1.3 is expressed as:

IPV ¼ NpIph � NpIo e
q

akT
Vpv
Ns

þ IpvRs
Np

� 	
� 1

" #
� 1
Rsh

Np

Ns
Vpv þ IpvRs

� �

Fig. 1.2 Equivalent circuit representation of photovoltaic cell
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The current of the PV cell and the range of the operating voltage are determined
from short-circuit and open-circuit conditions. From the previous equation, the
short-circuit current and open-circuit voltages can determined as:

VocjIpv¼0 ¼ a:Ns:Vt ln
Iph
Io

þ 1
� �

IscjVoc¼0 ¼ Iph



1þ Rs
Rsh

� 	 ð1:7Þ

Variables description from Sect. 3.1.2

Vpv

Ipv
Iph
ID
Ish
Io
Voc

Isc
Iph,n
Isc,n
Voc,n

T
Tn
S
Sn
Ki

Kv

a
Ns

Np

Terminal voltage of PV panel (V)
Terminal current of PV panel (A)
Light generated or photon current (A)
Diode current (A)
Shunt current (A)
Reverse saturation current (A)
Open-circuit voltage (V)
Short-circuit current (A)
Photon current at STC (A)
Short-circuit current at STC (A)
Open-circuit voltage at STC (V)
Operating temperature (°C)
Nominal temperature (25 °C)
Operating irradiation (W/m2)
Nominal irradiation (1000 W/m2)
Short-circuit temperature coefficient
Open-circuit temperature coefficient
Ideality factor
Number of series connected cells
Number of parallel connected strings

(continued)

Fig. 1.3 Equivalent circuit representation of PV module consisting of ‘Np’ number of strings of
parallel PV cells
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(continued)

Variables description from Sect. 3.1.2

k
q
Vt

Vd

Rs

Rsh

Boltzmann constant (1.38 � 10–23 J/K)
Electron charge (1.6023 � 10−19C)
Thermal voltage imposed on the diode
Diode voltage (V)
Series resistance (X)
Shunt resistance (X)

1.4.2 Modeling of Battery

The equivalent circuit representation of the nonlinear model of battery is depicted in
Fig. 1.4. It consists of a dependent voltage source (E) and a constant internal
resistance (Rint). The model accounts SOC as its only state variable. The equations
governing the battery model are given as the following equations:

E ¼ Eo � K
Q0

Q0 �
R
Ibattdt

þAe�B
R

Ibattdt ð1:8Þ

Vbatt ¼ E � RintIbatt ð1:9Þ

%SOC ¼ 1� 1
Q

Z
Ibatt:dt

� �
� 100 ð1:10Þ

Fig. 1.4 Equivalent battery model
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where

Q ¼
Z

Ibatt:dt:

Variables description from Fig. 1.4

Vbatt

Ibatt
E
K
Q
Q0

E0

Rint

A
B

Battery terminal voltage (V)
Battery output current (A)
No-load voltage (V)
Polarization voltage (V/Ah)
Actual battery charge (Ah)
Rated battery capacity (Ah)
Constant voltage (V)
Internal resistance (X)
Exponential zone amplitude (V)
Exponential zone time constant (Ah−1)

1.4.3 Modeling of Supercapacitor

SC resembles a normal capacitor but provides significantly high capacitance. It has
a fast charging and discharging capability. The equivalent circuit diagram of SC is
shown in Fig. 1.5. It performs mid-way between conventional capacitors and
electrochemical cells (i.e., battery) and has a high power density [20]. The output
voltage of SC is generally expressed using Stern equation as follows:

Vsc ¼ NsQTd
NpNeee0Ai

þ 2NeNsRT
F

sinh�1 QT

NpN2
eAi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8RTee0c

p
� 

� Rint:Isc ð1:11Þ

Fig. 1.5 Equivalent circuit diagram of supercapacitor
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where

QT ¼
Z

Isc:dt ð1:12Þ

The SC electric charge equation can be modified considering isc = 0 to represent
the self-discharge process as follows

QT ¼
Z

Iself dis:dt ð1:13Þ

where

Iself dis ¼
CTa1

1þ sRscCT
if ! t � toc � t3

CTa2
1þ sRscCT

if ! t3\t � toc � t3
CTa3

1þ sRscCT
if ! t � toc [ t3

8><
>: ð1:14Þ

The constants a1, a2 and a3 depict the rates of change of the SC voltage during
different time intervals (toc, t3), (t3, t4) and (t4, t5), respectively, as shown in Fig. 1.6.

Variables description from Fig. 1.5

Ai

c
r
F
Isc
Vsc

CT

Rint

Ne

NA

Np

Ns

QT

R
T
e
e0

Area in between electrolyte and electrodes (m2)
Molar concentration (mol/m3)
Radius of the molecule (m)
Faraday constant
Supercapacitor terminal current (A)
Supercapacitor terminal voltage (V)
Rated capacitance (F)
Internal resistance of supercapacitor (X)
No. of electrode layers
Avogadro constant
No. of parallel supercapacitors
No. of series supercapacitors
Electric charge (C)
Gas constant
Temperature (K)
Permittivity of material
Permittivity of free space

Fig. 1.6 Graph depicting the
variation of SC voltage with
respect to time
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1.5 Design Considerations

Since the mathematical modeling and analysis of solar PV module, battery and
supercapacitor have been discussed in Sect. 1.4, this section explains the design of
DC–DC converters.

1.5.1 Design of DC–DC Boost Converter for MPPT Control

Boost converters are generally employed in industrial drives, automotive applica-
tions, adaptive control applications, battery power applications, etc. Where higher
level of DC voltages are required with low level of input voltage. Particularly in
case of PV application, the boost converter not only amplifies the output PV voltage
to desired level but also performs the maximum power point tracking (MPPT)
control. These converters are more popular because of their simple and rugged
structure, less maintenance, easy operation and less cost.

Calculation of Parameters

The circuit diagram representation of the boost converter comprising MOSFET
(SW1), power diode (D), capacitor (C) and inductor (Lpv) is shown in Fig. 1.7. The
converter during continuous current operation can be realized in two distinct modes
in accordance with the status of the MOSFET.

The inductor current ripple (DIL) is considered as 20% of the output1current and
the capacitor voltage ripple (DVc) is considered as 5% of the output1voltage and
operating switching frequency (fs) is 20 kHz to achieve the better performance of
the converter. The switch and diode used in the converter are selected based on their
voltage rating, current rating and operating characteristics.

The duty cycle is defined as the ratio of turn-on time of the switch to the total
switching time.

D ¼ Ton
Ts

ð1:15Þ

Fig. 1.7 Circuit schematic of
DC–DC boost converter
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The output voltage and output current can be calculated as:

Vo ¼ Vpv

1� D

Io ¼ Vo

RL

ð1:16Þ

The inductance (Lpv) and 1 capacitance (Cpv) can be calculated using 1.16 and
1.17

Lpv ¼ Vpv � Dð1� DÞ
DIL � fs

ð1:17Þ

C ¼ Vpv � Dð1� DÞ
8Lf 2s DVc

ð1:18Þ

1.5.2 Design of Bidirectional Converter

The parallel active configured battery-SC HESS provides the best utilization of SC
capability as well as utilization of entire control of battery-SC currents. Therefore,
battery-SC HESS in parallel active arrangement as shown in Fig. 1.1 has been used
in the current work.

The operation and design of DC–DC non-isolated-type bidirectional converter is
discussed right here since the functioning of both the battery and the supercapacitor
converter will be identical. The battery energy storage system (BESS) as shown in
Fig. 1.8 is developed using a battery stack and a DC–DC non-isolated-type buck–
boost bidirectional converter comprising of two bidirectional switches (S1 and S2)
with an input inductor (Lbat) and a filter capacitor (C) at the DC-link side. This
particular converter can operate either in boost or buck mode in accordance with the
duty cycle of the switches S1 and S2. The switches S1 and S2 are mutually exclusive
to each other. Whenever the switch ‘S2’ is switched on, the energy stored in the
inductor through the battery increases. At the particular instant, ‘S2’ is switched off
and ‘S1’ is switched on, the net current flows from the battery pack to the DC-link if
vbatt + vl > vo until ‘S1’ remains in on condition. This is considered as the boost or
battery discharging mode of operation. However, if the energy stored in the
inductor decreases before ‘S2’ is off or perhaps if vbatt + vl < vo at end of the period
when ‘S1’ is switched on, the inductor stores energy in opposite direction, and
therefore the current flows from DC-link to the battery pack. This mode of oper-
ation is considered as the buck. During this mode, the battery gets charged.

Filter design for bidirectional converter: The DC–DC bidirectional converter
consists of two bidirectional switches with input inductor (Lbat) and output filter
capacitor (C).
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During the boost mode of operation, the inductor can be calculated as:

Lbat boost ¼ VbatDboost

fsw � DIbat
¼ Vo � Vbat

fsw � DIbat
:
Vbat

Vo
ð1:19Þ

During the buck mode of operation, the inductor can be calculated as:

Lbat buck ¼ Vbatð1� DbuckÞ
fsw � DIbat

¼ Vo � Vbat

fsw � DIbat
:
Vbat

Vo
ð1:20Þ

During continuous mode of operation, Lbat is selected as:

Lbat ¼ max½Lb boost;Lb buck� ð1:21Þ

DC bus capacitor is calculated as:

C ¼ VoD
R� DVo � fsw

ð1:22Þ

where Vbat is the battery voltage, Dbuck and Dboost is the duty ratio during buck
mode and boost mode, respectively, fsw is the switching frequency, DVo is the ripple
content in DC bus voltage.

1.6 Control Strategy of PV-Based LVDC Microgrid
with Parallel Active HESS Configuration

A stand-alone solar PV system with parallel active HESS arrangement is depicted in
Fig. 1.1. It can be seen that the PV module is interfaced to the DC grid via a DC–
DC boost converter. Controlling the duty ratio of converter using MPPT technique
ensures the PV panel to work at its maximum power operating point (MPOP).

Fig. 1.8 Battery connected to
the DC-link via buck–
boost-type bidirectional
converter
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The HESS compensates the supply and demand mismatch and maintain a constant
DC-link voltage (Vo). Whenever the generation from PV system is more than the
load demand, the HESS absorbs the excess power whereas for less generation,
HESS supplies the deficit power to fulfill the load demand. The bidirectional
exchange of power between the DC grid and HESS is done using a buck–
boost-type bidirectional converter. In Fig. 1.4b, SW1 represent the control switch
for the boost converter. SW2, SW3 and SW4, SW5 are the complementary control
switches for bidirectional converters for battery bank and SC pack, respectively. Ipv,
Isc and Ibat represent the PV module, SC and battery current respectively, Vo is DC
bus voltage. Lpv, Lbat and Lsc are PV panel, battery and SC filter inductance. C is
filter capacitance and R is the load resistance, respectively. The parameters of all the
converters are designed following the procedure mentioned in [17, 18] and the
calculated values are listed in Table. 1.1.

The block diagram of the control strategy for HESS with parallel active topology
is shown in Fig. 1.9. The main objective of the control strategy is to maintain and
restore the DC bus voltage at the desired level under sudden variation in solar
irradiation or load. The control strategy also aims to increase the battery life while
ensuring minimal current stress upon the battery. The power necessary to balance
the entire power flow at the DC bus during irradiation and load variation is seg-
regated into two separate components: (a) average power component (Pavg) or the
low-frequency component and (b) transient component (Ptran) or the high-frequency
component.

The power balance can be represented as:

PlðtÞ � PpvðtÞ ¼ PbðtÞþPscðtÞ ¼ Pavg þ P̂tran ð1:23Þ

where Pl(t), Ppv(t), Pb(t) and Psc(t) represent the load, PV, battery and superca-
pacitor power, respectively. The control scheme compares the DC-link voltage (Vo)
with the reference voltage (Vref) and the error signal is processed through a PI
controller. The output of the PI controller is the total reference current (Itot_ref)
necessary to establish a constant DC-link voltage. So, the net power provided by the
HESS can be expressed as:

Table. 1.1 Simulation
parameters of PV-based
LVDC microgrid with HESS

PV array at STC (1000 W/m2, 25° C)

Maximum power = 960 W
Voc = 42 V, Isc = 32 A
Vmpp = 34 V, Impp = 28.4 A

Lead-acid Battery: 24 V, 14 Ah

Supercapacitor: 29 F, 32 V

DC–DC Boost Converter
Lpv = 0.35 mH, C = 390 µF, fs = 20 kHz

DC–DC Bidirectional Converter
Lbat = 0.32 mH, Lsc = 0.355 mH, C = 390 µF, fsw = 20 kHz

Vo = 48 V, R = 4.8 X
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PavgðtÞþPtranðtÞ ¼ v0itot ref ð1:24Þ

Itot_ref is decomposed into two frequency components (i.e., (IHFC_ref) and (ILFC _ref))
using a low-pass filter (LPF). The low-frequency component is given as reference to
the battery current controller.

ILFC ref ¼ Ibat ref ¼ LPFðItot refÞ ð1:25Þ

IHFC ref ¼ Itot ref � ILFC ref ð1:26Þ

The difference between Ibat_ref and actual battery current (Ibat) is passed through
another PI controller as shown in Fig. 1.10 to generate the duty ratios (D2; D3). For
generation of switching pulses for operation of the battery converter switches (SW2;
SW3), duty ratios (D2; D3) are provided to a PWM generator. Due to the slow
dynamics of the battery, Ibat may not track the Ibat_ref instantly. Therefore, the
equation of uncompensated battery power is given in Eq. 1.27.

Pbat uncomp ¼ ðIHFC ref þ Ibat errÞ � Vbat ð1:27Þ

The supercapacitor compensates for the power fluctuations originating due to
battery error component and the high-frequency part of the total reference current.

Isc ref ¼ Pbat uncomp

Vsc
¼ ðIHFC ref þ Ibat errÞ � Vbat

Vsc
ð1:28Þ

The reference component of SC Isc_ref given Eq. 1.28, is compared with the
actual current of the SC and the error given to the PI controller generates switching
pulses for corresponding switches (SW4; SW5) of bidirectional converter interfaced
with SC.

Fig. 1.9 Block diagram of control strategy of PV-based microgrid with HESS
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1.7 Simulation Results and Discussions

The PV system with hybrid energy storage system depicted Fig. 1.1 is simulated
using MATLAB/Simulink. Initially, the PV panel is operated to work at MPPT
mode. INC MPPT technique has been used to extract the peak power from the PV
module. The control strategy depicted in Fig. 1.9 maintains the DC bus at desired
level (i.e., 48 V) and achieves power sharing among PV, battery, SC and load. The
control scheme employed for the overall system is evaluated under four different
operating conditions: (i) Step increment in irradiation, (ii) step decrement in irra-
diation, (iii) step increment in load demand and (iv) step decrement in load demand.

1.7.1 Step Increment in Irradiation

In this case, initially the PV module is operated in MPPT mode with irradiation of
400 W/m2 and an ambient temperature of 25 °C. The output power corresponding to
this irradiation is shown in Fig. 1.10a. The PV output is increased at t = 3 s from 388
to 775 W upon irradiation increase from 400 to 800 W/m2. During this condition, a
constant load power of 480 W is maintained as shown in Fig. 1.10b. Due to a sudden
increase in irradiation, the surplus power generated by the PV system is absorbed by
HESS to maintain the DC-link voltage (Vo) at 48 V. SC absorbs the IHFC of the
surplus power momentarily, whereas the battery absorbs the average power com-
ponent ILFC as shown in Fig. 1.10c. As the PV power increases due to sudden
irradiation change, the output voltage or the DC-link voltage increases in proportion
instantly and again settles to its reference value quickly as shown in Fig. 1.10d. It can
be observed from Fig. 1.10e that, at t = 3 s, the battery current makes a smooth
transition from discharging mode to charging mode. Because, the SC takes care of
high-frequency component momentarily which is shown in Fig. 1.10g. The % SOC
of battery starts increasing as shown in Fig. 1.10f. The load current shown in
Fig. 1.10h is maintained constant at 10 A throughout this operation.

1.7.2 Step Decrement in Irradiation

To check the transient performance of the control scheme under sudden decrease in
PV generation, the input irradiation of the PV panel is suddenly decreased from 800
to 400 W/m2 at t = 9 s. It is seen from Fig. 1.11a, PV power drops from 775 to
388 W and the load power is 480 W. So, the voltage decreases instantaneously as
the PV generation decreases suddenly. To maintain the Vo at 48 V, the deficit power
is delivered by the HESS as shown in Fig. 1.11c. The load power and DC-link
voltage are maintained constant throughout the entire operation as shown in
Fig. 1.11b, d, respectively. The battery current Ibatt and %SOC of the battery are
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Fig. 1.10 Simulation results for step increment in irradiation a PV power, b load power, c battery
and supercapacitor power, d DC-link voltage, e SOC of the battery, f battery current,
g supercapacitor current, h load current
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Fig. 1.10 (continued)
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Fig. 1.11 Simulation results for step decrement in irradiation a PV power, b load power, c battery
and supercapacitor power, d DC-link voltage, e SOC of the battery, f battery current,
g supercapacitor current, h load current
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Fig. 1.11 (continued)
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shown in Fig. 1.11e, f, respectively. The SC provides IHFC of surplus demand along
with the error component for short term as shown in Fig. 1.11g and diverts the
steady-state component toward the battery. Therefore, due to low discharge current
rate, the current stress on the battery reduces. The load current is maintained
constant at 10 A as shown in Fig. 1.11h.

1.7.3 Step Increment in Load Demand

In this case, the simulation is performed under step increase in load demand at a
constant irradiation of S = 600 W/m2 and T = 25 °C. The PV module is operated at
MPPT mode with R = 4.8 X. At t = 3 s, the load demand is suddenly increased by
decreasing R to 2.4 X. At this instant, the PV panel supplies 583 W as shown in
Fig. 1.12a, but the load demand is 960 W (Fig. 1.12b). To maintain the Vo at 48 V,
the surplus demand is to be supplied by HESS as shown in Fig. 1.12c where SC
supplies the high-frequency component until the battery provides the steady-state
demand. It can be observed in Fig. 1.12d that the output voltage is stabilized
quickly and a constant DC-link voltage of 48 V is maintained throughout. The
waveforms of battery current, %SOC of battery, SC current and load current are
shown Fig. 1.12e–h, respectively.

1.7.4 Step Decrement in Load Demand

The simulation results for sudden decrement in load demand are shown in Fig. 1.8
at a constant irradiance of S = 600 W/m2 and T = 25 °C. With a constant PV
output power of 583 W, at t = 9 s, the load demand is decreased suddenly from 960
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to 480 W (Fig. 1.13a, b). Similarly, the HESS absorbs the excess power during
sudden reduction in the load demand as shown in Fig. 1.13c in order to provide a
stable system performance. The corresponding Vo, Ibatt, %SOC, Isc and Io are shown
Fig. 1.13d–h, respectively. From the corresponding results, it is found that the
output voltage is stabilized quickly maintaining a constant value of 48 V.

1.8 Conclusion

The design, analysis and simulation of PV system with a parallel active HESS
configuration are presented. The PV system is operated to run under MPP mode to
meet the load requirement. A HESS consisting of SC and a battery pack helps to
regulate the DC-link voltage and compensates the generation-demand mismatch.
A simple control scheme for DC grid voltage regulation is employed. It is based on
decomposition total reference current into low and high-frequency power compo-
nents. The control scheme for voltage regulation and power sharing between battery
and SC is successfully simulated using MATLAB/Simulink. The simulation results
confirm that during sudden abrupt variation in irradiance and/or load demand, the
steady-state component is managed by the battery storage system, whereas the
transient component is taken care by SC momentarily. The advantages of control
strategy can be attributed as better voltage regulation and less current stress on
battery during transient conditions.
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Fig. 1.12 Simulation results for step increase in load demand a PV power, b load power, c battery
and supercapacitor power, d DC-link voltage, e SOC of the battery, f battery current,
g supercapacitor current, h load current
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Fig. 1.12 (continued)
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Fig. 1.13 Simulation results for step decrease in load demand a PV power, b load power, c battery
and supercapacitor power, d DC-link voltage, e SOC of the battery, f battery current,
g supercapacitor current, h load current
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Fig. 1.13 (continued)
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Chapter 2
High Gain Buck–Boost Converter
for Solar Photovoltaic (PV) System

Niraj Rana, Subrata Banerjee, and Kundan Kumar

2.1 Introduction

The rapid change in environmental conditions and gradually increasing electricity
consumption led to require sustainable as well as a cheaper energy source. Due to
the world energy resource shortage, the development of renewable energy sources
(RES) is critical [1–3]. Nowadays, electricity production from the solar photo-
voltaic (PV) panel is a remarkable choice for power generation in industrial sectors
due to its pollution-free characteristic [4]. The DC–DC power converters are
extensively utilized in PV-based systems for interfacing between the PV panel and
the connected load [5]. The converter must be designed to be connected directly to
the PV panel and to perform operation for maximizing power extraction under all
operating conditions employing MPPT controller [6].

The solar PV panels are extensively applied in both stand-alone and
grid-connected systems and the block diagram representations of both systems are
given in Fig. 2.1.

It is seen that the stand-alone system mainly involves of a PV panel, MPPT
control system, DC–DC converter and load. But, the grid-connected PV-based
system additionally requires solar inverter and the overall implementation requires
more complex control.

However, the solar PV panel with low output voltage is the major drawback in
solar power generation system. Therefore, to step-up the PV panel output voltage,
the reliable and efficient converters are needed. The traditional DC–DC power
converters such as boost converter (BC) and buck–boost converter (BBC) are
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employed with the MPPT-based controller at various places for maximum power
extraction from the solar PV panel. But, there are certain shortcomings of the
traditional converters such as limited voltage gain, high magnitude of load voltage
ripple and input current ripple, poor dynamic performance and lesser power effi-
ciency. Therefore, the applications of traditional DC–DC converters are restricted in
some cases.

The isolated power electronic DC–DC converter (i.e., isolated buck–boost
(flyback) converter, half/full-bridge converter) may be applied for high step-up the
output voltage of the PV panel by increasing the isolated transformer turn ratio as
well as duty cycle of power devices (i.e., MOSFETs and diodes). However, this
technique for achieving high-voltage gain will cause high voltage and current
stresses on the power devices, increases the size and weight of the overall system
and poor power efficiency [7, 8]. So, a non-isolated class of DC–DC power elec-
tronics converter is preferred. The traditional non-isolated converters (i.e., BC and
BBC) can be acquired high-voltage gain through extreme duty cycle operation of
the power devices [9]. But, there are some unavoidable problems that happen
during an extreme duty cycle operation such as the reverse recovery problem of
converter diode, large ripple content, high electromagnetic interference (EMI) and
low power efficiency [10].

Fig. 2.1 Schematic representation of (a) stand-alone and (b) grid-connected PV-based system
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Therefore, it is essential to design a non-isolated DC–DC power electronics
converter that should have certain unique features for example high-voltage gain,
lower ripple content, better power handling capability, enhanced power efficiency
and improved dynamic characteristic [11].

Sometimes, the interleaving technique has been applied in the traditional con-
verters to decrease the ripple content and to enrich the power handling capability. In
this way, interleaved boost converter (IBC) as well as interleaved buck–boost con-
verter (IBBC) have been developed and are reported in many literatures [11–15]. The
interleaved DC–DC power electronics converters are applied in various industrial as
well as portable electronics devices. Due to lesser ripple content in interleaved con-
verters, their application in PV-based system is useful. However, the conventional
interleaving technique cannot be able to raise the converter’s voltage gain.

Some non-isolated DC–DC power electronics converter [16–18] are presented in
Fig. 2.2, where converters produce high-voltage gain.
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Fig. 2.2 High gain converters proposed in (a) [16], (b) [17] and (c) [18]

2 High Gain Buck–Boost Converter for Solar … 33



In [16] and [17] (Fig. 2.2a, b), two non-isolated high gain BBCs are demon-
strated, where both converters produce square times voltage gain than the voltage
gain of traditional BBC. However, these converters create more ripples with higher
voltage gain so the conversion efficiency becomes poor.

The input parallel output series class of DC–DC power electronics boost con-
verter [18] for enhancing the voltage gain as well as reducing the ripple content is
shown in Fig. 2.2c. The converter produces the voltage gain, which is two times
higher than the voltage gain of the traditional BC. But, the main drawback of the
converter is that it cannot operate below the 50% duty cycle. Moreover, this con-
verter has a serious EMI problem because the common ground bus is not present
between the parallel–series-connected converter cells.

In this chapter, an improved high gain buck–boost converter (IHGBBC) suitable
for PV-based systems has been demonstrated to overcome the above shortcomings
of the converter systems. The IHGBBC is established by paralleling the input side
and cascading the load side of two traditional BBCs cells. Consequently, IHGBBC
will have double voltage gain as compared to a single TBBC cell. Due to the parallel
connection of two TBBCs cells and 180° phase shifting operation (interleaving
technique) between them, the overall rating is increased as well as ripple content is
also reduced as compared to a single TBBC cell. The duty-to-output small-signal
transfer function (TF) of IHGBBC is developed through small-signal averaging of
state-space equations to investigate the dynamic characteristics of the converter. It is
seen from the derived TF of IHGBBC that there exists a right-half-plane (RHP) zero,
so it is a non-minimum phase system like TBBC. As a result, the dynamic perfor-
mance of the converter during transient conditions is sluggish in nature. However,
the closed-loop performance of IHGBBC can be improved by Type-III compensator
which is established through the K-factor approach [19–22] and integrated with
closed-loop IHGBBC. The closed-loop IHGBBC with Type-III compensator has
been fabricated in the laboratory, and the performance has been tested under different
operating conditions. It is observed that IHGBBC demonstrates outstanding per-
formances under all operating circumstances.

2.2 Proposed Improved High Gain Buck–Boost Converter
(IHGBBC)

2.2.1 Circuit Topology and Working Principle

The proposed IHGBBC is formed by combining two different traditional topologies
of BBCs, and the developed circuit of power converter is bestowed in Fig. 2.3. Two
TBBCs are paralleled in the input side and are cascaded in the load side as well as
interleaving technique (i.e., operating phase displacement between two TBBCs is
180° with identical switches duty cycle in a switching interval) is applied between
them.
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In this manner, IHGBBC produces lesser ripples with improved performances
along with it produces high-voltage gain as compared to voltage gain of a single
TBBC cell. Consequently, IHGBBC demonstrates higher power handling capability
with greater than 90% power conversion efficiency as compared to single TBBC
cell.

The circuit components of IHGBBC (shown in Fig. 2.3) are indicated as fol-
lows: source voltage or output voltage of PV panel (VS), inductors (L1 & L2), power
MOSFETs (S1, S2 & S3), capacitors (C1 & C2), load resistance (R), power diodes
(D1, D2, & D3) and output or load voltage (VO). The voltages across C1 & C2 are
denoted by vC1 & vC2, respectively. There are two distinct working modes of the
IHGBBC during continuous conduction mode (CCM). As per the working states
(Mode-I & Mode-II) of IHGBBC, the corresponding circuits schematic are
demonstrated in Fig. 2.4a, b. Figure 2.5 illustrates the several key waveforms of
IHGBBC. Where vL1, vL2, iL1 & iL2 are the inductors voltage and current; VS1, VS2 &
VS3 are the gate pulses for switches S1, S2 & S3; d1 & d2 are duty cycle of respective
TBBC cells; T is one switching interval.

During Mode-I of IHGBBC, both S1 & S2 will be in ON state and S3 will be in
OFF state. So, both D1 & D2 will be reverse bias and D3 will be forward bias. VS is
supplying energy to L1, L2 is supplying energy to C2. Finally, both C1 & C2 are
supplying energy to R as well as maintain the required voltage across R.

Similarly, during Mode-II of IHGBBC, both S1 & S2 will be in OFF state and S3
will be in ON state. Consequently, both D1 & D2 will be forward bias and D3 will
be reverse bias. Here, VS is supplying energy to L2, L1 is supplying energy to C1. In
this mode also, both C1 & C2 are supplying energy to R as well as maintain the
required voltage across R.

2.2.2 Voltage Gain

The steady-state voltages expressions of L1, L2, C1 & C2 of IHGBBC in Mode-I can
be derived by adopting KVL in the equivalent circuit as shown in Fig. 2.4a and are
presented as follows.
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vL1 ¼ VS ð2:1Þ

vL2 ¼ �vC2 ð2:2Þ

VO ¼ vC1 þ vC2 ð2:3Þ

Similarly, for Mode-II (Fig. 2.4b) operation of IHGBBC, the steady-state volt-
ages expressions of L1, L2, C1 & C2 are given below.

vL1 ¼ �vC1 ð2:4Þ

vL2 ¼ VS ð2:5Þ
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VO ¼ vC1 þ vC2 ð2:6Þ

Now, by utilizing the equal volt-sec balance principle across L1, one can
establish (2.7) and it can be written as follows.

vC1 ¼ d1VS

1� d1ð Þ ð2:7Þ

Similarly, (2.8) is deduced through equal volt-sec balance approach across L2,
and it is given below.

vC2 ¼ d2VS

1� d2ð Þ ð2:8Þ

It is to be noted that two connected TBBCs are assumed as identical as well as
lossless system. All parameters of the converters are identical (i.e., L1 = L2,
C1 = C2 and d1 = d2 = d).

Now, by adding (2.7) and (2.8), the final voltage gain of IHGBBC is presented
in (2.9).

VO

VS
¼ 2d

1� dð Þ ð2:9Þ

However, a single TBBC cell provides voltage gain which is given below in the
following equation.

VO

VS
¼ d

1� dð Þ ð2:10Þ

From (2.9) and (2.10), it is found that the derived voltage gain of IHGBBC is
two times higher as compared a single TBBC cell.

2.2.3 Parameters Design

This subsection presents the selection procedure of inductors (L1 & L2) and
capacitors (C1 & C2) of IHGBBC.

2.2.3.1 Inductors (L1 & L2)

The values of L1 & L2 are chosen based on (2.11) and (2.12), which essential to
satisfy the following criteria to enable the converter can work in CCM.
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L1 [
1
4
RT 1� dð Þ2 ð2:11Þ

L2 [
1
4
RT 1� dð Þ2 ð2:12Þ

2.2.3.2 Capacitors (C1 & C2)

The capacitors (C1 & C2) are taken based on (2.13) and (2.14) through proper
consideration of some parameters of IHGBBC like source voltage (VS), output
voltage (VO), capacitors ripple voltages (DvC1 & DvC2) and switching interval (T).

C1 ¼ dTVO

RDvC1
ð2:13Þ

C2 ¼ dTVO

RDvC2
ð2:14Þ

2.3 Small-Signal Modeling of IHGBBC

The IHGBBC is a kind of time-variant and highly nonlinear switching converter.
Nevertheless, it can be possible to convert a continuous time-invariant linear
converter model. In this process, the averaging of state equations is utilized to
deduce the duty-to-output TF of IHGBBC. There are two distinct working states
(Mode-I and Mode-II) of the IHGBBC during CCM. Hence, the differential state
equations for Mode-I operation (Fig. 2.4a) of IHGBBC are given below in the
following equations.

diL1
dt

¼ VS

L1
ð2:15Þ

diL2
dt

¼ �vC2
L2

ð2:16Þ

dvC1
dt

¼ �VO

RC1
ð2:17Þ

dvC2
dt

¼ iL2
C2

� VO

RC2
ð2:18Þ

Similarly, the differential state equations for Mode-II (Fig. 2.4b) operation of
IHGBBC can be written as follows.
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diL1
dt

¼ �vC1
L1

ð2:19Þ

diL2
dt

¼ VS

L2
ð2:20Þ

dvC1
dt

¼ iL1
C1

� VO

RC1
ð2:21Þ

dvC2
dt

¼ �VO

RC2
ð2:22Þ

It is assumed that two TBBCs are identical (i.e., d1 = d2 = d, L1 = L2 = L &
C1 = C2 = C) so the average differential state equations can be written as follows.

diL1
dt

¼ VS

L1
d� vC1

L1
1� dð Þ ð2:23Þ

diL2
dt

¼ VS

L2
d� vC2

L2
1� dð Þ ð2:24Þ

dvC1
dt

¼ �VO

RC1
dþ iL1

C1
� VO

RC1

� �
1� dð Þ ð2:25Þ

dvC2
dt

¼ �VO

RC2
dþ iL2

C2
� VO

RC2

� �
1� dð Þ ð2:26Þ

Hence, the final duty-to-output TF of IHGBBC is found by solving the above
expressions (2.23)–(2.26), and it is given below in the following equation.

VO sð Þ
d sð Þ ¼ 2VS

1� dð Þ2 �
1� 2dL

R 1�dð Þ2 s
n o

LC
1�dð Þ2 s

2 þ 2L
R 1�dð Þ2 sþ 1

n o ð2:27Þ

The converter (Fig. 2.3) parameters are selected by utilizing the design criteria
described in Sect. 2.2 and are shown in Table 2.1. The mentioned parameters are
used for the simulation as well as experimental study. After inserting the design
parameters values into (2.27), the duty-to-output TF for a specific working state of
IHGBBC is established and is given in (2.28).

VO sð Þ
d sð Þ ¼ �11832 s� 4:708� 104ð Þ

s2 þ 42:55sþ 1:211� 106ð Þ ð2:28Þ

It is interesting to note that IHGBBC is having one RHP zero in its output to
control transfer function (2.28), and this is non-minimum phase system. So design
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of a suitable phase lead compensation is required to overcome the shortcomings in
its closed-loop operation.

2.4 Results and Discussions

To obtain excellent transient performance of IHGBBC in closed loop, the Type-III
compensator is established through the traditional K-factor procedure [19–22] and
applied for closed-loop control of the proposed converter. The TF of the developed
compensator by using K-factor is given in (2.29).

GC sð Þ ¼ 2:85� 105 sþ 353:1ð Þ2
s sþ 1:64� 105ð Þ2 ð2:29Þ

The stability performance of IHGBBC is analyzed through the frequency-
domain analysis. The bode diagram of IHGBBC with and without compensator is
shown in Fig. 2.6. The performance specifications of IHGBBC with the developed
compensator are shown in Table 2.2. It can be observed that IHGBBC with
advanced compensator demonstrates excellent stability during closed loop.

To verify the closed-loop dynamic performances of IHGBBC with developed
compensator, extensive experimental analyses have been carried out by source
voltage (VS) variation as well as load resistance (R) variation in both step-down and
step-up states of converter. The output voltage responses of IHGBBC under all
working circumstances have been captured and are presented in Figs. 2.7 and 2.8. It
is perceived that the output voltage responses of IHGBBC exhibit outstanding
performances with faster rise time, minimum settling time and minimum overshoot
in all cases. Figure 2.9 demonstrates the key experimental waveforms of IHGBBC
during CCM operation for both step-down and step-up modes.

The comparative ripple and efficiency analyses of the proposed IHGBBC and
traditional BBC have been performed and the graphical representations are
demonstrated in Figs. 2.10 and 2.11, respectively. It is found that the proposed
IHGBBC has lesser ripple than traditional BBC and due to lesser ripple the pro-
posed converter has higher power efficiency as compared to traditional one.

Table 2.1 Parameters of
IHGBBC

Sl. no. Parameters Value

1 Supply voltage (VS) 36 V

2 Load voltage (VO) 20–110 V

3 Switching frequency (f) 50 kHz

4 Inductors (L1 & L2) 275 µH

5 Load resistance (R) 30–100 Ω

6 Capacitors (C1 & C2) 470 µF
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Fig. 2.6 Bode diagram of IHGBBC with and without compensator
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(b)(a)

Fig. 2.7 Dynamic output voltage (VO) responses of IHGBBC against ±10% step variations are
given in source voltage (VS) during (a) buck state and (b) boost state (CH1: Output voltage (VO) &
CH4: Source voltage variation)

Table 2.2 Performance specifications of IHGBBC with Type-III compensator

Specifications Value

Gain margin 16.8 dB

Gain crossover frequency 6170 rad/s

Phase margin 72.1°

Phase crossover frequency 57,500 rad/s

2 High Gain Buck–Boost Converter for Solar … 41



2.5 Summary

The power converter with high-voltage gain is considered to be an important aspect
for both stand-alone and grid-connected PV-based system. In this chapter, one such
high gain buck–boost converter named IHGBBC has been discussed. This con-
verter is originated by connecting in parallel at the input side and cascading in the
load side of two TBBC cells. The converter has been fabricated in the laboratory,

VO = 110V

VO = 20V

Load Variation Load Variation

(a) (b)

Fig. 2.8 Dynamic output voltage (VO) responses of IHGBBC against ±50% step variations are
given in load resistance (R) during (a) buck state and (b) boost state (CH2: Output voltage (VO) &
CH4: Load resistance variation)

(a) (b)

iL1

iL2

VS1,VS2

VS3

iL1

iL2

VS1,VS2

VS3

Fig. 2.9 Key waveforms of IHGBBC during CCM operation (a) buck state and (b) boost state
[CH1: iL1, CH2: iL2, CH3: gate pulse for switches S1 & S2 (VS1 & VS2) & CH4: gate pulse for
switch S3 (VS3)]
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and its closed control operation has been tested with it. The detailed working
principle with different modes of operation, mathematical modeling, controller
design, simulation and experimental results of IHGBBC has been presented. The
non-inverting load voltage with a wide range can be generated through IHGBBC.
The proposed power converter is compact, durable and easy to develop in real time
with a simple analog components-based control circuit. The superiority of IHGBBC
is substantiated through the obtained results from simulation as well as experi-
mental studies. From the above analyses, it is clear that the proposed IHGBBC has
some unique features like high-voltage gain, faster dynamic response, high power
efficiency and smaller ripple. Thus, IHGBBC can be applied in solar PV systems
due to its uniqueness, simplicity and improved performances as well as its easy to
implement in real time.

Fig. 2.10 Experimental ripples comparison between proposed IHGBBC and traditional BBC
(a) DIS against voltage gain (b) DVO against voltage gain

Fig. 2.11 Experimental
efficiency (%) comparison
between proposed IHGBBC
and traditional BBC
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The IHGBBC can be integrated with some practical applications of solar systems
such as PV-based electric vehicles, PV-based street lighting systems and PV-based
irrigation systems.
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Chapter 3
Developed Boost Converter
with Generalized Quadratic Boosting
Cell to Minimize Capacitor Voltage
Stresses and Reduce the Cost of Utilized
Capacitors

Lipika Nanda and Adyasha Acharya

3.1 Introduction

The new era of electrical technology depends on the development of power elec-
tronic devices. A DC-to-DC converter is one of the most commonly used power
electronic devices that converts a fixed input DC voltage to variable DC voltage
output. These converters are widely implemented in applications like automobiles,
traction motors, marine hoists, mine haulers, trolley care and renewable energy
systems [1]. These converters can also be used as switched mode power converters
(SMPS) that consist of a switch reactive circuit elements like inductor and capacitor
for attenuating the switching ripples in the output power. These devices have a
numerous advantages over the other linear regulators. Voltage of such devices can
be controlled by adjusting the duty ratio. The new era of electrical technology
mostly relies on the non-conventional energy sources whose output is insufficient
for high voltage applications [1]. The best solution for the mentioned problem is
general boost converter, but the maximized output gain of the boost converter is
practically not feasible to achieve due to the dependency of voltage gain on duty
ratio range [2–4]. Increasing the duty ratio for maximum output gain, the converter
efficiency gets compromised [5]. Various other issues like switch and capacitor
voltage stresses also tend to deteriorate the converters efficiency. The solution of
such demerits is the newly derived topology such as cascaded boost converter [6,
7], quadratic boost converter [8], multidevice boost converter [9] and modified
quadratic converters [10–13]. A cascaded boost converter steps up the voltage
without wide variation in duty ratio, but decreases the overall efficiency of con-
verter due to multiple switching losses. A quadratic boost converter is developed to
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maximize the output voltage gain at low duty ratio and shows minimal power
losses. The switch and capacitor voltage stresses are the main problems in quadratic
boost topology, that was solved by the application of a capacitor-inductor-diode
(CLD) [14]. CLD cell is added to a multidevice boost converter such that a max-
imized output voltage gain and minimal stress voltage across the switch is obtained,
but due to extra switch the losses increase. A new quadratic boost converter is
introduced that is much better in terms of reduced capacitor voltage stress on
comparison with quadratic boost topology but the input current is discontinuous in
nature [15]. The topology-I attains a maximized output voltage gain for a low duty
ratio range reducing the discontinuity in input current, but it requires extra inductors
and capacitors [16–18]. In this paper, the quadratic cell has been generalized. The
proposed structure contains quadratic boosting cell (n = 3). Each cell contains a
capacitor, two inductors and two diodes. The aim of the cell is to maximize the
output voltage gain for a low range of duty cycle. The inductors used in cells charge
in a parallel manner and discharge in serial manner. The capacitors used in each cell
have low stress voltage across them that minimizes their cost and size. Also, the
voltage stress further reduces if the duty ratio is minimized. So as per the appli-
cation the voltage gain can be increased by selecting boosting cells for a proper
duty cycle. Hence, the dependency of output gain on number of boosting cells is
prominent.

3.2 Proposed Topology

The proposed topology is developed in this section. The generalized quadratic
boosting cell structure is developed and implemented. Proposed converter’s oper-
ating modes and different wave forms are discussed in details. The theoretical
calculations are presented in order to find the values of inductance and capacitance.
Finally, the merits and demerits are discussed.

3.2.1 Quadratic Boosting Cell and Converter

The largest output voltage gain of boost converter is practically difficult to achieve,
followed by other issues like switch and capacitor voltage stresses that deteriorate
the efficiency of converter [19–21]. In Fig. 3.1, a quadratic boosting structure is
shown that consist of a capacitor C, two diodes (D1 and D2) and two inductors
(L1 and L2). Inductors in ON state of switch charge in parallel manner and discharge
in serial manner in switch’s OFF state thereby increasing the output gain [22, 23].
Adding single boosting cell (n = 1) in replacement of the inductor L in a boost
converter in Fig. 3.2, the output voltage gain expression is given in Eq. (3.1):
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V0

V
¼ 1

ð1� dÞ2 ð3:1Þ

3.3 Generalized Quadratic Boosting Cell Structure

Addition of an extra capacitor C2, inductor L3 and two diodes (D3, D4) to the
boosting cell forms a two quadratic boosting cell structure (n = 2) presented in
Fig. 3.3 and output voltage gain is given in Eq. (3.2) as

V0

V
¼ 1

ð1� dÞ3 ð3:2Þ

Similarly addition of another capacitor C3, inductor L4 and diodes (D5, D6) in the
previous structure shown in Fig. 3.4 forms a three quadratic boosting cell structure
(n = 3) and the voltage gain is given in Eq. (3.3):

Fig. 3.1 Basic boosting cell

Fig. 3.2 Boost converter
with single quadratic boosting
cell (n = 1)

Fig. 3.3 Two quadratic
boosting cells (n = 2)
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V0

V
¼ 1

ð1� dÞ4 ð3:3Þ

Therefore, on addition of number of capacitors, inductors and diodes in same
manner, n number of quadratic boosting cell structure are developed as shown in
Fig. 3.5 and the generalized voltage gain expression is equated in Eq. (3.4). Hence,
the output voltage gain dependency on the number of quadratic boosting cells n is
figured out.

V0

V
¼ 1

ð1� dÞnþ 1 ð3:4Þ

Fig. 3.4 Three quadratic
boosting cell (n = 3)

Fig. 3.5 n quadratic boosting
cells
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3.4 Proposed Converter and Operating Modes

The proposed converter with a generalized quadratic boosting cell structure (n = 3)
is shown in Fig. 3.6. First cell contains two inductors (L1, L2), capacitor C1 and two
diodes (D1, D2). Second cell contains two inductors (L3, L2), capacitor C2 and two
diodes (D3, D4). Third cell contains two inductors (L4, L3), capacitor C3 and two
diodes (D5, D6). Each component in the proposed converter is assumed ideal.

3.4.1 Mode1

In mode1 the switch is ON as shown in Fig. 3.8. Diodes (D1, D3, D5, D7) turned
reverse biased and diodes (D2, D4, D6) turned forward biased. The input supply V
charges the inductor L1, inductor L2 is charged from capacitor C1 and V, similarly
inductors L3 and L4 get charged from capacitors (C2, C1, V) and (C3, C1 and V). So
the inductor currents (IL1, IL2, IL3, IL4) rise linearly as shown in Fig. 3.7. Hence, it is
observed that inductors (L1, L2) and (L3, L4) charge parallely and the capacitor C0

discharges energy to load.

3.4.2 Mode 2

In mode 2 the switch is OFF as shown in Fig. 3.9. Diodes (D1, D3, D5, D7) turned
forward biased and diodes (D2, D4, D6) turned reverse biased. The inductors
(L1, L2) discharge in serial manner and inductor currents (IL1, IL2) fall linearly.
Similarly the inductors (L3, L4) also discharge serially and inductor currents

Fig. 3.6 Equivalent circuit of proposed topology using three boosting cells (n = 3)
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(IL3, IL4) fall linearly as shown in Fig. 3.7, supplying energy to capacitor C0 and
load. Applying volt sec balance to inductor voltage equations, we get following
capacitor voltage equations:

Fig. 3.7 Inductor current and voltage waveforms
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3.4.3 Voltage Equation

The proposed structure is operated in both switch ON and OFF mode. The voltage
equations in different modes are as follows.

3.4.3.1 Mode 1

During the switch ON mode that is visible in Fig. 3.8, the voltage across the four
inductors (VL1, VL2, VL3,VL4) is determined. The voltage across inductor L1 is given
in Eq. (3.5) which is equal to the supply voltage V. Similarly, the voltage across
inductor L2 is given in Eq. (3.6) that is given as sum of input voltage V and
capacitor voltage VC1. Also, the voltage across the inductor L3 is sum of input
voltage V and capacitor voltage VC1 and VC2 that is given in Eq. (3.7). Finally, the

Fig. 3.8 Structure of proposed topology while switch is ON

Fig. 3.9 Structure of proposed topology while the switch is OFF
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voltage across the inductor L4 is the sum of input voltage V and capacitor voltage
VC1, VC2 and VC3 shown in Eq. (3.8).

VL1 ¼ V ð3:5Þ

VL2 ¼ V þVC1 ð3:6Þ

VL3 ¼ VC2 þVC1 þV ð3:7Þ

VL4 ¼ VC3 þVC2 þV þVC1 ð3:8Þ

3.4.3.2 Mode 2

During the switch OFF mode as seen in Fig. 3.9, the voltage across the four
inductors (VL1, VL2, VL3,VL4) is determined. The voltage across inductor L1 is given
in Eq. (3.9) which is equal to the capacitor voltage VC1. Similarly, the voltage
across inductor L2 is given in Eq. (3.10) that is equal to capacitor voltage VC2. Also,
the voltage across the inductor L3 is equal to capacitor voltage VC3 that is given in
Eq. (3.11). Finally, the voltage across the inductor L4 is shown in Eq. (3.12).

VL1 ¼ VC1 ð3:9Þ

VL2 ¼ VC2 ð3:10Þ

VL3 ¼ VC3 ð3:11Þ

VL4 ¼ V0 � V � VC1 � VC2 � VC3 ð3:12Þ

Applying voltage second balance to inductor voltage equations, the capacitor
voltage equations are determined (where Ton is on time and Toff is off time of
switch). Voltage second balance of the inductor voltage VL1 during both modes is
given in Eq. (3.13). Similarly, voltage second balance in inductor voltages (VL2,
VL3, VL4) is given in Eqs. (3.14)–(3.16), respectively.

V � Ton ¼ VC1 � Toff ð3:13Þ

ðV þVC1Þ � Ton ¼ VC2 � Toff ð3:14Þ

VC2 þVC1 þVð Þ � Ton ¼ VC3 � Toff ð3:15Þ

V þVC1 þVC2 þVC3ð Þ � Ton ¼ V0 � V � VC1 � VC2 � VC3ð Þ � Toff ð3:16Þ

After dividing Ton on both sides of Eq. (3.13), the following capacitor voltage
VC1 is obtained that is given in Eq. (3.17), where d is the duty ratio and is given as
ratio of turn on (Ton) time to total time interval T and (T = Ton + Toff).
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VC1 ¼ V � d
1� dð Þ

� �
ð3:17Þ

Similarly dividing Ton on both the sides in Eq. (3.14), the capacitor voltageVC2 is
determined in Eq. (3.18)

VC2 ¼ V � d

1� dð Þ2
" #

ð3:18Þ

Similarly, the capacitor voltage VC3 is obtained that is given in Eq. (3.19)

VC3 ¼ V � d

1� dð Þ3
" #

ð3:19Þ

Finally, dividing Eq. (3.16) by Ton on both sides and putting Eqs. (3.17)–(3.19)
in Eq. (3.16), the capacitor voltage V0 that is the output voltage is given in
Eq. (3.20) as

V0 ¼ V

1� dð Þ4
" #

ð3:20Þ

Hence, Eq. (3.20) is the obtained output voltage of proposed structure.

3.4.4 Current Equations

During ON mode that is visible in Fig. 3.8, the capacitor current IC0 is equal to
output current I0 that is given in Eq. (3.21). Similarly, in Eq. (3.22), the capacitor
current IC3 is equal to inductor current IL4. Also, the capacitor current IC2 is equal to
the sum of inductor currents (IL4, IL3) that is presented in Eq. (3.23). Finally, the
capacitor current IC4 is the sum of inductor currents (IL2, IL3, IL4) given in
Eq. (3.24).

IC0 ¼ I0 ð3:21Þ

IC3 ¼ IL4 ð3:22Þ

IC2 ¼ IL4 þ IL3 ð3:23Þ

IC1 ¼ IL2 þ IL3 þ IL4 ð3:24Þ

During OFF mode as seen in Fig. 3.9, the capacitor current IC0 is given in
Eq. (3.25). Similarly, the capacitor current IC3 is seen in Eq. (3.26). Also, the
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capacitor current IC2 is presented in Eq. (3.27). Finally, the capacitor current IC1 is
given in Eq. (3.28). The average current across capacitor C0 is given as:

IC0 ¼ IL4 � I0 ð3:25Þ

IC3 ¼ IL3 � IL4 ð3:26Þ

IC2 ¼ IL2 � IL4 ð3:27Þ

IC1 ¼ IL1 � IL4 ð3:28Þ

The average capacitor currents over a switching period should be zero at steady
state, so current second balance is applied in capacitor currents (IC1, IC2, IC3, IC0)
equations given as follows (where Ton is on time and Toff is off time of switch and d
is the duty ratio).

I0 � Ton ¼ ð�I0 þ IL4Þ � Toff ð3:29Þ

IL4 � Ton ¼ ðIL3 � IL4Þ � Toff ð3:30Þ

ðIL4 þ IL3Þ � Ton ¼ ðIL2 � IL4Þ � Toff ð3:31Þ

ðIL4 þ IL3 þ IL2Þ � Ton ¼ ðIL1 � IL4Þ � Toff ð3:32Þ

Equation (3.29) shows the net charge second balance of the capacitor current
IC0. Similarly, Eqs. (3.30)–(3.32) depict the net charge balance of the capacitor
currents(IC3, IC2 IC1) simultaneously. After dividing Ton on both sides of Eq. (3.29),
the average current across capacitor C0 is given in Eq. (3.33),where d is the duty
ratio and is given as ratio of turn on (Ton) time to total time interval T and
(T = Ton + Toff).

I0 � d ¼ ðIL4 � I0Þ � ð1� dÞ ð3:33Þ

Similarly, on dividing Ton on both the sides of Eq. (3.30), the average current
across capacitor C3 is given in Eq. (3.34) as

IL4 � d ¼ ðIL3 � IL4Þ � ð1� dÞ ð3:34Þ

Hence, dividing Ton on both the sides of Eq. (3.31), the average current across
capacitor C2 is given in Eq. (3.35):

ðIL4 þ IL3Þ � d ¼ ðIL2 � IL4Þ � ð1� dÞ ð3:35Þ

Finally, dividing Ton on both the sides of Eq. (3.32), the average current across
capacitor C1 is given in Eq. (3.36):
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ðIL4 þ IL3 þ IL2Þ � d ¼ ðIL1 � IL4Þ � ð1� dÞ ð3:36Þ

Hence, on solving Eq. (3.33), the expression of inductor current IL4 w.r.t. output
current I0 is given in Eq. (3.37):

IL4 ¼ I0
ð1� dÞ ð3:37Þ

Similarly, placing Eq. (3.37) in Eq. (3.34), the expression of inductor current IL3
w.r.t. output current is given in Eq. (3.38) as

IL3 ¼ I0
ð1� dÞ2 ð3:38Þ

Also, placing Eq. (3.38) in (3.35) and solving the expression of inductor current
IL2 w.r.t. output current is given in Eq. (3.39) as

IL2 ¼ I0
ð1� dÞ3 ð3:39Þ

Finally, placing Eq. (3.39) in (3.36) and further solving the expression of
inductor current IL1 w.r.t. output current is given in Eq. (3.40)

IL1 ¼ I0
ð1� dÞ4 ð3:40Þ

3.4.5 Inductance Equations

Figure 3.7 presents the waveforms of inductor currents in CCM by taking the
boundary conditions in which the minimum inductor current becomes zero. Hence,
the minimum inductor current Eqs. (3.41)–(3.44) are given in as follows:

IL1;min ¼ IL1 � DIL1
2

¼ 0 ð3:41Þ

IL2;min ¼ IL2 � DIL2
2

¼ 0 ð3:42Þ

IL3;min ¼ IL3 � DIL3
2

¼ 0 ð3:43Þ

IL4;min ¼ IL4 � DIL4
2

¼ 0 ð3:44Þ
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From Fig. 3.9. the voltage across the inductor L1 is obtained by integrating it
over Ton period of switch and is given in Eq. (3.45). After further solving and
rearranging the terms, final inductor current ripple ΔIL1 expression is given in
(3.46):

VL1 ¼ V
Zdt

0

dt ¼ L1 � DIL1 ð3:45Þ

DIL1 ¼ V � d
L1fs

ð3:46Þ

Similarly from Fig. 3.9 the voltage across the inductor L2 is obtained by inte-
grating it over Ton period of switch and is given in Eq. (3.47). After further solving
and rearranging the terms, final inductor current ripple ΔIL2 expression is given in
(3.48):

VL2 ¼ ðV þVC1Þ
Zdt

0

dt ¼ DIL2 � L2 ð3:47Þ

DIL2 ¼ V � d
fsð1� dÞL2 ð3:48Þ

Similarly, the voltage across the inductor L3 is obtained by integrating it over Ton
period of switch and is given in Eq. (3.49). After further solving and rearranging
the terms, final inductor current ripple ΔIL3 expression is given in (3.50) as

VL3 ¼ ðV þVC1 þVC2Þ
Zdt

0

dt ¼ L3 � DIL3 ð3:49Þ

DIL3 ¼ V � d

fsð1� dÞ2L3
ð3:50Þ

Finally, the voltage across the inductor L4 is obtained by integrating it over Ton
period of switch and is given in Eq. (3.51). After further solving and rearranging
the terms, final inductor current ripple ΔIL4 expression is given in (3.52):

VL4 ¼ ðV þVC1 þVC2 þVC3Þ
Zdt

0

dt ¼ DIL4 � L4 ð3:51Þ
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DIL4 ¼ V � d

fsð1� dÞ3L4
ð3:52Þ

Substituting Eqs. (3.35), (3.41) in (3.36) the inductance equation is as follows:

L1 ¼ V � dð1� dÞ4
2fsI0

ð3:53Þ

Substituting Eqs. (3.34), (3.43) in (3.37), the inductance obtained is as follows:

L2 ¼ V � dð1� dÞ2
2fsI0

ð3:54Þ

Substituting Eqs. (3.33), (3.45) in (3.38) the following inductance is determined:

L3 ¼ V � d
2fsI0

ð3:55Þ

Finally, putting Eqs. (3.32), (3.47) in (3.38) the inductance equation is:

L4 ¼ V � d

2fsI0ð1� dÞ2 ð3:56Þ

3.5 Theoretical Comparison

The proposed converter is estimated with existing converters as shown in Table 3.1
on various parameters. The obtained output gain of proposed structure is largest on
estimation with other existing converters for same duty ratio. It is mainly registered
that output gain of the derived structure relies on the number of quadratic boosting
cell structure for an appropriate duty ratio.

Figure 3.10 presents the dependency of output voltage gain on the number of
quadratic boosting cell structure (n) for a range of duty ratio (0 < d < 5). It is
registered that the output voltage gain keeps on increasing as the number of
boosting cells (n) increases. So it is concluded that the voltage gain of the structure
can be adjusted as per application by selecting proper duty ratio and number of
quadratic cells. Further on increasing the cells beyond (n = 2) the number of
components will increase that eventually increases the power losses in converter
structure which is not recommended.
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3.6 Capacitor Stress Voltage Comparison

The proposed structure is estimated with cascaded boost converter on the basis of
voltage stresses across each capacitor for different range of duty ratio considering
the same output gain. Figure 3.11 presents the reduced capacitor stress voltage
(VC1) of proposed structure given as blue curve as compared to the capacitor stress
voltage (VC1) of cascaded converter given as red curve (over a wide range of duty
ratio). For example, considering (d = 0.5, f = 5 kHz, V0 = 480 V, R = 460 Ω) the
capacitor stress voltage (VC1) of proposed structure is 27 V whereas the capacitor
stress voltage (VC1) of cascaded converter is 58 V.

Similarly, Fig. 3.12 presents the suppression in capacitor stress voltage (VC2) of
proposed structure given as blue curve as compared to the capacitor stress voltage
(VC2) of cascaded converter that is given as red curve over a range of duty ratio. For
example, considering (d = 0.5, f = 5 kHz, V0 = 480 V, R = 460) the capacitor
stress voltage (VC2) of proposed structure is 55 V whereas the capacitor stress
voltage (VC2) of cascaded converter is 117 V.

Finally, Fig. 3.13 shows the reduction in capacitor stress voltage (VC3) of pro-
posed converter given as blue curve as compared to the capacitor stress voltage
(VC3) of cascaded converter that is given as red curve over a wide range of duty
ratio. For example, considering (d = 0.5, f = 5 kHz, V0 = 480 V, R = 460 Ω) the
capacitor stress voltage (VC3) of proposed structure is 110 V whereas the capacitor
stress voltage (VC3) of cascaded converter is 235 V.

Table 3.1 Theoretical estimation of different converter with proposed topology

Converter Boost Quadratic
boost [16]

Cascaded
boost [3]

Topology-I
[12]

Proposed
converter
(n = 3)

Output
voltage

V0 ¼ V
1�d V0 ¼ V

1�dð Þ2 V0 ¼ V
1�dð Þ4 V0 ¼ V

1�dð Þ3 V0 ¼ V
1�dð Þ4

Switch 1 1 4 1 1

Frequency F F F F F

Capacitors 1 2 4 3 4

Inductors 1 2 4 3 4

Diodes 1 2 4 5 7

VC1 – VC1 ¼ V
1�dð Þ VC1 ¼ V

1�d VC1 ¼ V
1�d VC1 ¼ V�d

1�d

VC2 – VC2 ¼ V
ð1�dÞ2 VC2 ¼ V

ð1�dÞ2 VC2 ¼ V�d
ð1�dÞ2 VC2 ¼ V�d

ð1�dÞ2

VC3 – – VC3 ¼ V
ð1�dÞ3 – VC3 ¼ V�d

ð1�dÞ3
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3.7 Simulation Study

The developed converter structure is designed using following specifications given
in Table 3.2 to determine the values of inductance (L = 4) and finally simulated in
MATLAB/Simulink platform. Hence, the calculated values of inductance (L = 4)
from following parameters are obtained. The standard values of capacitors
(C1 = C2 = C3 = 470 lF) are selected.

L1 ¼ V � dð1� dÞ4
2fsI0

¼ 30� 0:5� ð1� 0:5Þ4
2� 5000� 1:041

¼ 0:09 mH

Fig. 3.10 Variation in output voltage gain with n boosting cell

Fig. 3.11 Reduction in
capacitor stress voltage (VC1)
of proposed converter than the
cascaded boost converter’s
capacitor stress voltage (VC1)
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L2 ¼ V � dð1� dÞ2
2fsI0

¼ 30� 0:5� ð1� 0:5Þ2
2� 5000� 1:041

¼ 0:36 mH

L3 ¼ V � d
2fsI0

¼ 30� 0:5
2� 5000� 1:041

¼ 1:44 mH

L4 ¼ V � d

2fsI0ð1� dÞ2 ¼
30� 0:5

2� 5000� 1:041� ð1� 0:5Þ2 ¼ 5:769 mH

Considering the parameters given in Table 3.2, the output voltage
(V0 = 444.5 V) of proposed topology and the output current (I0 = 0.96 A) are
shown in Figs. 3.14 and 3.15, respectively. Simultaneously after simulation in
MATLAB/Simulink platform, the ripple currents across inductors are also deter-
mined. Figure 3.16 presents the ripple current across the inductor L1 obtained.
Similarly, inductor current ripples across inductors (L2, L3, L4) are shown in
Figs. 3.17, 3.18 and 3.19 along with their upper and lower ripple values simulta-
neously. Also, Fig. 3.20 shows the voltage stress across the switch
(VSW = 444.1 V) in the proposed topology.

Fig. 3.12 Reduction in
capacitor stress voltage (VC2)
of proposed converter than the
cascaded boost converter’s
capacitor stress voltage (VC2)

Fig. 3.13 Reduction in
capacitor stress voltage (VC3)
of proposed converter than the
cascaded boost converter’s
capacitor stress voltage (VC3)
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3.8 Capacitor Stress Voltage Comparison Results

The simulated results of proposed topology on estimation with the classical cas-
caded boost converter on the basis of stress voltage of the various capacitors are
determined. It is evident that the stress voltages are minimal in case of proposed
topology as compared to the existing cascaded boost converter as shown in
Table 3.3. This table shows the simulated values of various stress voltages across
the different utilized capacitor considering following parameters (d = 0.5,
f = 5 kHz, V0 = 480 V, R = 460 Ω).

It is analyzed that the capacitor stress voltage (VC1 = 27 V) in proposed con-
verter presented in Fig. 3.21 is much reduced than the capacitor stress voltage
(VC1 = 58 V) in cascaded boost converter presented in Fig. 3.22. Similarly the
capacitor stress voltage (VC2 = 55 V) in proposed converter presented in Fig. 3.23
is much reduced than the capacitor stress voltage (VC2 = 117 V) in cascaded boost
converter presented in Fig. 3.24. Finally, the capacitor stress voltage (VC3 = 110 V)
in proposed converter presented in Fig. 3.25 is much reduced than the capacitor
stress voltage (VC1 = 235 V) in cascaded boost converter presented in Fig. 3.26.

Table 3.2 Parameters to
design the proposed structure

Parameter Values

Input voltage (V) 30 V

Output voltage (V0) 480 V

Duty ratio (d) 0.5

Frequency (f) 5 kHz

Power (P) 500 W

Input current (Iin) 16.66 A

Output current (I0) 1.041 A

Load resistance (R) 460 Ω

Fig. 3.14 Output voltage
(V0) waveform

3 Developed Boost Converter with Generalized Quadratic Boosting … 63



Fig. 3.15 Output current (I0) waveform

Fig. 3.16 Inductor current (IL1) waveform where upper limit inductor current (IL11 = 36 A) and
lower limit inductor current (IL12 = 6.6 A)

Fig. 3.17 Inductor current (IL2) waveform where upper limit inductor current (IL21 = 18.1 A) and
lower limit inductor current (IL22 = 3 A)
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Fig. 3.18 Inductor current (IL3) waveform where upper limit inductor current(IL31 = 9.1 A) and
lower limit inductor current (IL31 = 1.5 A)

Fig. 3.19 Inductor current (IL4) waveform where upper limit inductor current (IL41 = 4.4 A) and
lower limit inductor current (IL42 = 0.6 A)

Fig. 3.20 Voltage across
switch (Vsw)

Table 3.3 Comparison table
on the basis of capacitor stress
voltages

Converters Cascaded boost (V) Proposed topology (V)

VC1 58 27

VC2 117 55

VC3 235 110

3 Developed Boost Converter with Generalized Quadratic Boosting … 65



Fig. 3.21 Capacitor voltage
stress (VC1) of the proposed
topology

Fig. 3.22 Capacitor voltage
stress (VC1) of the cascaded
boost converter

Fig. 3.23 Capacitor voltage
stress (VC2) of the proposed
topology

Fig. 3.24 Capacitor voltage
stress (VC2) of the cascaded
boost converter
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3.9 Conclusion

A complete simulation of the proposed converter with generalized structure of
quadratic boosting cell (n = 3) is performed in MATLAB/Simulink. The proposed
converter structure shows an increase in its output voltage (V0 = 444.5 V) gain
even for minimal range of duty ratio (d = 0.5). The structure having maximized
voltage gain at output terminals justifies its dependency on number of quadratic
boosting cells (n = 3). The converter structure also on comparison with other
various topology shows the maximum output voltage gain for a low input voltage
(V = 30 V) value. Hence, as per the application, the output voltage can be obtained
by adjusting the boosting cells n for a particular duty ratio range (d). The reduction
in voltage stresses is mainly observed across the utilized capacitors when the
proposed converter is estimated with the cascaded boost converter for the consistent
duty ratio (d = 0.5) and same switching frequency (f = 5 kHz), power (P = 500 W)
and input supply (V = 30 V). The simulated results and output wave shapes of
capacitor stress voltages (VC1, VC2, VC3) between the proposed structure and cas-
caded boost converter are discussed in detail. This feature reduces the capacitor
voltage ratings as well as cost of the capacitors utilized in proposed converter
making the converter cost effective. Hence, the converter is better as compared to
other topology with respect to the output voltage gain and capacitor stress voltages.

Fig. 3.25 Capacitor voltage
stress (VC3) of the proposed
topology

Fig. 3.26 Capacitor voltage
stress (VC3) of the cascaded
boost converter
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Chapter 4
Comparative Analysis of Nonlinear
SMC Controller with Linear PID
Controller for Flyback Converter

Ashutosh Gupta and Dheeraj Joshi

4.1 Introduction

Switching converters have developed an important component of numerous mili-
tary and commercial applications. Switching power converters that play major
important role in power supply have become pervasive in many power equipment.
The DC–DC power converters have created a remarkable research curiosity in the
power electronics for their analysis, control and modeling.

Being small size, simple structure and high efficiency and so on, switched mode
DC–DC converters has been broadly used in aerospace, IT, naval ships, power
supplies and everyday usages [1]. Switched mode DC–DC power converters are
nonlinear as well as time varying systems [2]. With recent advancement of power
electronics applications and the increase in battery-powered electronic device, most
of the power electronics or the battery systems are powered through DC–DC
converters in recent years [3]. Numerous researches are going on to design the
control strategies model, and numerous innovative models have been proposed.

In traditional controlling methods, there are vast innovation for the analysis and
control of the various linear time-invariant (LTI) systems whereas actual systems
are nonlinear and time invariant. DC–DC converters can be measured as
time-variant as well as nonlinear systems due to their characteristic switching
process and designing depends on instantaneous states of the power switches in the
converters. The model with nonlinearity and disturbance, the conventional tech-
niques are not fruitful. The conventional PWM technique-based controllers are only
suited for specific conditions and cannot be applicable in large scale as they are
based on small-signal analysis. That is why their modeling is a complex task.
However, accurate analytical modeling of pulse width modeling (PWM) of DC–DC
converters is extremely important in system for the analysis and design in numerous
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applications, e.g., submarines, mainframe computers, aeronautics, medical, auto-
mobiles, naval ships, aerospace and telecommunications equipment.

However, the researchers are going on to develop its robust stability for the
DC–DC converters. Converter’s control design is usually implemented using
small-signal analysis around its operating point, so that one can apply linear control
strategies to study its performance characteristics [2]. There are lot of nonlinear
controllers like backstepping control, fuzzy control, sliding mode control, model
predictive control and so on [4–7]. Among these methods, SMC has some privilege
of robustness against parameter uncertainties, fast dynamic response and load
disturbances. Sliding mode control theory is a derived using variable structure
system theory. For a flyback converter, one of the most powerful robust control
strategies can be sliding mode controller. Various researches are going on to
develop sliding mode controller for flyback converters [8–11].

4.2 Buck–Boost Converter

A DC–DC converter is used usually to transfer DC voltage at one level to another
level where input voltage is chosen by different voltage source [12–14]. Buck–
boost converter shown in Fig. 4.1 is capable of generating an output voltage higher
or lower value than the input voltage and has property to step down or step up the
output voltage [15–17]

Its voltage gain equation is stated as

Vout

Vin
¼ D

1� D
ð4:1Þ

Fig. 4.1 Buck–boost converter topology
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Vout = Output voltage over C.

Vin = Input source voltage across V1.

D = duty cycle of switching pulse.

4.2.1 Working

A buck–boost converter has the same configuration as that of flyback converter but
there is no transformer. It consists of a switch (Q1), a voltage source V1, an inductor
L1, a power diode D1, a capacitor C1 and a resistive load R1 working in continuous
conduction mode (CCM) for operation. Assuming fixed state condition capacitor is
initially charged having Vout voltage across it and a finite current flow through the
inductor. Let us consider that the switch Q1 is ON, so input DC voltage V1 charges
the inductor L1 magnetically as the diode D1 is reversed biased. This leads to surge
in inductor current expressed as

V ¼ L� di
dt

ð4:2Þ

V = Voltage over L inductor.

L = Inductance value in mH.

i = Inductor current in A.
And as soon as switch Q1 is switched OFF, the current in the inductor L1 is

going to transfer energy to the capacitor C1 in the same direction, making diode D1

forward bias and starts conducting according to Faradays law of electromagnetic
induction. The capacitor will charge in opposite direction so the output will be
inverted.

The state that average voltage over inductor ought to be equal to zero to derive
voltage gain expression is,

During ON state,

VL1 ¼ Vin ð4:3Þ

and during OFF state,

VL1 ¼ Vout ð4:4Þ

Including average voltage conditions norms,
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Vin �D� T � Vout �ð1� DÞ � T ¼ 0 ð4:5Þ

Vout

Vin
¼ D

1� D
ð4:6Þ

T = Time period of switching pulse.
So, the final Eq. 4.6 represents the voltage expression for buck–boost converter.

4.3 Flyback Converter

Converters with the implementation of isolation transformer can have numerous
outputs of various magnitude and polarities. A flyback converter shown in Fig. 4.2
is a simple switched mode converter used in both AC–DC and DC–DC conversion
with isolated input and output [8].

Flyback converter here is a DC–DC converter which is an advance form of
buck–boost converter where a transformer is placed by eliminating inductor for
galvanic separation between input and output so that voltage ratios are multiplied
with an additional advantage of isolation. They are widely used in various appli-
cations such as PV system, DC power supply, power adapters and so on. Flyback
converter ensures good output regulation and fast response over wide frequency
bandwidth because the flyback converter is a non-minimum phase system with a
right-half-plane zero in its voltage transfer function [4]. Voltage gain expression for
a flyback converter is defined as

Fig. 4.2 Flyback converter topology
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Vin DT � Vout
N1

N2
ð1� DÞT ¼ 0 ð4:7Þ

Vout

Vin
¼ N1

N2
� D
1� D

ð4:8Þ

N1 = Primary side turns ratio of transformer.

N2 = Secondary side turns ratio of transformer.

4.4 Dynamics and Modeling of Flyback Converter

Consider a flyback converter having boost topology shown in Fig. 4.3 which is an
electrical model where transformer is modeled as equivalent inductor L. The
parameters E; L;H;D;C;R; n; iLandvC represent input voltage, transformer induc-
tance, MOSFET switch, diode, output filter capacitor, load resistor, transformer
turns ratio, inductor current and output capacitive voltage of the flyback converter,
respectively.

Figure 4.4 illustrates the voltage and current waveform for ON and OFF state of
switch (H) considering the continuous conduction mode.

In any converter, there are basic two states of a switch, which are used in
expressing the voltage gain equation.

During the switch H is in ON state, the current builds up in the primary side of
the transformer T as the input DC voltage power the primary side. In result to that
energy gets stored in the magnetizing inductance L of transformer. Diode D will be

Fig. 4.3 Electrical model of flyback converter including model of transformer
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reversed bias due to dot polarity of the transformer T, so secondary side will be
open circuited, and it will not conduct. During this condition, output capacitor
(C) provides current to the load.

And when the switch H is switched OFF, as per the dot polarity of the trans-
former, the current in the inductor L is going to transfer energy to the capacitor C in
the same direction, making diode D forward bias on the secondary side and starts
conducting according to Faradays law of electromagnetic induction. With this cycle
gets complete and DC voltage is received across load resistance.

Considering negligible winding resistance and leakage inductance, whereas it
has nonzero core reluctance transformer can be modeled as two winding inductors
with magnetizing inductance L on primary side of ideal transformer. The system has
two state variables, current iL and voltage vC, whose dynamics are described as:

u ¼ 1 :
L
d iL
dt

¼ E

C
d vc
dt

¼ � vc
R

8><
>: u ¼ 0 :

L
d iL
dt

¼ � vc
n

C
d vc
dt

¼ iL
n
� vc

R

8><
>: ð4:9Þ

Above Eq. (4.3) can be represented in single switched model of flyback con-
verter as (Table 4.1).

Fig. 4.4 Voltage and current waveform for PWM switching of flyback converter
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L � iL ¼ �ð1� uÞ � vc
n
þ u � E

C � vc ¼ ð1� uÞ � iL
n
� vc

R

8><
>: ð4:10Þ

4.5 Proportional Plus Integral Plus Derivative Controller

Most of the desired performance of a system can be achieved by suitable combi-
nation of proportional, integral and derivative control action. The PID controller is
widely implemented because it is easy to understand and is quite operative. The
transfer function of a PID controller is expressed by:

CðSÞ ¼ Kp 1þ sd þ 1
siS

� �

It is a second-order controller, but it has versatile applicability. Any type of SISO
system can use this controller, e.g., linear, nonlinear, time delay, etc. For MIMO
system, it is first decoupled into many SISO system and PID controller is imple-
mented in each SISO system. Though, for suitable implementation, a controller has
to be tuned for a precise process, i.e., choice of P, I, D constraints is very important
and process dependent. Unless the parameters are precisely selected, a controller
may reason variability to the closed-loop system.

The general variation on a closed-loop system with each controller parameter is
tabulated below (Table 4.2).

In order to obtain a desired overall response, adjust each of the gains Kp, Ki and
Kd. It is not always essential that all the combination of proportional, derivative and
integral actions should be combined in the controller. In most of the cases, a simple
P-I assembly will aid the objective. This project also deals with the PID controller
implementation on flyback converter in subsequent section for comparative study.

Figure 4.5 shows the basic configuration of PID control structure for flyback
converter. Simulation model designed for the flyback converter is simulated in

Table 4.1 Specification for
flyback converter

Description Parameter Value

Input voltage Vs 220 V (RMS)

Output voltage Vo 5 V (DC)

Frequency fs 100 kHz

Inductance L 1 mH

Capacitance C 250 µF

Load resistance R 2.5 Ω

Turn ratio N 6/320
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Simulink of MATLAB under resistive load condition to study its performance.
A simulation model designed for the flyback converter is simulated in Simulink of
MATLAB under different load condition to study its performance. Figure 4.10
shows the flyback converter with closed-loop control using PID control algorithm
in Simulink. The reason behind using PID controller is its application to different
processes and its simple structure. A source of 220 V is first rectified using a bridge
rectification and then passed to the input side of flyback converter which include a
high-frequency transformer and protection circuit and a closed-loop PID control is
performed with one of its multiple outputs of 5 V as a reference voltage. Proper
tuning of the PID controller requires wide trials. PID block parameters like Kp, Ki

and Kd are chosen after repetitive trial and error method. With the value of 1, 15 and
0 for Kp, Ki and Kd, respectively, are entered in the PID block. Initially voltage error
is given to the PID controller, then error generated is forwarded to a pulse width
modulation generator for producing switching pulse for the MOSFET switch. After
all the calculation for the flyback transformer and parameter for converter, per-
formance of flyback converter is studied for closed-loop PID controller. The model
is simulated on MATLAB–Simulink, and various outputs are studied and verified.
The parameters for flyback converter are shown in Table 4.1.

4.6 Sliding Mode Controller

4.6.1 Principle of Sliding Mode Controller

Variable controller-based sliding mode control is introduced to make the controlled
system to hold robust dynamic response to the variable system parameter [9]
(Fig. 4.6).

Table 4.2 Controller parameter variation

Close-loop response Rise time Overshoot Settling time S–S error

Kp Fall Rise Small change Fall

Ki Fall Rise Rise Fall

Kd Small change Fall Fall No change

Fig. 4.5 Basic PID controller topology
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The basic concept of SMC is to have a sliding surface in relations to system
variables as reference path to trace, so that systems state trajectory reaches that
sliding surface and lock itself to that surface to attain the equilibrium position. Also,
it can be said that the controlled system reaches the designed steady state [14]. This
phenomenon can be realized with the agreement to some desired condition with
infinite switching frequency.

• Hitting condition
• Existence condition
• Stability condition

As soon as these conditions are achieved in the process, then the system
becomes immune to internal and external disturbances and the system will be in
equilibrium with minimum regulation error along with fast transient response.

4.6.2 Sliding Mode Control of Flyback Converter

As shown Fig. 4.7 is diagram of flyback converter.
The differential equation for flyback converter under switching condition (ON/

OFF) is expressed below:

L � iL ¼ �ð1� uÞ � vc
n
þ u � E

C � vc ¼ ð1� uÞ � iL
n
� vc

R

8><
>: ð4:11Þ

Fig. 4.6 A topology of cascaded control design of general DC–DC converters (Ref: sliding mode
control in electromechanical system)
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where the typical representations have been used to describe the parameters for
converter and the transformer ratio is represented using n [16], x ¼ iL½ vc�T defines
the state vector for flyback converter and s(x) = 0 defines the surface, where

SðxÞ ¼ vc � v�c ð4:12Þ

with v�c constant is an accurate selection for starting the design of a SMC required in
regulating the output voltage which is stated underneath:

u ¼ uþ ¼ 1 if sðxÞ\0
u� ¼ 0 if sðxÞ[ 0

�
ð4:13Þ

The initial stage of the designing a SMC is to check if the transversality con-
dition is reached. This means to verify if the aspect multiplying u in the equation of
_s is nonzero. Considering the state Eq. (4.11), it then outcomes:

SðXÞ ¼ vc ¼ ð1� uÞ iL
nC

� vc
RC

¼ iL
nC

� vc
RC

� iL
nC

� u ð4:14Þ

where the term iL =ðnCÞ multiplying u is nonzero since iL > 0.
In a next step, it is essential to compute the corresponding control. This is found

by resolving the expression S(x) = 0 aimed at u. Rendering to (4.14), it provides
ð1� uÞ � iL=n� vc=R ¼ 0; hereafter:

ueq ¼ 1� vc �n=ðR � iLÞ ð4:15Þ

Since imposing that 0 ¼ u� \ ueq \ uþ ¼ 1 it can presume the area of the
sliding mode’s presence. The constrain ueq [ 0 provides vc �n=ðR � iLÞ[ 0, which
is correct since vc [ 0 and iL [ 0 in all working condition. The inequality ueq \1
primes to iL [ vc �n=R, which confines the shaded area shown in Fig. 4.8.

Fig. 4.7 Flyback converter schematics
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The third design stage entails in construing the corresponding dynamic when in
sliding mode. To this conclusion, Eq. 4.15 is replaced in the flyback converter
Eq. 4.11, in the meantime seeing that SðxÞ ¼ 0ðvc ¼ v�cÞ.

Also S(x) = 0. Therefore, the corresponding dynamic of the inductor current
expressed below:

L � iL ¼ �ð1� ueqÞ � v�c
�
nþ ueq �E ð4:16Þ

Using Eq. 4.15 one can find after some simple operation:

L � iL ¼
v�cðnE � v�cÞ

R � iL þE ð4:17Þ

Above expression is a nonlinear function of iL which defines that the dynamic of
current and expressed as iL ¼ hðiL; v�cÞ. One can continue by linearization by
considering an assumed operating point to evaluate the nature of this dynamic.
Considering ieq0 be the equivalent value of current to the steady-state operating
point confirmed by regulating the capacitor voltage vc to a positive set point value
v�co; ieq0 is consequently found by equating to zero with the current time derivative
and putting vc ¼ v�co. The outcome will be

ieq0 ¼
v�coðv�co �nEÞ

ER
ð4:18Þ

Fig. 4.8 Switching surface for sliding mode controller to control flyback converter output
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A positive value of ieq0 is confirmed unless v�co [ nE. Consider iL
� ¼ iL � ieq0

and v�c
�
¼ v�c � v�co be insignificant variances of the state variables near operative

point ðieq0; v�coÞ. Linearizing the system Eq. 4.17 near this point provides

iL
� ¼ @h

@ iL

� �
ieq0; v

�
co

� ��� � iL
� þ @h

@ v�c

� �����
����

ieq0;v�coð Þ
�~v�c ð4:19Þ

where the magnitude of a and b can be derived using some algebraic calculation as

a ¼ E2

L v�co v�co �nE
� � ; b ¼ E

L v�co �nE
� � nE

v�co
� 2

� �
ð4:20Þ

It is note that a > 0 as v�C0 [ nE, so the inductor current iL is not stable since the

transfer function
~V�
CðsÞ
~ILðsÞ—with ~V�

C sð Þ and ~IL sð Þ being the Laplace transforms of

~v�C and~iL, correspondingly—has a pole located in right half-plane. Thus, the
matching dynamic is not stable.

To achieve stable equivalent dynamic on the sliding surface for the system, one
can figure a state feedback K such that the closed-loop dynamic of the system is
steady. Furthermore, this dynamic can also be adjusted to ensure anticipated per-
formance, i.e., settling time. Therefore, by imposing stabilizing time constant T0,
the value of K outcomes as:

K ¼ � aþ 1=T0
b

ð4:21Þ

Figure 4.9 shows the closed-loop sliding mode control of the converter
including the stabilization of the corresponding process.

It can be imagined from the diagram that the final expression of the control law
depicts a switching surface that includes the inductor current as one of the
parameters of sliding surface iL : sðxÞ ¼ vC � v�C þK � ðiL � ieqÞ, where the mag-
nitude of ieq is specified by Eq. (4.18). After carefully examining the last

Fig. 4.9 Control scheme for flyback converter using SMC and stabilizing the feedback
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expression, the value of ieq is load resistance R dependant, which needs to be
calculated. Hence, Fig. 4.9 shows a load estimator being calculated for the system
based on some dependable procedures from circuit while implementing the control
diagram.

4.7 Simulation Model and Result

4.7.1 Effect of Linear PID Controller

Simulation model for flyback converter using PID control is designed considering
the parameters mentioned in paper and the value of Kp, Ki and Kd is entered as
calculated. Figure 4.10 shows the simulation model of PID controller for flyback
converter. Figures 4.11 and 4.12 show the output waveforms for voltage and cur-
rent for flyback converter under PID controller. Peak output voltage for flyback
converter in case of PID controller is 5.042 V. Rise time to reach desire state in case
of output voltage of 5 V is 49.438 µs. Output voltage and current have ripple in
case of PID controller. Steady-state error for flyback converter is 5.16%.

4.7.2 Effect of SMC Controller

Following the calculation in Section VI for flyback converter, simulation model is
designed using the proposed design described in the earlier Fig. 4.9. Figure 4.13
shows the Simulink model for the flyback converter under sliding mode controller.
Result for the same is shown in the subsequent section. After designing the

Fig. 4.10 Flyback converter with closed-loop PID control in MATLAB
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Simulink model for flyback convertor for unregulated 5 V output voltage, sliding
mode controller is initiated for closed-loop control to get regulated 5 V output
voltage. Initially a sliding surface is designed to minimize the voltage and current
error as per the sliding mode control technique, i.e., s(x) = 0. Then a multiplying
factor u (−1 < u < 1) is added to the sliding surface, and it is checked that the
derivative of sliding surface must be nonzero to proceed further. In the next step,
equivalent control law is developed by equating derivative of sliding surface with
zero which is:

ueq ¼ 1� vC � n
R � iL

By imposing that 0 ¼ u�\ueq\uþ ¼ 1, one can believe the area of the sliding
mode’s existence for the system.

Next step is to deduce the equivalent dynamic of the system when in sliding
mode. The closed-loop SMC topology involving the stabilizing effect on this
dynamic model is shown in Fig. 4.13.

Result for the same is studied. After designing the Simulink model for flyback
convertor for unregulated 5 V output voltage, sliding mode controller is initiated for
closed-loop control to get regulated 5 V output voltage. Initially a sliding surface is
designed to minimize the voltage and current error as per the sliding mode control
technique, i.e., s(x) = 0.

Fig. 4.11 Simulation waveform of PID-controlled flyback converter for 5 V output voltage

Fig. 4.12 Simulation waveform of PID-controlled flyback converter for output current
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Peak output voltage for flyback converter in case of SMC controller is 4.997 V.
Rise time to reach desire state in case of output voltage of 5 V is 470.15 ns.
Steady-state error for flyback converter under close-loop control using sliding mode
is 0.4% (Figs. 4.14, 4.15 and 4.16).

Fig. 4.14 Simulation for gate switching under SM controller

Fig. 4.15 Simulation waveform of SMC controlled flyback converter for 5 V output voltage

Fig. 4.13 Flyback converter with closed-loop SMC control in MATLAB

4 Comparative Analysis of Nonlinear SMC Controller … 85



4.8 Conclusion

For DC–DC converter as in this case, flyback converter was controlled using both
linear and nonlinear controller. In this paper, the basic principle and design procedure
of the robust sliding mode controller are discussed. For controlling a nonlinear con-
verter, most suitable controllers are nonlinear as it reduces multiple perturbated cal-
culation which was tedious work in linear controller. Performance of flyback converter
is more robust in sliding mode controller with steady-state error of less than 1% with
no peak overshoot. Even the settling time is much faster in SMC controller. Sliding
mode is a robust controller but the main problem associated with this is chattering
effect. This effect could damage the physical part of the system. However, the chat-
tering effect can be suppressed by SMC control with a boundary layer in which the
discontinuous sign function of the SMC is substituted by saturation function. Here, the
sliding variable is the function of the sliding surface and states which represents a
connection between state variables. From the result waveform, it can be said that the
SMC is having more robust control in comparison with PID controller.
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Chapter 5
Effect of Irradiance on THD of Neutral
Point Clamped Inverter Fed from PV
Cell

Rohit Kumar Gautam, Subrat Behera, and Ranjeeta Patel

5.1 Introduction

In the present scenario, the whole world is confronting a massive increase in energy
consumption. So, most of the industrialized processes need to build efficiency and
diminish generation expenses. And this is accomplished by expanding establish-
ment’s size also expanding the power of every single electrically related machine
and components. The DC schemes are operated at lower voltages in case of traction
systems, shipboard power systems and telecommunication equipment [1].

The main focus is to present and review an analysis of NPC MLI of five-phase
three-level compared with five-phase two-level NPC inverter at similar load per-
forming for wider modulation index [2, 3]. In the recommended method, the
selection of the switching is done in order to reduce the common-mode voltage of
the inverter and also the THD of the current get minimized. And after simulation of
the model, the result observed is that the five-phase three-level NPC inverter holds
best performance than two-level NPC. In this paper, validation of performance
parameters is done with a hardware setup [4].

The other researcher worked in related areas to my topic. In this paper, the
development in speed control techniques of the IMD has led to a wide scope of
usage in most electrical drives. The paper focuses on reduction of the harmonics
distortions and common-mode voltage (CMV) by using five-level NPC inverter in
case of three phases IMD. Here, both levels of inverters are compared for better
performance and after comparison five-level NPC has been found better [5].

The other paper audits various kinds of medium- and high-voltage power con-
verters utilized in sustainable power source and smart grid which consist of IMD of
variable frequency. This paper entails the topology for converters and analyzes their
specific utilizations [6].
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There are different modulation techniques present to govern the multilevel
inverters and the methods are (1) selective harmonic elimination pulse width
modulation (SHE-PWM) and (2) sinusoidal pulse width modulation (SPWM).
These techniques can be classified as indicated according to the switching fre-
quency utilized for respective applications. The most popular modulation methods
is SPWM which is widely used in much industrial application [7]. There are several
multicarrier techniques developed on the basis of classical SPWM technique for
multilevel inverter. It helps in diminishing the output voltage harmonics. Here the
study of MATLAB SIMULATION models of both levels NPC multilevel inverter
is done with SPWM control technique [8].

The attractive highlights of multilevel inverters are (i) The generated output
voltage having lower dv/dt with very low distortion, (ii) it extracts input current
along with low distortion, (iii) operation is done with a lower switching frequency,
and (iv) generate smaller common-mode (CM) voltage.

The neutral point clamped (NPC) inverter has the voltage level at midpoint
which is known as the neutral point of the inverter. The NPC inverter efficiently
doubles the level of voltage of the device at the output side if proper switching
pattern is introduced. Some of the main applications are laminators, process plants,
conveyors, AC pumps, fans, blowers, compressors and many more advanced
applications also [9].

In this paper, the multilevel inverter topology deals with the input PV solar
voltage source. Power electronics module is designed for maximum extraction of
power from solar. PV cell can produce limited quantity of electric power even at
good weather conditions and power conditioners that utilize MPPT technique [10].

The advantages associated with PV systems are (i) Power delivered by PV
system or solar cell is clean and silent. (ii) PV systems do not discharge any
dangerous water or air contamination in the earth exhaust normal assets, or imperil
creature or human safety. (iii) A PV system of any scale can be developed
depending on energy demand. (iv) The PV cells are used in space effectively for
emergency systems. (v) PV powers each satellite surrounding the earth as it works
dependably for long periods of time with ignorable maintenance [11].

The literature survey of another paper explains the optimization and comparison
of neutral point clamped dual-output inverters. Here, the harmonic analysis is being
carried out and found to be lower among the converters [12–14]. To upgrade the
performance of multilevel inverters, use of numerous switches becomes mandatory.
Previously, neutral point clamped three-level inverter requires twelve switches to
regulate the three-phase load [15, 16]. The main motive of the paper is to reduce the
cost of the system, weight and numbers of gate driver circuits; it reduces the switch
count with a minimum number of switches of three-level inverter topology that is
suggested for dual input and output [17].

In all photovoltaic (PV) power systems, maximum power point tracking (MPPT)
is an essential feature. In several papers and applications, the classical “hill
climbing” and “incremental conductance” MPPT algorithms are commonly applied
[18–20]. Both algorithms perturb the operating conditions of the PV array, and the
changes in the power generated are detected [21, 22]. This paper, based on the
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single-diode model, begins to address the scale of the disturbance of the operating
conditions for both algorithms. In order not to run away under such complex
conditions, the result is used to pick the updating frequency for the two algorithms.
The two calculations are executed in an inverter and tested over 16 days of
simultaneous operation. Simple statistical techniques, the paired t-test, were applied
to the data with the result that both algorithms perform equally well.

The paper has been arranged as Sect. 5.2 describes the design and modelling of
PV module, Sect. 5.3 describes about the conventional and PV integrated
three-level and five-level with their switching schemes. Section 5.4 depicts the
simulation results with detail results description, Sect. 5.5 represents a clear com-
parison about the PV integrated three-level and five-level NPC inverter and without
PV and finally concluded at last.

5.2 Modelling of PV Cell

As we know that the power electronics devices absorb light from the source and
coverts part of the energy into electrical energy, the unit of PV source is PV cell,
which is simple P–N junction diode formed by semiconductor materials [11–13]
(Fig. 5.1).

At point X, we are applying Kirchhoff current law:

I ¼ Iph � Id ð5:1Þ

Diode current:

Id ¼ Ioðeðqv=nkT�1ÞÞ ð5:2Þ

Output current:

I ¼ Iph � Ioðeðqv=nkT�1ÞÞ ð5:3Þ

The standard parameters for design are: Saturation current (Io), parallel resis-
tance (Rp), photo-cell current (Iph), series resistance (Rs) and quality factor (n) [11].

Fig. 5.1 Single-diode
equivalent circuit of solar PV
cell
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Now, we are going to apply Kirchhoff current law at point X:

I ¼ Iph � Id � Ish ð5:4Þ

Photo-cell Current:

Iph ¼ Isc þ ki T � 298ð Þ½ � � Ir
1000

ð5:5Þ

Reverse saturation current:

Irs ¼ Isc

e
qVoc
nkT

� �
� 1

h i ð5:6Þ

Saturation current:

Io ¼ Irs � T
Tn

� �3
�e q:Ego=nk 1

T� 1
Tnð Þ½ � ð5:7Þ

Shunt current:

Ish ¼ V þ IþRs

Rp
ð5:8Þ

Output voltage:

I ¼ Iph � Io e
q V þ I�Rsð Þ

nkT �1
� �

� V þ I � Rs

Rp
ð5:9Þ

5.2.1 MPPT Algorithm

Photovoltaic (PV) usually have low efficiency initially. In order to improve its
efficiency, maximum power point tracking is used. In this perturb and observe
method, minor perturbations are introduced for causing power variations. If an
increase in voltage results in increase in power, then the operating point of the PV
module is set on the left of the MPP. Maximum power point is located at zero slope
point on the power curve of the PV array. The resistance equals the negative
deferential resistance [14]. PV array voltage is always adjusted as per the algorithm
set for maximum power. The flowchart of the adopted P&O algorithm for the
charge controller is shown in Fig. 5.2.
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5.2.1.1 Constants Used in PV Model

The charge controller such as series and shunt type are only able to protect the
battery but do not get a better result in an optimum and efficient use of the PV source.
In this paper, we are going to use boost converter rather than the series and shunt
type of controller to interface the load combination and battery with the PV array
because it gives out optimum use and smooth control of the PV source. The boost
converter is used for the regulation of the output of PV array for feeding the load.
A typical configuration or a circuit diagram is shown below in Fig. 5.3 (Table 5.1).

Fig. 5.2 Flowchart of the adopted P&O algorithm for the charge controller

PV
ARRAY

BOOST
CONVER-

TER
INVERTER

RL-LOAD

MPPT

V

DC-LINK

V

I
d

Fig. 5.3 Circuit diagram of PV cell
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The control schemes of the boost converter that we are using in this paper is the
classic control used to control the boost converter. As we know that the PV cell
must charge the battery in more efficient. Between the PV array and the battery, a
DC–DC converter is used to extract the maximum power from it. The duty cycle of
the boost converter is normally controlled for maximum voltage conversion. The
voltage reference of the external control loops is acquired from an old style that is
perturb and observe (P&O) MPPT calculation. By using PI controller, the PV
voltage error is regulated, and internal PI control loop is additionally used to
manage the current of an inductor. After voltage get boost up through boost con-
verter, the voltage are supplied to the multilevel inverter through which the RL load
is connected.

5.3 Multilevel NPC Inverter with PV Integration
and SPWM Switching Schemes

5.3.1 Three-Phase Three-level NPC Inverters

Here, three-phase, three-level neutral point clamped inverter is demonstrated in
Fig. 5.4. In this topology, the capacitors C1 and C2 are in series which split input
voltage DC from PV system into three different levels. Vdc, 0 and –Vdc are the
three states of the output voltage. The diode which is connected in each phase of
multilevel inverter is the key component which distinguishes this circuit from other
conventional inverters. The basic operation to compress the magnitude of voltage

Table 5.1 Different
parameters of components
used for simulation

Name of components Ratings

Inductance 1.15 mH

Capacitance 4.03 mF

Load resistance 100 Ω

Kc 0.032 A

Q 1.69 e−19 C

K 1.38 e−23 JK−1

N 1.3

Ego 1.1

Rs 0.221 Ω

Rsh 415.405 Ω

Tn 298 °C

Voc 32.9 V

Isc 8.21 A

Ns 54

T Operating temperature
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through the switches into half of the DC voltage is done by the help of diodes which
are connected across each legs of the inverter. By following the circuit diagram of
the three-level inverter, the simulation is done on MATLAB.

5.3.1.1 Switching Patterns

Table 5.2 presents the three switching patterns of three-level MLI along with output
voltage.

5.3.2 Switching Scheme for Three-level NPC MLI

Figure 5.5 shows the circuital explanation of above tabulation and also pictorial
diagram shows the flow of current in the multilevel inverter which are essential to
get the required output voltages.

The Advancement of MLI’s topography seems a challenge to expand the current
modulation techniques in the case of multilevel inverter. The strategies that are

Fig. 5.4 Circuit diagram of three-level NPC inverter using PV cell

Table 5.2 Switching patterns
of 3 level MLI

Mode S1A S2A S’1A S’2A Voltage

Mode-I 1 1 0 0 Vdc

Mode-II 0 1 1 0 0

Mode-III 0 0 1 1 −Vdc
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created required studying the extra complication of the inverter having to control
the extra switching states of semiconductor devices.

Among them, the modulation technique which is utilized is SPWM, because it is
very simple and provides high performance to reduce the harmonic content by
using phase-shifting method.

In most of the industries, the commonly used switching technique is SPWM
switching technique. The strategies are described by steady amplitude pulses with
various duty cycles for each and every period. Modulation of the pulses is done to
minimize the higher-order harmonics improving THD. The most common method
in the case of motors and inverters is SPWM, and it is most famous due to its
simplicity. The operation of this method includes sine waves and triangular carrier
wave with high frequency which is used for the generation of PWM signal. So by
comparing both waves, the pulse or switching signals are generated.

5.3.3 Five-level Neutral Point Clamped Inverter

As we know that by improving the level of a multilevel inverter, the efficiency of
the system gets increased with low harmonic distortion. Essentially, for applications
with high-control, it is conceivable to utilize direct converters and indirect con-
verters. In recent years, the regular progress of IGBTs with high-voltage and the
application of these semiconductor switches in most of the voltage source converter
(VSC) topography has stimulated an extreme increment of power ratings and
nominal voltage of self-commutated converters. In the topology of five-level neutral
point clamped multilevel inverter, the supply is provided by PV cell with MPPT
controller using boost converter to boost up the supply voltage which is input to the
inverter. Here, the voltage clamping diodes are essential for blocking the reverse

+

-

+ +

- -

2Vdc

C1

C2

S1A

S2A

Sí1A

Sí2A

S1A

S2A

Sí1A

Sí2A Sí2A

Sí1A

S2A

S1A

2Vdc 2Vdc

C1

C2

C1

C2

Fig. 5.5 Switching states of three-level NPC MLI
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voltage. Basically, even number of bulk capacitor is used for dividing the mutual
DC bus, build upon the number of voltage levels of the inverter.

At the middle of the line which is called neutral point, the capacitors are in
sequence. The (m − 1) pairs of valve are connected to the clamping diodes with
neutral point and also capacitor from the DC bus in which ‘m’ is amount of voltage
magnitudes of inverter. For the higher levels of voltage, the required number of
clamping diodes is relatively high for NPC topology. The purpose behind the
holding diodes is to compress the voltage of DC bus and connecting both the
midpoints of the inverter, so it is called diode clamped inverter. The output voltage
levels of five-level inverter which is generated among point R and neutral point
N are Vdc/2, Vdc/4, 0, −Vdc/4 and −Vdc/2, and according to this, the whole
switches get ON and OFF. The waveforms are closer to sinusoidal signals as we are
increasing the voltage level. There are some advantages and also disadvantages of
this topology. The advantages are: (I) One isolated DC link is required. (II) Voltage
of capacitors in main DC link is identical. (III) It provides low THD at output. And
the disadvantages are: (I) It does not have self-balancing property. (II) By
increasing the number of levels, the number of clamping diodes grows rapidly.
(III) To balance the voltage of DC link capacitor, complex control method is used.

The given illustration Fig. 5.6 is showing the circuital diagram of five-level
multilevel inverter with PV cell along with RL load, and MATLAB is done by
following this circuit diagram.
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Fig. 5.6 Five-level NPC multilevel inverter using PV cell
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5.3.3.1 Various States of Switching for the Above MLIs Along
with Outputs Voltage

Figure 5.7 is explanation of Tabulation 2 and showing the flow of current in MLI’s
inverter which is necessary to get required output voltage VC4 (Table 5.3).

5.3.4 Switching Scheme for Five-level NPC Inverter

See Fig. 5.7.

5.4 Simulation and FFT Results:

Carrier waves used for pulse generation is shown in Figs. 5.8 and 5.9.
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Fig. 5.7 Five-level NPC inverter switching states

Table 5.3 Output voltage and switching states

Mode S1A S2A S3A S4A S’1A S’2A S’3A S’4A Voltage

Mode-I 1 1 1 1 0 0 0 0 Vdc/2

Mode-II 0 1 1 1 1 0 0 0 Vdc/4

Mode-III 0 0 1 1 1 1 0 0 0

Mode-IV 0 0 0 1 1 1 1 0 −Vdc/2

Mode-V 0 0 0 0 1 1 1 1 −Vdc/4
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5.4.1 Results Without PV Integration

Here, we are showing the simulation results of the both NPC multilevel inverters
without PV integration under the similar condition. Fig. 5.10a, b, c, d demonstrated
shows the current waveforms and THD analysis of both the levels of inverter with
the help of MATLAB software (Fig. 5.11).

The fast Fourier transform (FFT) study with RL load and along with PV cell is
presented in Fig. 5.12. There are five cycles for 50 Hz power system for discrete
Fourier transform techniques. The total FFT analysis is done on MATLAB soft-
ware, and after analysis, the THD is 7.60% along with frequency (50 Hz)
(Figs. 5.13 and 5.14).

The fast Fourier transform (FFT) study of five-level NPC with RL load along
with PV cell is shown in Fig. 5.15. There are five cycles for 50 Hz power system
for discrete Fourier transform techniques. The total FFT analysis is done on
MATLAB software, and after analysis, the total harmonic distortion (THD) of the
output waveform is 4.57% along its fundamental frequency (50 Hz).
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Fig. 5.8 Triangular or carrier wave
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Fig. 5.9 Sinusoidal wave or control wave
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Fig. 5.10 a Current waveform of three-level NPC inverter without PV cell. b THD analysis of
three-level NPC inverter without PV cell. c Current waveform of five-level NPC inverter without
PV cell. d THD analysis of five-level NPC inverter without PV cell
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Fig. 5.11 a Three-level phase voltage waveform with PV. b Current waveform of three-level
NPC inverter with PV cell

Fig. 5.10 (continued)
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5.4.2 Comparison of Inverters With PV and Without PV

The comparative study of all the modules is done utilizing MATLAB software.
Each multilevel inverter of the above structures (three-level NPC and five-level
NPC) is incorporated with two different supply system in which one set of

Fig. 5.13 Phase voltage of five-level multilevel inverter with PV cell

Fig. 5.14 Current waveform of five-level NPC inverter with PV cell

Fig. 5.12 FFT analysis of current a three-level NPC inverter with PV cell
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three-level NPC and five-level NPC is fed by DC source and one set of three-level
and five-level NPC MLIs is fed by solar PV cell. First of all, both levels of NPC
MLIs with PV cell and with DC source are discussed. Owing to occurring losses in
the inverter model IGBT switches are used in order to simulate and obtain the
results close to practical case. The supply voltage which is provided to the
three-level NPC with DC source is about 100v with RL load in which the value of L
and R is taken from the experimental analysis, and the output phase voltage that we
get is also −100v, 0v and 100v. The current waveform that we are getting is about
2.5A, and after the FFT, the total harmonic distortion has come about 6.34%
without PV.

Three-level NPC inverter with PV cell and the supply voltage that is provided to
the inverter is about 140v with RL load, and the output phase voltage obtained after
simulation is approximately 140v, 0v and −140v. The FFT analysis is done, and
total harmonic distortion has been observed as 7.60%. So, the comparison of
three-level NPC inverter is completed.

Here, the five-level NPC inverter with and without PV has been discussed. In
first case, we considered five-level NPC without PV cell. In this model, DC supply
of 140v is supplied to the inverter with RL load, and the ratings of load are taken
from experimental value. After the simulation, the phase voltage obtained is also
approximately 140v, 0v and −140v, the current is nearly 2.5A, and after the FFT
analysis, the THD is 4.04%.

Secondly five-level NPC with PV cell is discussed. The supplied voltage pro-
vided is 140v with RL load and the output phase voltage that has been observed
is −140v, 0v and +140v which is nearly about supplied voltage and the current we
observed is about 2.5A. After the FFT analysis, the THD has been found about
4.30%. To better calculate the performance of the three and five levels of NPC with
or without PV cell, a complete simulation is achieved and notes that all the inverters
are simulated under the same conditions.

The comparison of both levels of NPC inverter is done and observed with the
result analysis. In this paper, three-level inverter output waveform levels is −300 V,
0 V and +300 V, and from FFT analysis, total harmonic distortion is found as
42.22% in line voltage, and for five-level NPC, the obtained THD is 34.21% in line
voltage. In this paper, the THD is done for load current which is observed less as

Fig. 5.15 FFT of current of a five-level NPC MLI with PV cell
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compared to line voltage. Here, the supply voltage is provided by both DC voltage
source and by solar PV cell to the both three- and five-level NPC inverters. But in
few papers, only DC voltage is supplied to the MLIs which makes the analysis a
new improvement.

5.4.3 Comparison of Three-level and Five-level NPC
With Without and With PV Cell

See Table 5.4.

5.5 Effect of Change of Irradiance on NPC Inverter
Keeping Load Parameters Same

The effect of irradiance on the input side is studied with the THD keeping load
parameters constant. Both the NPC Inverters are supplied by solar PV cell. The
irradiance is varied, and the comparison is conducted for the THD analysis of both
the inverters. Table 5.5 shows the comparison at different value of irradiance. It is

Table 5.4 Comparison of three-level and five-level NPC without and with PV cell

Component Three-level NPC
inverter

Five-level NPC
inverter

DC bus capacitors 2 4

No. of switches 12 24

THD with RL load without PV cell (%) 6.34 4.04

THD with RL load with PV cell (%) 7.36 4.30

Phase voltage without PV cell (v) 140 140

Phase voltage with PV cell (v) 140 140

Rating of R load (ohms) 145 145

Rating of L load (mH) 150 150

Table 5.5 Irradiance versus THD of load current table with PV cell

Si. no Irradiance THD for three-level THD for five-level

1 100 8.47 15.3

2 400 7.83 5.58

3 600 7.78 5.32

4 1000 7.70 4.58

5 2000 7.6 4.5
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observed that five-level NPC inverter showed better results and THD was better
than three-level NPC. The FFT analysis for both the inverters at one particular value
of irradiance (=1000) has been demonstrated in Table 5.5.

5.5.1 Three-level Load Current of NPC MLI with PV

See Figs. 5.16 and 5.17.

5.5.2 Five-level Load Current of NPC MLI with PV

See Figs. 5.18 and 5.19.
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Fig. 5.16 Load current of a three-level NPC MLI with PV cell having irradiance 1000 W/m2

Fig. 5.17 FFT of current of a three-level NPC MLI with PV cell having irradiance 1000 W/m2
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5.6 Conclusion

Here, the detailed performance analysis of neutral point clamped MLI fed from PV
cell has been presented. Along with this, the comparison of both three- and
five-level NPC inverter with PV cell and without PV cell is depicted which
describes the suitability of the devices in different applications. Here it is
well explained about the effectiveness of multilevel inverter utilized for DC to AC
control transformation with simulation results. The performances of each type of
these multilevel inverters are simulated and analyzed under the same conditions.
This work additionally displays a multilevel three-level and five-level inverter
utilizing PV cell in the source side interchanging conventional DC source. All the
parameters or constants which are used for PV cell are mentioned properly in a
tabulation form for the smooth operation of the system. The THD analysis of the
current waveforms of both the three-level NPC and five-level NPC is done with PV
cell and without PV cell which have been found to be quite nominal and within the
limits and the THD of five-level NPC inverter in both the cases found to be better
than three-level NPC. And the effect of irradiance on THD is also observed to be
better in case of five-level compared to three-level NPC inverter.

Fig. 5.19 THD of five-level With NPC-PV having irradiance 1000 W/m2

Fig. 5.18 Load current of a five-level NPC MLI with PV cell having irradiance 1000 W/m2
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Chapter 6
Bidirectional Interleaved Switched
Capacitor DC–DC Converter
for Renewable Energy Applications

B. S. Nalina, V. Kamaraj, M. Chilambarasan, and M. Ramesh Babu

6.1 Introduction

Fossil fuel, coal oil and gas are used for the conventional generation of electricity.
These energy sources are depleting, very expensive and cause pollution which
damages the environment [1]. The introduction of renewable energy sources such
as solar, wind, biogas and ocean for the generation of electricity helps in over-
coming the issues created by the conventional electricity generation [2]. The
advantages of renewable energy sources are they are free of cost as they are
available in nature and do not cause any damage to the environment unlike con-
ventional energy sources [3]. The major drawback of these renewable energy
sources is they cannot be obtained continuously as they are seasonal [4, 5]. Energy
storage devices aid in overcoming the drawbacks of renewable energy sources.
When various power requirements from different locations are needed, individual
distributed generating units are used. The usage of individual generating units has
certain limitations which is overcome by the concept of microgrids [6]. Microgrid is
an interconnection of various distributed generation units like solar PV systems,
wind turbines, microturbine, different types of loads, energy storage devices like
battery, flywheel and supercapacitor. In a microgrid system, the power is generated
at the load site by which the transmission losses are reduced and enhance unin-
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terrupted supply of energy. The power variations between the renewable energy
source and the load are balanced by energy storage devices [7]. Power electronic
devices are required to maintain the power flow between the source and load and
also to interface the renewable energy source with the DC bus and load. DC–DC
converters are used as an interface in microgrid. Traditional DC–DC converters are
not able to fulfill the requirements in the field of renewable energy sources as they
are not available all the time and they transfer power in only one direction [8].
Renewable energy sources require flow of power in both the directions [4, 5]. The
introduction of renewable energy brings a difference to this concept from unidi-
rectional power flow to bidirectional power flow [9–12]. Bidirectional DC–DC
converters are used to ensure the flow of power in both the directions [13]. Based
on the propulsive isolation between the input side and the output side, bidirectional
DC–DC converter is classified as

(i) isolated bidirectional DC–DC converter
(ii) non-isolated bidirectional DC–DC converter

•  Propulsive isolation is provided by a high 
frequency transformer

•This  reduces ripples , disturbance to the 
source is reduced which achieves increased 

voltage gain(7). 

Isolated 
bidirectional DC-

DC convertes

•These converters do not have a high 
frequency transformer for propulsive 

isolation 

•  It is not preferred for high power systems.

Nonisolated 
bidirectional DC-
DC Converters 

The main disadvantage of isolated bidirectional DC–DC converters is increased
voltage spikes on the devices caused by the leakage inductance of the transformer.
The different topologies of isolated converters are [14–17], forward-flyback con-
verter half-bridge converters, flyback converters and full-bridge converters. The
different topologies of non-isolated bidirectional DC–DC converters are buck–
boost, multilevel converters, sepic/zeta, switched capacitor and coupled inductor. In
case of converters using coupled inductor, the voltage gain can be increased by
adjusting the turns ratio of the inductor [18]. The main drawback is the power
transferring potential of the converter is reduced by the capacity of the magnetic
core of the coupled inductor. A converter with high efficiency and voltage gain is
proposed [19]. However, the coupled inductor used to produce high voltage gain
increases the cost of the system. An interleaved bidirectional dual active bridge
(DAB) DC–DC converter is proposed as a power electronic interface in microgrid
[20]. The converter increases the power density by regulating the output voltage.
The converter also aids in power sharing even in variation among the converters.
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A modular interleaved boost converter is first proposed by integrating a forward
energy-delivering circuit in which the high voltage ratio is achieved by a voltage
doubler circuit. The converter can also be used for higher power rating by con-
necting in parallel [21]. Traditional buck converter and boost converters are best
suited low-voltage applications but have the disadvantage of low efficiency and are
not eligible for energy storage applications. The voltage ripples at the input side can
be reduced by interleaved bidirectional DC–DC converter in [22] but it has
increased voltage stress on the switches. This drawback is overcome by bidirec-
tional three-level DC–DC converters. Based on the literature review on different
types of isolated and non-isolated bidirectional DC–DC converters, a converter
topology is proposed in which the features of two-phase interleaved bidirectional
DC–DC converter and three-phase bidirectional DC–DC converter are combined.
The proposed converter has the following advantages: (i) reduction of ripple current
by the implementation of interleaving technique; (ii) reduced voltage stress; and
(iii) increase or decrease in voltage gain by the switched capacitor and improved
efficiency. The proposed converter operates two different modes boost (step-up)
operation and buck (step-down) operation and ensures power flow in both direc-
tions. In boost operation, the capacitors are charged in parallel and they are dis-
charged in series. In buck operation, the capacitors are charged in series and
discharged in parallel. The proposed converter is interfaced with a solar-powered
microgrid.

The organization of the work is as follows. The topology of the proposed
converter is explained in Sect. 6.2. Section 6.3 describes the modes of operation of
the converter. The proposed bidirectional interleaved switched capacitor DC–DC
converter interfaced with solar-powered microgrid is discussed in Sect. 6.4. The
simulation results are discussed in Sect. 6.5. Section 6.6 briefly describes about the
efficiency calculation of the system.

6.2 Topology of Bidirectional Interleaved Switched
Capacitor DC–DC Converter

Figure 6.1 shows the basic topology of the proposed bidirectional interleaved
switched capacitor DC–DC converters. The topology of the converter consists of
five switches S1, S2, S3, S4 and S5, capacitors C1, C2, C3 and inductors L1 and L2.
The input voltage and current are represented as Vlow and Ilow, respectively. The
output voltage and current are denoted as Vhigh and Ihigh. The input capacitor is
Clow. The inductors L1, L2 and the switches S1 and S2 perform the interleaving
operation whereas the other switches and capacitors act as a switching capacitor.
The converter operates in step-up (boost) mode and step-down (buck) mode. A PID
controller is implemented to control the voltage and currents for bidirectional power
flow. The converter operates in step-up (boost) mode for a duty cycle greater than
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0.5 and in step-down (buck) mode for duty cycle 0.5–1. The inductor and capacitor
values of the converter are calculated from the following equation (Table 6.1)

Ll ¼ L2 ¼ dboost 1� dboostð ÞTs � Vhigh=2DIL1 ð6:1Þ

C3 ¼ C1 ¼ C2 ¼ 1=DVcð ÞIhigh � DTs ð6:2Þ

6.3 Modes of Operation

6.3.1 Step-Up (Boost) Modes of Operation

In step-up (boost) mode, power flows from source (input side) to load (output side).
The battery is energized in this mode of operation. The operation of the converter in
this mode is carried out for duty cycle greater than 0.5.

Fig. 6.1 Topology of
bidirectional interleaved
switched capacitor DC–DC
converter

Table 6.1 Specifications of
bidirectional interleaved
switched capacitor DC–DC
converter

Specifications Values

Vlow 50–150 V

Vout 400 V

L1 353 µH

L2 347 µH

Clow 520 µF

C1 520 µF

C2 520 µF

Rated power 1 Kw

Switching frequency 120 kHz
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6.3.1.1 Mode 1

In mode 1, the switches S1 and S2 are turned ON and the other three switches S3, S4
and S5 are in turn OFF condition. The flow of energy in Fig. 6.2a. The capacitors C1

and C3 which are connected in series get charged. As the capacitors are connected
in parallel to the load (load 2), the load is energized with the voltage drop across the
capacitors which are connected in parallel to it. The capacitor Clow supplies energy
to the load at the input side (load 1). The relationship between the input and output
voltage and currents is obtained by the following analysis.

By applying Kirchoff’s voltage law in Fig. 6.2a, we get

diL1
dt

¼ 1
L1

Vin ð6:3Þ

diL2
dt

¼ 1
L2

:Vin ð6:4Þ

dVClow

dt
¼ 1

Clowr
VC02 �

1
Clowr

VClow ð6:5Þ

dVC01

dt
¼ � 1

RC01
VC01 �

1
RC01

VC02 ð6:6Þ

dVC02

dt
¼ � 1

RC02
VC02 �

1
RC02

VC01 þ
VC02

C02r
ð6:7Þ

a.Mode 1

b.Mode 2 

c.Mode 3 

d. Mode 4 

Fig. 6.2 Modes of operation is step-up mode

6 Bidirectional Interleaved Switched Capacitor … 113



Equations (6.3–6.7) are written as:

diL1
dt
diL2
dt
dVClow

dt
dVC01

dt
dVC02

dt

2
6666666664

3
7777777775

¼

0 0 0 0 0
0 0 0 0 0
0 0 � 1

Clowr
0 1

Clowr

0 0 0 � 1
RC02

� 1
Clowr

0 0 0 � 1
RC02

� 1
RC02

þ 1
C02r

2
666664

3
777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A1

iL1
iL2
VClow

VC01

VC02

2
66664

3
77775
þ

1
L1
1
L2
0
0
0

2
66664

3
77775

|fflffl{zfflffl}
B

Vin ð6:8Þ

6.3.1.2 Mode 2

The switch S1 is in ON condition and the switch S2 is in OFF condition. The
switches S4 and S5 are in turn OFF condition. Both the switches S2 and S3 are
connected in parallel. The switch S3 gets turned ON as it is connected with the
switch S2. The flow of energy is shown in Fig. 6.2b. The capacitors C1, C2 and load
2 form a loop. The capacitors C1 and C2 charged in mode 1. These capacitors
discharge energy in this mode which energizes load 2. The voltage across load 1 is
equal to the voltage drop across the capacitor Clow. Applying Kirchoff’s voltage law
in Fig. 6.2b,

diL1
dt

¼ 1
L1

Vin ð6:9Þ

diL2
dt

¼ 1
L2

Vlow � 1
L2

VClow ð6:10Þ

dVClow

dt
¼ iL2

Clow
� VC02

RClow
ð6:11Þ

dVC01

dt
¼ � VC01

RC01
� VC02

RC01
ð6:12Þ

dVC02

dt
¼ � VC01

RC02
� VC02

RC02
ð6:13Þ
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Equations (6.9–6.13) are written as:

diL1
dt
diL2
dt
dVClow

dt
dVC01

dt
dVC02

dt

2
6666666664

3
7777777775

¼

0 0 0 0 0
0 0 � 1

L2
0 0

0 1
Clow

0 0 1
RClow

0 0 0 � 1
C01

� 1
RC01

0 0 0 � 1
RC02

� 1
RC02

2
666664

3
777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A2

iL1
iL2
VClow

VC01

VC02

2
66664

3
77775
þ

1
L1
1
L2
0
0
0

2
66664

3
77775

|fflffl{zfflffl}
B

Vin ð6:14Þ

6.3.1.3 Mode 3

In this mode, the switch S1 is turned OFF and the switches S2 and S4 are in turned
ON condition. The capacitor C1 is charged and the capacitor C2 gets charged by the
voltage drop across the capacitor C1. The capacitors C1, C2 and load 2 form a loop
and the load 2 is energized by the voltage drop across the capacitors C1 and C2. The
load 1 is supplied by the voltage drop across the capacitor Clow.

Applying Kirchoff’s voltage law in Fig. 6.2c,

diL1
dt

¼ 1
L1

Vin � 1
L1

VC01 ð6:15Þ

diL2
dt

¼ 1
L2

Vin ð6:16Þ

dVClow

dt
¼ � VClow

Clowr
þ VC02

Clowr
ð6:17Þ

dVC01

dt
¼ 1

C01
iL1 �

VC02

RC01
� VC01

RC01
ð6:18Þ

dVC02

dt
¼ � VC02

RC02
� VC01

RC02
� VC02

C02r
ð6:19Þ
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Equations (6.15–6.19) are written as

diL1
dt
diL2
dt
dVClow

dt
dVC01

dt
dVC02

dt

2
6666666664

3
7777777775

¼

0 0 0 � 1
L1

0
0 0 0 0 0
0 0 � 1

Clowr
0 1

Clowr
1
C01

0 0 � 1
RC01

� 1
RClow

0 0 0 � 1
RC02

� 1
RC02

þ 1
C02r

2
666664

3
777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A3

iL1
iL2
VClow

VC01

VC02

2
66664

3
77775
þ

1
L1
1
L2
0
0
0

2
66664

3
77775

|fflffl{zfflffl}
B3

Vin

ð6:20Þ

6.3.1.4 Mode 4

The switches S1 and S2 are in turn OFF condition whereas the switches S3 and S4
are in turn ON condition. The input voltage Vlow charges the capacitor C1 and the
voltage drop across C1 charges the capacitor C2. The capacitors C1 and C2 supplies
energy to the load 2. The capacitor Clow is charged in mode 3 and voltage drop
across Clow supplies energy to load 1.

By applying Kirchoff’s voltage law to Fig. 6.2d,

diL1
dt

¼ 1
L1

Vin � 1
L1

VC01 ð6:21Þ

diL2
dt

¼ 1
L2

VClow þ
Vin

L2
ð6:22Þ

dVClow

dt
¼ 1

Clow
iL2 �

1
RClow

VC02 ð6:23Þ

dVC01

dt
¼ � 1

RC01
VC01 �

1
RC01

VC02 þ
1
C01

iL1 ð6:24Þ

dVC02

dt
¼ �VC01

R
� VC02

RC02
ð6:25Þ
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Equations (6.21–6.25) are written as

diL1
dt
diL2
dt
dVClow

dt
dVC01

dt
dVC02

dt

2
6666666664

3
7777777775

¼

0 0 0 0 0
0 0 � 1

L2
0 0

0 1
C1

0 0 � 1
RClow

1
C01

0 0 � 1
RC01

� 1
RC01

0 0 0 � 1
RC02

� 1
RC02

2
666664

3
777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A4

iL1
iL2
VClow

VC01

VC02

2
66664

3
77775
þ

1
L1
1
L2
0
0
0

2
66664

3
77775

|fflffl{zfflffl}
B4

Vin ð6:26Þ

Let us assume the converter operates in continuous conduction mode, the
switches S1 and S2 are turned ON individually or together for a time duration of d1
and d2 and turned OFF for time 1� d1ð ÞTS1 and 1� d2ð ÞTS2 ; where d1 and d2 are
the duty cycles of switch S1 and S2, TS1 , TS2 are the switching periods of switches S1
and S2.

The averaged state-space equations of IBSC converter in step-up mode are
derived from equations [6, 11, 13] (Table 6.2).

½ _X� ¼ Ax þBv

A ¼ A1 þA2 þA3 þA4

B ¼ B1 þB2 þB3 þB4

� 1
L1

ð1� d1ÞVC01 þ
1
L1

Vin ¼ 0 ð6:27Þ

� 1
L2

ð1� d2ÞVClow þ
1
L2

Vin ¼ 0 ð6:28Þ

ð1� d1Þ
C01

iL2 �
1

RClow
ð1� d2ÞVC02 �

1
Clowr

d2 ¼ 0 ð6:29Þ

1
C01

ð1� d1Þ iL1 � 1
RC01

VC01 �
1

RC01
VC02 ¼ 0 ð6:30Þ

Table 6.2 Modes of operation of bidirectional interleaves switched capacitor DC–DC converter
in step-up mode

Modes S1 S2 S3 S4 S5 C1 C2 Load 1 Load 2

Mode 1 ON ON ON OFF OFF Charging Charging Energized Energized

Mode 2 ON OFF ON OFF OFF Discharging Discharging Energized Energized

Mode 3 ON OFF OFF OFF OFF Charging Charging Energized Energized

Mode 4 OFF OFF ON ON OFF Discharging Discharging Energized Energized
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� 1
RC02

VC2 �
1

RC02
VC02 þ

d2
C02r

VC02 ð6:31Þ

6.3.2 Step-Down Mode

In step-down mode, the converter operates for a duty cycle less than 0.5. The
battery discharges energy in this mode of operation. The flow of energy is from the
output-to-input side. The switches S3 and S4 are controlled in step-down mode. The
different modes of operation are shown in the Fig. 6.3.

6.3.2.1 Mode 1

The switches S3 and S4 are in turn ON condition in mode 1. The power flow
direction is shown in Fig. 6.3a. The capacitor C1 is already charged in mode 4 of

a. Mode 3 

b. Mode 4 

Fig. 6.3 Step-down modes of
operation
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step-up mode. The capacitor discharges in this mode and charges capacitor Clow and
inductor L1. As both the capacitors C1 and C2 are connected in parallel to the load 2,
the load 2 is supplied by both the capacitors. The load 1 is energized by the voltage
drop across the capacitor Clow.

Applying Kirchoff’s voltage law in Fig. 6.3a,

diL1
dt

¼ VC02

L1
� VClow

L1
ð6:32Þ

diL2
dt

¼ 1
L2

VC01 �
1
L2

VClow ð6:33Þ

dVC01

dt
¼ � 1

C01
iL2 ð6:34Þ

dVC02

dt
¼ � 1

C02r
VC02 �

1
C02r

VC03 �
1
C02

iL1 ð6:35Þ

dVC03

dt
¼ � 1

C03r
VC02 �

1
C03r

VC03 ð6:36Þ

dVClow

dt
¼ 1

Clow
iL1 þ

1
Clow

iL2 þ
1

RClow
VClow ð6:37Þ

Equations (6.23–6.28) are written as:

diL1
dt
diL2
dt
dVC01

dt
dVC02

dt
dVC03

dt
dVClow

dt

2
6666666666664

3
7777777777775

¼

0 0 0 � 1
L1

0 � 1
L1

0 0 1
L2

0 0 � 1
L2

0 � 1
C01

0 0 0 0
� 1

C02
0 0 � 1

C02r
� 1

C02r
0

0 0 0 � 1
C03r

� 1
C03r

0
1

Clow

1
Clow

0 0 1
RClow

0

2
666666664

3
777777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A1

iL1
iL2
VC01

VC02

VC03

VClow

2
6666664

3
7777775
þ

0
0
0
1

C02r
1

C03r
0

2
6666664

3
7777775

|fflfflffl{zfflfflffl}
B1

Vlow

ð6:38Þ

6.3.2.2 Mode 2

The switch S3 is turned ON, and switch S4 is in turn OFF condition. The direction of
power flow is shown in Fig. 6.3b. The charged capacitor C1 in mode 1 and the
energy stored in the inductor L1 supply energy to the load 1. The capacitors C1 and
C2 discharge and energize load 2.

Applying Kirchoff’s voltage law to Fig. 6.3b,
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diL1
dt

¼ VClow

L1
ð6:39Þ

diL2
dt

¼ 1
L2

VC01 �
VClow

L2
ð6:40Þ

dVC01

dt
¼ � 1

C01
iL2 ð6:41Þ

dVC02

dt
¼ � VC02

C02r
� VC03

C02r
ð6:42Þ

dVC03

dt
¼ �VC02

C03r
� VC03

C03r
ð6:43Þ

dVClow

dt
¼ 1

Clow
iL1 þ

1
Clow

iL2 þ
1

ClowR
VClow ð6:44Þ

Equations (6.29–6.34) are written as:

diL1
dt
diL2
dt
dVC01

dt
dVC02

dt
dVC03

dt
dVClow

dt

2
6666666666664

3
7777777777775

¼

0 0 0 0 0 � 1
L1

0 0 1
L2

0 0 � 1
L2

0 � 1
C01

0 0 0 0
0 0 0 � 1

C02r
� 1

C02r
0

0 0 0 � 1
C03r

� 1
C03r

0
1

Clow

1
Clow

0 0 0 1
RClow

2
666666664

3
777777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A2

iL1
iL2
VC01

VC02

VC03

VClow

2
6666664

3
7777775
þ

0
0
0
1

C02r
1

C03r
0

2
6666664

3
7777775

|fflfflffl{zfflfflffl}
B2

Vlow ð6:45Þ

6.3.2.3 Mode 3

The switch S3 is in turn OFF condition and S4 is turn ON condition. The flow of
power is shown in Fig. 6.3c. The capacitor C1 charges the capacitor Clow and
energizes the inductor L1. The load 1 is energized by the voltage drop across the
capacitor Clow. The capacitors C1 and C2 supply energy to load 2.

Applying Kirchoff’s voltage law to Fig. 6.3c,

diL1
dt

¼ � 1
L1

Vlow � 1
L1

VC02 ð6:46Þ

diL2
dt

¼ � 1
L2

Vlow ð6:47Þ
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dVC01

dt
¼ � 1

C01r
VC01 þ

1
C01r

VC03 ð6:48Þ

dVC02

dt
¼ � 1

C02
iL1 �

1
C02r

VC02 �
1

C02r
VC03 ð6:49Þ

dVC03

dt
¼ 1

C03r
VC01 �

1
C03r

VC02 �
1

C03ðrþ r1ÞVC03 ð6:50Þ

dVClow

dt
¼ 1

Clow
iL1 þ

1
Clow

iL2 þ
1

ClowR
VClow ð6:51Þ

Equations (6.40–6.45) are written as

diL1
dt
diL2
dt
dVC01

dt
dVC02

dt
dVC03

dt
dVClow

dt

2
6666666666664

3
7777777777775

0 0 0 � 1
L1

0 � 1
L1

0 0 0 0 0 � 1
L2

0 0 � 1
C01r

0 1
C01r

0
� 1

C02
0 0 � 1

C02r
� 1

C02r
0

0 0 1
C03r

� 1
C03r

� 1
C03ðrþ r1Þ 0

1
Clow

1
Clow

0 0 0 1
RClow

2
666666664

3
777777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A3

iL1
iL2
VC01

VC02

VC03

VClow

2
6666664

3
7777775
þ

0
0
0
1

C02r
1

C03r
0

2
6666664

3
7777775
Vhigh

ð6:52Þ

6.3.2.4 Mode 4

In this mode of operation, both the switches S3 and S4 are in turn OFF condition
whereas the switches S1 and S2 are in turn ON condition. The flow of energy is
shown in Fig. 6.3d. The already charged capacitor Clow energizes load 1. The
capacitors C1 and Cout2 are connected in parallel to load supplies energy to the load.
Applying Kirchoff’s voltage law to Fig. 6.3d

diL1
dt

¼ �Vlow

L1
ð6:53Þ

diL2
dt

¼ �Vlow

L2
ð6:54Þ

dVC01

dt
¼ VC03

C01r1
� VC01

C01r1
ð6:55Þ
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dVC02

dt
¼ � 1

C02r
VC02 �

1
C02r

VC03 ð6:56Þ

dVC03

dt
¼ 1

C03r1
VC01 �

1
C03r

VC02 þ
1

C03ðrþ r1ÞVC03 ð6:57Þ

dVClow

dt
¼ 1

Clow
iL1 þ

1
Clow

iL2 þ
1

RClow
VClow ð6:58Þ

Equations (6.41)–(6.46) are written as

diL1
dt
diL2
dt
dVC01

dt
dVC02

dt
dVC03

dt
dVClow

dt

2
6666666666664

3
7777777777775

0 0 0 0 0 � 1
L1

0 0 0 0 0 � 1
L2

0 0 � 1
C01r1

0 1
C01r1

0
0 0 0 � 1

C02r
� 1

C02r
0

0 0 1
C03r

� 1
C03r

� 1
C03ðrþ r1Þ 0

1
Clow

1
Clow

0 0 0 1
RClow

2
666666664

3
777777775

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
A3

iL1
iL2
VC01

VC02

VC03

VClow

2
6666664

3
7777775
þ

0
0
0
1

C02r
1

C03r
0

2
6666664

3
7777775
Vhigh

ð6:59Þ

The averaged state-space equation of IBSC converter in step-down mode is
given by (Table 6.3)

½ _X� ¼ ½A�xþ ½B�v

½A� ¼ A1 þA2 þA3 þA4

½B� ¼ B1 þB2 þB3 þB4

1
L1

d4VC01 �
1
L1

Vlow ¼ 0 ð6:60Þ

Table 6.3 Modes of operation of bidirectional interleaved switched capacitor converter in
step-down mode

Modes S1 S2 S3 S4 S5 C1 C2 Load 1 Load 2

Mode 1 OFF OFF ON ON OFF Discharging Discharging Energized Energized

Mode 2 OFF OFF ON OFF OFF Discharging Discharging Energized Energized

Mode 3 OFF OFF OFF ON OFF Discharging Discharging Energized Energized

Mode 4 ON ON OFF OFF OFF Discharging Discharging Energized Energized
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1
L2

d3VC02 �
1
L2

Vlow ¼ 0 ð6:61Þ

� 1
C01

d3iL2 �
1

C01r1
ð1� d3ÞVC01 þ

1
C01r1

ð1� d3ÞVC03 ¼ 0 ð6:62Þ

� 1
C01

d4iL1 �
1

C01r
VC02 þ

1
C01r

VC03 ¼
1

C02r
Vhigh ð6:63Þ

� 1
C02r

ð1� d3ÞVC01 þ
1

C02r
VC02 �

1
C02r

VC03 �
ð1� d3Þ
C01r

VC03 ¼
1

C03r
Vhigh ð6:64Þ

1
Clow

iL1 þ
1

Clow
iL2 þ

1
RClow

VClow ¼ 0 ð6:65Þ

6.4 Operation of Bidirectional Interleaved Switched
Capacitor DC–DC Converter with Solar Microgrid

6.4.1 Solar System

The proposed microgrid includes two or more renewable energy as a source. In this
work, two solar PV arrays with an output power of 1.5 kW each are considered.
The mathematical modeling of the solar PV array is done [1]. The equivalent circuit
model of the solar PV array is shown in Fig. 6.4.

By applying Kirchoff’s current law to the equivalent circuit, the output current
from the PV cell is calculated,

I ¼ IL � Id

The diode equation is as in Eq. 6.2

Id ¼ IsðeqVd=kT � 1Þ

Fig. 6.4 Equivalent circuit of
solar cell
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Depending on the solar insolation and the cell’s working temperature, the
photocurrent is calculated by the following expression

IL ¼ ½ISC þKiðT � 298Þ� k
1000

The saturation current of the module is expressed as 4

IL ¼ ½ISC þKiðT � 298Þ� k
1000

Is ¼ Irs½ðT=TrÞ3 expfqEg=Akfð1=TrÞ � ð1=TÞg�

The output current of the PV module is given by 5

Ipv ¼ NpIL� NpIs½expfqðRs þ IpvRsÞ=NsAkTg � 1�

where

IL Photon current
Id diode current
Is saturation current
T solar cells actual temperature
Tr reference temperature
Eg bandgap energy
K Boltzmann’s constant
Np number of cells in parallel
Ns Number of cells in series
Q Electron charge.

The solar parameters are calculated from the above equations. The V-I and P–V
characteristic curves obtained are dependent only on the solar irradiance and the
temperature.

The maximum power point tracking (MPPT) is done to obtain the point at which
the maximum power is obtained so that the efficiency is also increased [2]. The
maximum power is obtained when the source impedance and the load impedance
matches. Perturb and observe (P&O) MPPT algorithm is used in this work [3]. The
advantage of P&O technique over other MPPT techniques are low implementation
cost, only current and voltage values are sufficient.

The VI characteristics of the simulated solar cell with 900 W/m2 irradiance are
shown in Fig. 6.5.

The output solar power, voltage and current in both step-up and step-down mode
are shown in Figs. 6.6, 6.7 and 6.8. 0–0.5 indicates step-up mode and 0.5–1
indicates step-down mode.
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6.4.2 Energy Storage Devices

The energy storage devices are essential in microgrids as the renewable energy
sources are not available continuously. In this work, lead acid battery is used as an
energy storage device. The battery gets charged when the source is available and

Fig. 6.5 VI characteristics of solar cell

Fig. 6.6 Solar output power

Fig. 6.7 Solar output current

Fig. 6.8 Solar output voltage
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discharges the stored energy when the source is not available. This supports the
load to get continuous supply of energy. The state of health (SOH) of the battery
determines the maximum capacity of the battery. The capacity of the battery is
understood by the depth of discharge (DOD), charging and discharging cycles. The
parameters and specifications of the battery are modeled as in Table 6.4.

Battery Capacity = (Total Power * No. of hours used * No. of days used)/
(Battery efficiency * DoD * Battery voltage)

Cb ¼ 1600 � 3 � 1ð Þ= 0:85 � 0:8 � 400ð Þ
¼ 17:6Ah

Charging current Ib ¼ 0:2 � Cb
¼ 0:2 � 16
Ib ¼ 3:2A

Battery discharging current

Ib discharge ¼ Total powerð Þ= Battery voltage*Battery efficiencyð Þ
¼ 1600ð Þ= 400 � 0:85ð Þ

¼ 4:7A

The battery voltage and current in charging and discharging mode are shown in
Fig. 6.9. The battery charges in step-up mode and discharges in step-down mode
which can be seen in the simulation result are shown in Fig. 6.9.

6.4.3 Load

Two resistive loads with different power capacities are considered. One load is
connected across the source and other load is connected across the battery. The
solar system and the battery are designed as per the load requirements. The load
specifications are given in the following Table 6.5.

Table 6.4 Design
specifications of battery

S. no. Parameters Values

1 Battery power 1.6 kW

2 Battery voltage 400 V

3 Battery current 4A

4 Number of hours used 3

5 Number of days used 1

6 Battery efficiency 85%

7 Depth of discharge (DoD) 0.8
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In step-up mode of operation charging of battery takes place. The solar energy
source is available and the input power to the system is only from solar. The solar
energizes battery and the load. The input and output power are calculated

Input Power From Solarð Þ ¼ 3kW 1:5kWþ 1:5kWð Þ

Output power ¼ Battery charging powerþLoad 1þLoad 2

¼ 400 � 3:2ð Þþ 1000þ 420

¼ 2700W

¼ 2:7 kW

In step-down mode of operation discharging of battery takes place. The solar
energy source is not available, and the energy stored in the battery acts as an input
source. The battery energizes both the loads. The input and output power are
calculated

Fig. 6.9 Battery output power, current and voltage

Table 6.5 a Parameters of
Load 1 b Parameters of
Load 2

a
Voltage 400 V

Current 25 A

Power 1000 W

b
Voltage 140 V

Current 3 A

Power 420 W
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Discharging battery power ¼ 400 � 4 ¼ 1600W

Output power ¼ Load 1þLoad 2

¼ 1420W

6.5 Simulation Results and Discussion

To understand the performance of IBSC DC–DC converter, a detailed simulation
model in MATLAB/Simulink is carried out. The output voltage Vlow at the input
side is regulated as 100 V and the output voltage at the output side as 400 V. The
output current at the input side is designed to be 2.5 A, and the output current at the
output side is regulated as 2.3 A. Figures 6.10 and 6.11 show the output voltage
and current waveforms at the output side of the converter. It is observed that the
output voltage as 400 V and the output current as 2.5 A.

Output voltage (Load side).
Figures 6.12 and 6.13 show the output voltage and output current at the input

side of the converter. It is observed that the output voltage as 100 V and output
current as 2.3 A. Figure 6.14 shows the voltage and current of inductor L1 in
step-up and step-down modes of operation. The step-up mode for 0–0.5 and
step-down mode for 0.5–1.

Fig. 6.10 Output voltage across the output side output current (load side)

Fig. 6.11 Output current through the output side
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Figure 6.15 shows the output voltage and current of inductor L2 in step-up and
step-down modes of operation. Figures 6.16, 6.17, 6.18, 6.19, 6.20, 6.21, 6.22, 6.23
and 6.24 indicate the voltage across the switches S1, S2, S3, S4 and S5 and the
currents flowing through them are observed.

Fig. 6.12 Output voltage across the input side

Fig. 6.13 Output current through the Input side

Fig. 6.14 Voltage and currents of Inductor L1 in step-up and step-down modes of operation
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Fig. 6.15 a Inductor current (L2): Step-up: (Time 0–0.5 s), Step-down: (Time 0.5–1 s). b voltage
and current of inductor L2 in step-up and step-down mode of operation

Fig. 6.16 Current through the switch S1

Fig. 6.17 Voltage across the switch S2
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6.6 Efficiency

Efficiency of a system is an important factor in determining the performance of the
system. It determines the efficient power delivered to the load from the system. The
efficiency of the system is calculated from the input and output power including the
losses. In this work, solar power is considered as input power and the battery power
is considered as the output power. The efficiency calculation is as follows

Fig. 6.18 Current through the switch S2

Fig. 6.19 Voltage across the switch S3

Fig. 6.20 Current through the switch S3
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Fig. 6.21 Voltage across the switch S4

Fig. 6.22 Current through the switch S4

Fig. 6.23 Voltage across the switch S5
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Efficiency ¼ Output power=output powerþ losses

Input power ¼ Output powerþ losses

Efficiency ¼ Output power=Input power

Solar voltage ¼ 140V

Solar current ¼ 2:5A

Solar power ¼ 140 � 2:5 ¼ 2520W

Battery voltage ¼ 400V

Battery current ¼ 2:5 chargingð Þ
Battery current ¼ 3:5 dischargingð Þ

Battery power ¼ 400:6 � 2:5 ¼ 1051 Chargingð Þ
Battery power ¼ 400:4 � 3:5 ¼ 1401 Dischargingð Þ

Output power ¼ Load 1 input sideð ÞþLoad 2 output sideð Þ
¼ 400 � 2:5ð Þþ 100 � 2:5ð Þ

¼ 1000ð Þþ 250ð Þ ¼ 1250W

Step-up mode (charging):

Efficiency ¼ 1250þ 1051 ¼ 2301=2520 ¼ 91:3%

Step-down mode (discharging):

Efficiency ¼ 1250=1401 ¼ 90:2%

From the above calculations, the efficiency of the system is calculated as 91.3%
in step-up mode and 90.2% in step-down mode.

Fig. 6.24 Current through the switch S5

6 Bidirectional Interleaved Switched Capacitor … 133



6.7 Conclusion

Microgrids which include renewable energy are becoming popular nowadays.
These microgrids require a power electronic device as an interface. The proposed
bidirectional interleaved switched capacitor DC–DC converter has many advan-
tages such as bidirectional power flow, reduced ripples, increased voltage gain and
efficiency. The converter also operates in both step-up and step-down mode. The
proposed system uses battery as an energy storage device. As the proposed con-
verter operates in both the directions and includes an energy storage device, con-
tinuous supply of energy to the load is ensured. The modes of operation of the
proposed configuration are tested and verified using MATLAB/Simulink, and a
hardware prototype of 1 kW prototype has been developed. The proposed con-
figuration is interfaced with solar photovoltaic system and proved to be efficient for
microgrids with solar as a renewable energy source.
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Chapter 7
LUO Converters for Renewable Energy
Applications

P. S. V. Kishore, Jayachandra Bogineni, J. Rajesh, Sukanta Halder,
and N. Jayaram

7.1 Introduction

Nowadays, fossil fuels, namely coal, gas, oil and nuclear, etc., are the sources
mostly used for conventional energy [1, 2] throughout the globe. However, the
storage capacity of the traditional sources is limited, and the fossil fuels release
much amount of greenhouse effects to the environment. Due to deployment of
conventional sources and to encounter the demand for energy, now the trend is
changed to the sources of renewable energy [3]. The main renewable sources
(RES) are solar, wind and tidal, etc. Among all the RES, solar energy [4–6] is most
popular because it is easily extracted from the sunlight. The output from the solar
energy is DC. To meet the application demand, DC–DC converters need to
incorporate in the system [7–9]. The applications are mainly used in equipment like
laptops, mobile phones, etc., which are supplied power from batteries [10, 11]. So,
these batteries will give fixed voltage. However, in portable devices having a
greater number of sub circuits. They require different voltage levels. So, DC–DC
converters generate these required voltage levels from the fixed battery sources and
renewable energy sources [12, 13]. Next, the incorporation of batteries in equip-
ment and other systems generates difficulties due to their short life and limited
power density [14, 15]. Therefore, regular replacement and maintenance are
required [16]. Now, the trend is changed to implement DC–DC converters, which
gives required voltage, less maintenance and increased efficiency.

Researchers and technologist put their extensive effort toward the development
of LUO converters [7] which provide the boosting of the output and enhance the
system performance. These are the converters of type, which give high gain with
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minimum number of components. The gain will be increased in arithmetic
progression from stage by stage when they are cascaded.

In this chapter, different types of LUO converters are classified and explained
with the help of MATLAB simulation. The classification of LUO converters is
shown in Fig. 7.1.

7.2 VL LUO Converters

In the technique of VL [8], a capacitor is charged with input voltage during switch
on, and the voltage across this charged capacitor can be used for enhancing the
output voltage during switch off. Accordingly, this circuit is called an first lift
(FL) circuit.

Another capacitor can be charged by the same input voltage, the voltage across
this capacitor also enhances the output voltage, now, the output voltage is more
than the FL circuit, and this is called as second lift (SL) circuit. By doing the same
operation repeatedly, the output voltage will be enhanced more and more.
Subsequently, the sequence of circuits is named third lift (TL), fourth lift
(FoL) circuits and so on.

LUO Converters

CC MQC SCC SSC

Voltage Lift Super Lift

POL converter
NOL converter
MPOL converter
DOL converter

POSLLC
NOSLLC

Multi Quadrant
LUO converters Switched capacitor

converters
Switched inductor

converters

Four Quadrant
SC LUO
converter

Multi lift

POPP LUO
converter

NOPP LUO
converter

Four Quadrant SI
LUO converter

ZCS-
QRLC

ZVS-
QRLC

ZTLC

CC-Classical converters
MQC-Multi Quadrant Converters
SCC-Switched Component Converters
SSC-Soft Switching Converters
POSLLC-Positive output super lift LUO converter
NOSLLC-Negative output super lift LUO converter
POPP-Positive Output Push Pull
NOPP-Negative Output Push Pull
ZCS-QRLC- Zero Current Switching Quasi Resonant Luo Converter
ZVS-QRLC- Zero Voltage Switching Quasi Resonant Luo Converter
ZTLC- Zero Transition Luo Converter

Fig. 7.1 LUO converters classification
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7.2.1 Positive Output LUO (POL) Converters

These converters are used to convert fixed DC positive voltage to variable DC
positive voltage with VL technique. These converters provide output voltage as
multiples of input voltage and first quadrant operation only [9].

The first five circuits have been introduced here.

• Basic circuit
• FL circuit
• SL circuit
• TL circuit
• FoL circuit.

Basic circuit

Buck and boost operation can be done by basic circuit. Other POL converter
circuits perform only boost operation. Figure 7.2 shows the POL converter basic
circuit [10]. During switch off period, the energy stored in the inductor L1 is
transferred to the capacitor C1, and during switch on period, the stored energy in the
capacitor C1 is received by the load R. During switch on time, the inductor L1 gets
energized by the voltage V1, and at the same time, the inductor current iL2 flows
through the capacitor Cf, load R and completes its path by freewheeling diode
D. Capacitor C1 acts like a bridge between input and output, and the voltage across
the capacitor gets accumulated over the output. Therefore, if the voltage across the
capacitor is higher, then the output voltage will be higher. The current iD is flowing
through the freewheeling diode during the switch off period [11]. This current
decreases in the switch off period (1 – d)T.

During (1 – d)T, the charge accumulated with the capacitor C1 rises and is equal
to (1 − d)T IL1.

During dT, the charge on the capacitor C1 declines and is equivalent to dTIL2.
In a whole period, these two charges are equal, and therefore,

ð1� dÞTIL1 ¼ dTIL2 ð7:1Þ

V1
VO

io

RCf

L2

L1

C1

is ic

VD

VL2

iCO

iL2

Vs

VL1

iL1 iD

Fig. 7.2 Basic circuit
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Therefore,

IL2 ¼ 1� d
d

IL1 ð7:2Þ

Since Cf performs the operation of a low-pass filter, therefore, the output current

IL2 ¼ IO ð7:3Þ

The above Eqs. (7.2) and (7.3) are applicable for all the POL converters.
During switch on period, the current iS = iL1 + iL2, and iS = 0 during switch off

time. Thus, the mean current from the source (I1) is

I1 ¼ diS ¼ dðiL1 þ iL2Þ ¼ d 1þ 1� d
d

� �
IL1 ¼ IL1 ð7:4Þ

Therefore, from Eqs. (7.2), (7.3) and (7.4), the current flowing through the load
(IO) is

IO ¼ 1� d
d

I1 ð7:5Þ

Assuming the power balance in the converters, Pin = Pout,
i.e.,

V1I1 ¼ VOIO ð7:6Þ

From Eqs. (7.4) and (7.5), output voltage is

VO ¼ d
1� d

V1 ð7:7Þ

Figure 7.3 depicts the circuit diagrams of the remaining POL converters [10].
By analyzing these circuits, one can get the output voltage equations given in
Table 7.1.

7.2.2 Negative Output LUO (NOL) Converters

With the VL technique, NOL converters transform fixed positive DC voltage to
variable negative DC voltage. They work with high voltage magnification in the
third quadrant [12]. Five circuits are added here. They are as follows:

• Basic circuit
• FL circuit
• SL circuit
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Fig. 7.3 POL converters a FL, b SL, c TL, d FoL circuits
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• TL circuit
• FoL circuit.

Basic circuit

Buck and boost DC–DC conversion can be done by the basic circuit. The other
NOL converters only perform a boost operation. The basic NOL converter circuit is
depicted in Fig. 7.4. Capacitor C works as energy storing and transferring element
from source to load.

The current does not flow through the diode while switch S is on, since it is
reverse biased. During switch on condition, as the diode is reverse biased, the total
current coming from the source flows into the inductor, and this current increases
linearly. At the same time, the energy from the capacitor C flows to the load
R through the inductor LO, and therefore, iC−dT = iLO.

During switch off condition, the current coming from the inductor L is used to
charge the capacitor C by closing the circuit through the freewheeling diode.
Inductor L transfers its stored energy through inductor LO to capacitor C and load R,
and therefore, iL = iC − (1 − d)T + iLO. Thus, iL current is diminished.

As the capacitor Cf does not absorb any energy in the steady state, the current
through the load is iO = iLO. The average current output is

iO ¼ iLO ¼ iC�dT ð7:8Þ

During (1 − d)T, the charge increased on the capacitor C is equal to (1 − d)
TiC − (1 − d)T.

Table 7.1 For all voltage lift circuits

Circuit name Output voltage equation Output voltage for V1 = 30 V

d = 0.3 d = 0.5 d = 0.7 d = 0.9

Basic circuit VO ¼ d
1�dV1 12.85 30 70 210

First lift VO ¼ 1
1�dV1 42.85 60 100 300

Second lift VO ¼ 2
1�dV1 85.7 120 200 600

Third lift VO ¼ 3
1�dV1 128.55 180 300 900

Fourth lift VO ¼ 4
1�dV1 171.4 240 400 1200

V1
VO

iO

RCf

LO

L C

iS

iC
iCO

iL

iD D iLO
Fig. 7.4 Basic circuit
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And it declines during switch on which is equal to dTiC – dT.

In a complete period T, the above two charges are equal, and therefore

ð1� dÞTiC�ð1�dÞT ¼ dTiC�dT ð7:9Þ

iC�ð1�dÞT ¼ d
1� d

iC�dT ¼ d
1� d

io ð7:10Þ

Therefore, the current flowing in the inductor, IL, is

iL ¼ iC�ð1�dÞT þ io ¼ io
1� d

ð7:11Þ

Eqs. (7.8) and (7.9) are applicable for all the NOL converters. It is known that
iS = iL during the time dT.

Therefore, the mean current through the source, i1, is

i1 ¼ di1 ¼ diL ¼ d
1� d

io ð7:12Þ

io ¼ 1� d
d

i1 ð7:13Þ

and the output voltage is

Vo ¼ d
1� d

V1 ð7:14Þ

The remaining circuits of NOL converters are depicted in Fig. 7.5 [10]. By
analyzing these circuits, one can get the output voltage equations for these circuits
and is shown in Table 7.1.

7.2.3 Modified Positive Output LUO (MPOL) Converters

POL converters use two switches in their circuits from second lift circuit onwards.
This section describes the technique to amend POL converters [13] that only one
switch is sufficient for all the circuits. There have been some circuits added here.
They are as follows:

• Basic circuit
• FL circuit
• SL circuit
• TL circuit
• FoL circuit.
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Fig. 7.5 NOL converters a FL, b SL, c TL, d FoL circuits
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The basic circuit is same as the basic circuit of the POL converter. FL circuit is
discussed here. The FL circuit of the MPOL converter is depicted in Fig. 7.6.

The mean voltage across the inductor over the complete period vanishes in the
study state. Thus,

VC2 ¼ VCf ¼ VO

During the time dT, the inducer current rises and decreases during the switch off
time. V1 and –VC1 are the equivalent voltages across the L during switch on and
switch off, respectively.

Therefore, dTV1 = (1 − d)TVC1 (7.15).
Hence,

VC1 ¼ d
1� d

V1 ð7:16Þ

During switch on time,

VC2 ¼ V1 þVC1 ð7:17Þ

Assume that the capacitors C1 and C2 are large enough,
Therefore,

VC2 ¼ V1 þ d
1� d

V1 ¼ 1
1� d

V1 ð7:18Þ

VO ¼ VCf ¼ VC2 ¼ 1
1� d

V1 ð7:19Þ

The remaining circuits [10] and their voltage quations are shown in Fig. 7.7 and
Table 7.1, respectively.

Simulations are carried out for the above circuits for the input voltage of 30 V.
The duty ratio d is varied, and the output voltages are shown in Table 7.1.
Figures 7.8, 7.9 and 7.10 agree with the values in Table 7.1.
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7.3 Two-Quadrant LUO (TQL) Converter

All the converters discussed above work only in one quadrant. In this section,
two-quadrant LUO converters are discussed which work in both first and second
quadrants. The TQL converter circuit diagram is depicted in Fig. 7.11. It is having
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Fig. 7.8 Output voltages of different voltage lift LUO converters for d = 0.3
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two operational modes. In mode 1, switch S1 operates, and switch S2 operates in
mode 2.

Mode 1

In this mode, the converter operates in quadrant 1, and the energy is extracted from
the source and transferred to the load.

Switch S1 is ON: When the switch S1 is on, switches S2, D1 and D2 do not
conduct. The equivalent circuit diagram is depicted in Fig. 7.12a. Here, L1 stores
energy from the source, and at the same time, L2 stores energy from the capacitor
and the source. Therefore, both the inductor currents will increase.

Switch S1 is OFF: When S1 is off, S2, D1 is also off, and D2 only conducts. The
equivalent circuit diagram is depicted in Fig. 7.12b. The stored energy in L1 is
transferred to the C through D2. At the same time, the energy stored in L2 will be
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released to the load V2 and takes the path through the freewheeling diode D2.
Therefore, both inductor currents will decrease.

Mode 2

In this mode, the converter operates in second quadrant, and the energy is trans-
ferred from load to source.

Switch S2 is ON: When S2 is on, S1, D1 and D2 do not conduct. The corre-
sponding circuit diagram is depicted in Fig. 7.13a. The current iL1 of inductor L1
flows through the switch S2 and increases by the capacitor voltage Vc. Therefore,
capacitor voltage decreases. At the same time, the current iL2 of inductor L2 also
increases by the load voltage V2. Therefore, both inductors current will increase.

Switch S2 is OFF: When S2 is off, S1 and D2 are also turned off, and only D1

conducts. The corresponding circuit is depicted in Fig. 7.13b. The iL1 of L1 flows to
the source V1 via D1. At the same time, iL2 of L2 flows through the capacitor, and
capacitor voltage is increased. After capacitor, it flows through the source via D1.
That means load to source energy is transferring.

Simulation results of this converter in mode A and B are shown in Figs. 7.14 and
7.15. These simulation results agree with above discussion.
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7.4 Four-Quadrant Switched Inductor LUO (FQSIL)
Converter

Switched capacitor converters give greater power density but difficult in controlling
and complex structure. Therefore, switched inductor DC–DC converters came into
existence as it is simple circuit and has greater power density. The circuit diagram
of four-quadrant switched inductor converter is depicted in Fig. 7.16.

It operates in four modes. The circuit diagram for modes 1 and 2 is depicted in
Fig. 7.17a and for modes 3 and 4 is depicted in Fig. 7.17b.

Mode 1: In this mode, it operates in first quadrant that is the energy is transferred
from source to positive voltage load. In this mode, all the voltages and currents are

Fig. 7.14 Waveforms in mode 1 for duty ratio of 0.3

Fig. 7.15 Waveforms in mode 2 for duty ratio of 0.7
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positive. Switch S1 is closed during on state, and remaining all other switches are
off. The source voltage V1 supplies inductor and load, and therefore, inductor
current increases. Diode D2 is turned on during switch off state, and remaining all
the switches are off. The inductor current flows to the load via D2.

Mode 2: In this mode, it operates in second quadrant that is the energy is
transferred from load with positive voltage to the source. In this mode V1, V2 are
positive, and I1, I2 are negative. During switch on state, S2 is closed, and remaining
all switches are off. The load voltage V2 supports the inductor, and inductor current
enhances. Diode D1 is turned on during switch off state, and remaining all other
switches are off. The inductor current flows through V1, V2 through the diode D1,
and it decreases.

Mode 3: In this mode, it operates in third quadrant that is the energy is trans-
ferred from source to the load with negative voltage. In this mode, V1 and I1 are
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positive, and V2 and I2 are negative. Switch S1 is closed during on state, and all
other switches are off. The source V1 supplies the inductor, and therefore, current
through the inductor increases. Diode D2 is turned on during switch off state, and
remaining switches are tuned off. The inductor current flows through the load
voltage V2 and D2, and it decreases.

Mode 4: In this mode, it operates in fourth quadrant that is the energy is
transferred from load with negative voltage to source. In this mode, V1 and I2 are
positive, and V1 and I2 are negative. During switch on time, S2 is closed, and
remaining switches are off. The load voltage supports the inductor, and inductor
current increases. Diode D1 is turned on during switch off state, the inductor current
flows through D1, source voltage V1, and it decreases.

7.5 Conclusion

In this chapter, different types of LUO converters are classified and explained. The
output voltages of different voltage lift circuits for the input voltage of 30 V are
given in Table 7.1. The simulation studies for the above-mentioned voltage lift
circuits are carried out in MATLAB/Simulink, and the corresponding results are
shown. The simulation results prove that these LUO converters have high gain
compared to all existing conventional converters. The LUO converters have greater
power density, greater efficiency with easy to design and concurrently reduced cost
and ripples in the output voltage. Some advanced LUO converters like second and
fourth quadrant switched inductor LUO converters are discussed. All these LUO
converters are well suited for renewable energy systems.
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Chapter 8
Efficacy of Super-Lift Converter Over
Fundamental Converters in Induction
Motor Drive Using Solar Energy

P. Elangovan, S. Ganesh, and L. Hubert Tony Raj

8.1 Introduction

The photovoltaic (PV) power shift system has been implemented worldwide to
alleviate energy crises and minimize natural contamination [1]. Nowadays for
domestic uses, PV devices are commonly used [2, 3]. The key goal of PV
integration in residential systems is to ensure non-discrete and highly efficient
electricity for household appliances [4]. The discrete existence of solar irradiation is
one of the significant shortcomings of the PV system. The SECS suffers from
intermittent and stochastic sun irradiation and results in problems such as load
mismatch, voltage ripple and low performance of the system. Traditionally, the
SECS uses batteries to design an energy storage device. However, safe charging
and discharge of energy from batteries would not be supported by a voltage ripple
from the PV output terminals. The inclusion of a DC/DC converter in the center of
the PV and the load for regulating the load current [5] is also necessary. With single
stage power conversion (i.e.) DC–AC conversion, the conventional SECS is
developed, which is unsuitable for residential applications. Complex peak power
point tracking (PPPT) algorithms are also needed for the device [6, 7]. In com-
parison with the applications involving DC motors, residential and industrial
applications built with IM motors are high. For improved efficiency, some of the
applications such as rolling machines, electric vehicle (EV) and cutting machines
use induction motor (IM). MPPT controllers do not need certain kinds of programs.
The voltage ripple in the PV output terminals is the only thing that is unresolved.
The boost converter is commonly used for SECS, among the numerous DC tied
converters. The oscillation level in the voltage signal at the output terminals is a
typical issue associated with boosting DC/DC converters. Apart from traditional
DC/DC converters, some adapted DC/DC converters [8, 9] for SECS have been
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added. However, their integration into SECS is constrained by the influence of
parasitic elements present in the converter configuration.

Super-lift Luo converter (SLLC) [10, 11], an unorthodox DC/DC converter,
finds its position in the DC/DC conversion stage of SECS by eliminating the
deficiencies mentioned above. The voltage lift method is a stylish procedure, given
the voltage at the yield junctures of the DC/DC converter. It is commonly used in
the construction of electronic power networks. Nevertheless in number juggling
action, the voltage lift converters (VLC) expands the voltage at output, stage by
stage. In DC/DC transition innovation, the super-lift mechanism has achieved an
amazing condition and is more widespread than the voltage lift (VL) technique. In
comparison to VLC, the efficacy of super-lift converters (SLC) is superior. The SLC
constructs, step by stage, the yield voltage in mathematical motion. There are
several subseries of the SLLC and they are main secondary, modified, re-enhanced
and multiple enhanced series. For more discussion, this research analysis chose the
elementary circuit from SLLC’s key sequence.

The efficacy of SLLC is checked in this manuscript over simple DC/DC con-
verters for SECS fed IM. Identification of the optimized configuration for SECS fed
IM using SLLC is the principal contribution of this research work. Next is the
voltage ripple reduction to less than 1% in the DC/DC conversion point. Finally,
IM’s performance parameters with SLLC integrated SECS have been investigated.

The manuscript is structured in such a way that Sect. 8.2 explains the modeling
of PV for the proposed method, Sect. 8.3 mathematically explains the supremacy of
SLLC over simple converters, Sect. 8.4 explains the correlation of drive parameters
with the SECS produced, Sect. 8.5 shows the simulation results for validating the
effectiveness of SLLC over basic converters, and the conclusion of the paper has
been drawn in Sect. 8.6.

8.2 Mathematical Modeling of Proposed PV

The one diode model of PV for the suggested SECS is discussed in this section. PV
cells, modules, frames and arrays constitute the collection of electrical properties
describing the physical characteristics of PV. The PV counterpart network of the
one diode model is displayed in Fig. 8.1. It comprises of a current Iph source
connected to a diode D in parallel and a resistance Rsh in parallel. To produce a load
brake, a resistance Rse is linked in series with the load. The load branch is connected
parallel to three legs of the source end of PV.

For the proposed method, the following empirical equation leads to the PV
design. The model begins with the design of the photocurrent of the module and is
provided by,
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IPh ¼ ½Isc þKiðT � 298Þ� � k
1000

ð8:1Þ

where Ki is temperature coefficient of current, k is insolation, T is the module
operating temperature and Isc is short-circuit current of PV. The photocurrent of the
module is highly dependent upon insolation and temperature.

The contrary saturation current of module (Irs) is specified by,

Irs ¼ Isc

e
qVoc
NsKATð Þ � 1

ð8:2Þ

where q is electron charge, Isc is short-circuit current, Voc is PV unit open terminal
voltage, Ns is the amount of cells linked in series, K is Boltzmann value
(1.3805 � 10−23 J/K) and A is the ideality factor (1.6). The reverse unit saturation
current depends on the temperature and the amount of panels connected in a row.

The solar module saturation current (Io) is specified by,

Io ¼ Irs
T
Tr

� �3
e

q�Ego
BK

1
Tr
�1

Tf g½ � ð8:3Þ

where Tr is the reference temperature, Ego is band space for silicon (1.1 eV) and
A is the ideality factor (1.6).

The PV unit current (IPV) is specified by,

IPV ¼ Np � Iph � Np � Io e
q�ðVPV þ IPVRse

NsAKT

� �
� 1

� �
ð8:4Þ

where Np is the quantity of parallel connected panels and VPV is PV yield voltage.

Iph D Rsh

Rse

RL V

I
ID

Fig. 8.1 One diode model of
PV
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8.3 Superiority of SLLC Among DC/DC Converters

The initial generation DC/DC converters, where the underlying circuits of converter
are primarily modified as an advanced DC/DC converter, are the focus of this
research work. Figure 8.2 presents the classification of first generation DC/DC
converters. The fundamentals of basic circuits of DC/DC converter like boost, buck
and boost–buck converters are offered in [12]. There are several subseries converter
configurations for the voltage lift converter (VLC) and the super-lift converter
(SLC). From the fundamental converters, all the circuit configurations are devel-
oped. The proposed research work copes with the DC/DC converter in use in the
DC connection unit for IM drives, where only positive DC connection voltage is
needed. Therefore, the VLC family’s negative output (N/O) Luo converter as well
as the N/O cascaded boost converter together with the SLC family’s N/O super-lift
Luo converter are neglected.

The ascetic-lift cuk converter, ascetic-lift positive output Luo converter, inverse
ascetic-lift positive output Luo converter and ascetic-lift SEPIC are among the
seven self-lift positive output converters and the output voltage is same and is being
expressed by,

Fig. 8.2 Classification of first generation DC/DC converter
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Vodc ¼ 1
1� v

VPV ð8:5Þ

where Vodc is the yield voltage from the converter. For those converters, the gain of
voltage transfer can be given by,

T ¼ 1
1� v

ð8:6Þ

The expressions (8.5) and (8.6) are identical to the terminal voltage and gain
transfer of voltage expressions of the basic DC/DC boost converter. The lone
benefit of these converters is that the yield voltage ripple quality is less than 1%.
Therefore, the circuit functions of these converters are not expected to be addressed.
The enhanced positive output Luo ascetic-lift converter is extracted from the P/O
Luo self-lift converter, in which S and L arrangements are transacted and revealed
in Fig. 8.3.

The terminal voltage of the improved ascetic-lift positive output Luo converter is
specified by,

Vodc ¼ 2� v
1� v

VPV ð8:7Þ

The gain of the improved ascetic-lift positive output Luo converter is specified
by,

T ¼ 2� v
1� v

ð8:8Þ

The improved ascetic-lift positive output Luo converter achieves a terminal
voltage of 1.5 times superior than other converters in the self-lift converter group as
compared to Eqs. (8.5) and (8.7) for a fixed conduction duty.

Now, the operating theory of the VLC family fundamental positive output Luo
converter and the SLC group fundamental positive output super-lift Luo converter

Fig. 8.3 Enhanced
ascetic-lift positive output
Luo converter
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is explained. Figure 8.4a displays the ultimate circuit figure of the fundamental
positive output Luo converter. Figure 8.4b, c shows the corresponding circuit
during turn ON and OFF.

The capacitor (C1) behaves as a component that packs and handovers energy
through the exciting inductor (L1) from the input terminal. The fluctuations in the
voltage of the capacitor VC1 are ignored since the value chosen for the capacitor C1
is too high.

The source current is the totality of the current between inductors L1 and L2
inductors during the turn ON time. The L1 inductor extracts electricity directly from
the input terminal, while the L2 inductor absorbs energy from the C1 capacitor from
the input terminal. At the input terminals of the circuit, the current of the inductors
increases with the available energy during the turn ON time. The source end current
is zero during the switch OFF time and the acquired energy at switch ON period by
the inductor L1 is utilized to excite the capacitor C1 through the coasting diode D1.
In addition, the gained energy by the inductor L2 during the turn ON time is utilized
to excite the capacitor C0 by the laidback diode D1. The steady current at the output
terminals is sustained by the laidback diode D1.

Fig. 8.4 Fundamental
positive output Luo converter
a General circuit,
b configuration at switch ON,
c configuration at switch OFF
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The mean terminal voltage at the elementary positive Luo converter is,

Vodc ¼ v
1� v

VPV ð8:9Þ

The gain of voltage transfer by the elementary positive output Luo converter is
stated by,

T ¼ v
1� v

ð8:10Þ

Considering Eqs. (8.7) and (8.9), it is obvious that the higher output voltage
level is provided by the improved ascetic-lift positive output Luo converter. But,
when used for high-power applications, the improved ascetic-lift positive output
Luo converter needs an extra diode and a capacitor, which induces yield voltage
oscillations. Further, the elementary positive output super-lift Luo converter among
the SLC group is examined for its appropriateness in IM drives.

The general circuit and the correspondent configurations in the course of ON and
OFF period for the fundamental positive output super-lift Luo converter is publi-
cized in Fig. 8.5. At ON time, the source voltage of fundamental positive output
super-lift Luo converter excites C21 to Vidc. In addition, the L21 current lifts up with
respect to Vidc. At OFF time, the charge in C21 releases and the L21 current
decreases by means of −(Vodc − 2Vidc).

The mean value of yield voltage at fundamental positive output super-lift Luo
converter is uttered as

Vodc ¼ 2� v
1� v

VPV ð8:11Þ

The transfer gain of fundamental positive output super-lift Luo converter voltage
is specified by

T ¼ 2� v
1� v

ð8:12Þ

The overhead expressions (8.11) and (8.12) are alike to the expressions (8.7) and
(8.8). However, the merely cause at the back of the extended voltage lift-up in
improved ascetic-lift positive output Luo converter is the existence of extra parasitic
elements. Expression (8.12) clarifies that the fundamental positive output super-lift
Luo converter harvests extreme level of voltage transfer with minimum parasitic
elements as related to the circuits deliberated earlier. Table 8.1 displays the contrast
study of boost, improved ascetic-lift positive output Luo and fundamental positive
outputs per-lift Luo converter.
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S
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L21 C21
Co

Vi(dc) Vo(dc)

L21
C21

Co
Vi(dc) Vo(dc)

Fig. 8.5 Fundamental
positive output super-lift Luo
converter a General circuit,
b configuration at switch ON,
and c configuration at switch
OFF

Table 8.1 Contrast study of
converters

Conduction
duty cycle

Gain of voltage transfer

Boost
converter

Improved
ascetic-lift
positive output
Luo converter

Fundamental
positive output
super-lift Luo
converter

0.1 1.11 2.11 2.11

0.2 1.25 2.25 2.25

0.3 1.428 2.42 2.42

0.4 1.66 2.66 2.66

0.5 2 3 3

0.6 2.5 3.5 3.5

0.7 3.33 4.33 4.33

0.8 5 6 6

0.9 10 11 11
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8.4 Correlation of Different Drive Parameters with SECS

In this section, via the VSI parameters, the IM parameters are correlated to the
parameters of the proposed SECS. One of the fundamental principles of its action is
the existence of a spinning force field (rmf) in the cavity of IM. Since the rmfs
contact with the flux of cavity lets the IM to rotate. Therefore, in the stator turns of
IM, which is accountable for the output of rmf, the three-phase current is given by,

ia ¼ Ipcos 2pftð Þ ð8:13Þ

ib ¼ Ipcos 2pft � 120�ð Þ ð8:14Þ

ic ¼ Ipcos 2pftþ 120�ð Þ ð8:15Þ

where ia is phase-a current, ib is phase-a current, ic is phase-a current, Ip is peak
current and f is the supply frequency.

The development of magneto-motive force (mmf) is responsible for each
winding in the stator portion of IM. The three-phase current provided in
Eqs. (8.16–8.18) is expressed at standstill (t = 0) as,

ia ¼ Ip ð8:16Þ

ib ¼ � Ip
2

ð8:17Þ

ic ¼ � Ip
2

ð8:18Þ

The prompt mmf in terms of the altitudinal angle h can be embodied by

Ma hð Þ ¼ Nia cos h ð8:19Þ

Mb hð Þ ¼ Nib cos h� 120�ð Þ ð8:20Þ

Mc hð Þ ¼ Nic cos hþ 120�ð Þ ð8:21Þ

The resultant mmf can be given by

M hð Þ ¼ Ma hð ÞþMb hð ÞþMc hð Þ ð8:22Þ

Now, substituting the Eqs. (8.19), (8.20) and (8.21) in the Eq. (8.22), we get

M hð Þ ¼ Nia cos hþNib cos h� 120�ð ÞþNic cos hþ 120�ð Þ ð8:23Þ
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Substituting Eqs. (8.16), (8.17) and (8.18) in (8.23), we get

M hð Þ ¼ NIP½cos 2pft cos hþ cos 2pft � 120�ð Þ cos h� 120�ð Þ
þ cos 2pftþ 120�ð Þ cos hþ 120�ð Þ� ð8:24Þ

On simplifying Eq. (8.24), we get

M hð Þ ¼ 3
2
NIP cos 2pft � hð Þ ð8:25Þ

The above expression (8.25) designates that only during the altitudinal angle is
equal to 2pft, peak mmf will be produced in the cavity of IM.

The development of IM electromagnetic torque depends on the size of the mmf
air distance. The underlying cause of electromagnetic torque generation is the slip
velocity, which seems to be the gap between the IM’s synchronous velocity
(Ne) and real velocity (N). The torque expression is specified by

T ¼ p
P
2

� �
lrBPMP sinu ð8:26Þ

The expression above (8.26) is the general electromagnetic torque shape. It is
calculated only when the maximal level of mmf and air-gap flux are identified. But
this research study concentrates about the voltage in the DC contact of the IM drive.
Therefore, in terms of stator terminal voltage [13], the expression for electromag-
netic torque must be considered and it is expressed by

T ¼ 3
P
2

� �
Rr

Sð Þ 2pfð Þ
� �

V2
ph

Rs þRr
S

� 	2 þð2pf Þ2ðLs þ LrÞ2

" #
ð8:27Þ

It is very obvious from Expression (8.27) that the inertial torque of the IM relies
on the phase voltage and the frequency of input at the IM primary side. The other
measurements, including the IM primary and secondary windings resistance, the
inductance of the IM stator and rotor, and the quantity of IM poles, are constant.
The supply’s frequency and voltage are controlled by the VSI which supplies
the IM.

The phase voltage equation at the primary side of IM by implying that the VSI
cascading IM operating in 180° mode is given by

Vph ¼ VLffiffiffi
3

p ð8:28Þ
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The line–line voltage equation at the primary side [14] of IM is specified by

ð8:29Þ

Equating (8.29) and (8.28), the phase voltage becomes

Vph ¼ 0:4714Vodc ð8:30Þ

By replacing the Eq. (8.30) in (8.27), the expression of inertial torque in forms
of DC bus voltage is engraved as

T ¼ 3
P
2

� �
Rr

Sð Þ 2pfð Þ
� �

0:2222V2
odc

Rs þRr
S

� 	2 þð2pf Þ2ðLs þ LrÞ2

" #
ð8:31Þ

The relation among the measurements of VSI and IM and the recommended
SECS is established by incorporating the expression of the DC-link voltage for
(8.11) in the approximations (8.29), (8.30) and (8.11) (8.31). After this, the line–
line and phase voltage and the IM-developed inertial torque at the IM primary side
are rewritten as,

VL ¼ 0:8165
2� d
1� d

� �
VPV ð8:32Þ

Vph ¼ 0:4714
2� d
1� d

� �
VPV ð8:33Þ

T ¼ 3
P
2

� �
Rr

Sð Þ 2pfð Þ
� �

0:2222 2�d
1�d

� �
V2
PV

Rs þRr
S

� 	2 þð2pf Þ2ðLs þ LrÞ2

" #
ð8:34Þ

From the above connection, it is concluded that the line–line and phase voltage
are contingent on the conduction duty and supply DC voltage of SLLC at the
primary side of IM. Whereas, the inertial torque of the IM relies on the same
parameters with the source frequency and slip.

8.5 Results and Discussion

Theoretically, the previous parts validated that SLC is well matched to IM drives.
Using MATLAB tools, the Simulink design for boost converter incorporated IM
drive, VLC incorporated IM drive and SLC incorporated IM drive is modeled to
validate it effectively. In all three versions, the DC/DC converter conduction duty is
set and the range is 0.5. In addition, in all three situations, the VSI works in 180°
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mode with fixed conduction duty. For both of those arrangements, the simulation
circuit specifications are itemized in Table 8.2.

In this segment, the optimum temperature and irradiance of the built PV model
for highly efficient operation are initially established. Next the temperature is set as
25 °C and 1000 W/m2 is assigned to the irradiance. In Fig. 8.6, the plots for the V-I
and V-P features of the proposed PV model are presented.

When the above properties are observed, it is clear that the highest power is
obtained at a PV output voltage of 30 V. The output voltage at the junctures of the
proposed PV is calculated and published in Fig. 8.7.

The PV output voltage result shows that the presence of passive elements in the
PV architecture circuit lets 36 V saturate the output voltage.

Along with the PV output voltage, the voltage at DC connection is observed for
all the versions and is shown in Fig. 8.8.

The mean DC bus voltage gotten for the boost converter cascaded IM drive,
which is 72 V, is seen in Fig. 8.8a, which is merely double that of the DC source
voltage. The voltage of the DC/DC connection fluctuates between 36 and 72 V,
which shows a 200% voltage ripple. Figure 8.8b indicates the DC connection
voltage for the VLC-based IM drive. It means that the voltage is not increased, but
during the steady state, the ripple content in the DC connection voltage is less than
1%. The average DC connection voltage achieved for SLLC-based IM drives is
shown in Fig. 8.8c. The SLLC-based SECS fed IM drive has been tested to
maintain the ripple-free DC bus voltage when contrasting this finding with the
findings displayed in Fig. 8.8a, b. Mostly, the DC connection voltage is elevated
three times the source voltage.

The IM’s velocity response is shown in Fig. 8.9 for all three simulated versions.
Because of the depleted stator voltage in the boost converter and VLC-based IM

motor, the drive is unable to reach the rated velocity and is seen in Fig. 8.9a, b.
Seen in Fig. 8.9c, the IM velocity response in the SLLC-based IM drive shows that
the velocity response is very fast and that the velocity curve setting time is also
limited to 0.18 s.

Table 8.2 Simulation circuit specifications

Parameter Boost converter-
based IM drive

VLC-based
IM drive

SLLC-based
IM drive

PV output
voltage

36 V

Irradiance 1000 W/m2

PV module 36 cells

Induction
machine

1/2 HP, three phase, 50 Hz

Electromagnetic
inductors

L = 3 (mH) L1 = 3 (mH),
L2 = 2.56 (mH)

L11 = 3 (mH),
L21 = 2.56 (mH)

Electrostatic
capacitors

C = 2200 (µF) C1 = 2000 (µF),
CO = 2200 (µF)

C21 = 2000 (µF),
CO = 2200 (µF)
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Fig. 8.7 PV output voltage

Fig. 8.6 PV module
characteristics a V-I, b V-P
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Fig. 8.8 DC connection
voltage a cascading boost
converter, b cascading VLC,
c cascading SLLC
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Fig. 8.9 IM’s velocity
response a cascading boost
converter, b cascading VLC,
c cascading SLLC
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Figure 8.10 displays the inertial torque produced by the IM in all the tested
versions. In all three cases, the torque ripple is not removed due to the lack of
closed-loop power at the end of the drive.

The inertial torque generated by the cascaded IM boost converter and the cas-
caded IM drive VLC, displayed Fig. 8.10a, b, stipulates that at the start of the IM,
the torque oscillations are strong and allow the attached load to oscillate. On the
other hand, shown in Fig. 8.10c, the inertial torque produced by IM in the
SLLC-based IM drive reveals that the torque trickle is limited to a sensitivity range
of 0.2 Nm during the process.

8.6 Conclusion

In this manuscript, the usefulness of SLLC over other outdated DC/DC converters
such as boost converter and VLC in solar energy conversion systems (SECS) is
investigated. The mathematical analysis of a single PV diode model was initially
developed. Then, based on voltage transfer capacity, the VLC and SLLC were
evaluated. The conceptual analysis indicated that, the SLLC was capable of pro-
ducing ripple-free DC voltage in geometric evolution with a limited quantity of
power storage components. The IM expression was obtained for line–line voltage,
phase voltage and inertial torque and these phrases were compared via the DC/DC
converter voltage expression with the PV voltage. The comparative simulation
study between the SLLC, VLC and boost converter fed IM drives was agreed to
verify the suitability of SLLC in IM drives. The simulation study showed that in the
IM drive DC connection, the SLLC is capable of converting the PV input voltage to
a threefold elevated voltage. Even the DC connection voltage produced has less
than 1% trickle rate. IM’s speed response adds more benefit to SLLC integrated
SECS over SECS integrated basic DC/DC converter. By providing closed-loop
control for the DC-link portion and motor end as well the proposed SLLC inte-
grated SECS can be further developed.
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Chapter 9
Quadratic Boost Converter for Green
Energy Applications

Sankar Peddapati and SVK Naresh

9.1 Introduction

High gain converters are widely adapted in applications like portable electronics,
aeronautics, AC–DC integration, renewable energy systems, electric vehicles, and
telecommunications. The conventional PWM boost, buck–boost converters have
practical limitations on voltage gain due to the presence of parasitic nature in circuit
elements of the converter and switching times of the switch. In the literature, the
solutions to achieve high gain conversion are cascaded converters, magnetically
coupled converters, switched-capacitor and switched-inductor structures. Based on
the nature of the input current, these converters are categorized into continuous and
discontinuous; to minimize electrode losses in fuel cells and maximize energy
extraction in PV systems, continuous source current is desirable.

This chapter presents a detailed analysis of continuous input non-magnetic
coupled cascaded DC–DC converters whose gain is quadratic in nature.

The high gain quadratic converters are classified into

(a) Quadratic boost converters [1–10]
(b) Quadratic buck–boost converters [11–17]
(c) Hybrid quadratic boost converters [18–24].

9.2 Quadratic Boost Converters

The quadratic boost converters having gain M ¼ 1
1�Dð Þ2 are categorized into

two-switch and single-switch topologies. The two-switch topologies given in
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Figs. 9.1 and 9.2 are of fourth-order circuits containing two inductors (L1 and L2)
and two capacitors (C1 and C2).

9.2.1 Operation and Derivation of Steady-State Equations

In this section, the operation of the quadratic boost converters is demonstrated
assuming the capacitor voltage to be constant and switching devices as ideal ele-
ments. All the converters shown in Figs. 9.1 and 9.2 have two active switches (S1
and S2) operated synchronously and conducts for DT time, where D is duty ratio
and T is switching period. The diodes (D1 and D2) conduct during turn-off times
(1 − D) T of the two switches.

Cascaded boost converter [1] given in Fig. 9.1 is taken into consideration for
detailing the procedure to synthesize the circuit operation and steady-state perfor-
mance. In Fig. 9.1, the ON and OFF state modes of the converters are differentiated
by representing the current paths in blue and red colors, respectively.

Mode 1: During the interval DT, both switches S1 and S2 will be turned ON, and
diodes D1 and D2will be reverse biased, the current paths are indicated with blue
color as shown in Fig. 9.1. In this mode, both inductors (L1, L2) charge simulta-
neously, and capacitors (C1, C2) discharge to the cascaded circuit and load,
respectively. Thus, the inductor voltage and capacitor current equations are

vL1 tð Þ ¼ Vin; vL2 tð Þ ¼ VC1; iC1 tð Þ ¼ �IL2; iC2 tð Þ ¼ �IO ð9:1Þ

As the inductor voltage is positive, the current increases linearly as shown in
Fig. 9.3.

Mode 2: In the interval (1 − DT), the active switches S1 and S2 are closed, the
inductors force diodes D1 and D2 to conduct. In this mode, the current paths
indicated in red color shows discharge and charge paths of inductors and capacitors,
respectively. The voltage and current equations are as follows:

vL1 tð Þ ¼ Vin � VC1; vL2 tð Þ ¼ VC1 � VO; iC1 tð Þ ¼ IL1 � IL2; iC2 tð Þ ¼ IL2 � IO
ð9:2Þ

In this mode, both inductor voltages become negative and the current decreases
linearly as shown in Fig. 9.3.

Vin
S1

L1

C1

L2

S2

D2

C2 R VO

D1Fig. 9.1 Cascaded boost
converter (Conv-1) [1]
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The average voltage across inductor and current flowing through the capacitor
over a switching period T is obtained using the following equations.

VL ¼ 1
T

ZT

0

vL tð Þ dt ð9:3Þ

Vin

L1

C1

L2

S1

D2

C2 R VO

D1

S2

(a)

Vin

L1

D2

C2 R

C1 D1

L2

S1

S2
VO

(b)

Vin

S1

L1

C1
L2

S2

D2

C2 R VO

D1

(c)

Vin
S1

L1

C1

L2

S2

D2

C2

R VO

D1

(d)

Fig. 9.2 Two-switch
quadratic boost converters
having gain M ¼ 1

1�Dð Þ2
a Conv-2 [2], b Conv-3 [3],
c Conv-4 [4] and d Conv-5
[5]
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IC ¼ 1
T

ZT

0

iC tð Þdt ð9:4Þ

The dynamic equations obtained using Eqs. (9.3) and (9.4) applied for the
converter operated under different modes are

VL1 ¼ L1
diL1
dt

¼ Vin � VC1 1� Dð Þ ð9:5Þ

VL2 ¼ L2
diL2
dt

¼ VC1 � VO 1� Dð Þ ð9:6Þ

Ic1 ¼ C1
dvC1
dt

¼ �IL2 þ IL1 1� Dð Þ ð9:7Þ

Ic2 ¼ C2
dvC2
dt

¼ IL2 1� Dð Þ � VO

R
ð9:8Þ

where IL1 and IL2 are the inductor currents, D is the duty ratio of both the switches,
Vin is the input voltage, VC1 and VC2 are the capacitor voltages, R is the load
resistance, VO and IO are output voltage and output current, respectively. The
lower-case letters represent instantaneous parameters.

Similarly, the voltage gain (M) and current gain shown in Eq. (9.11) can be
computed using the principle of volt-second balance of an inductor and
ampere-second balance of the capacitor over a switching cycle (T) given in
Eqs. (9.9) and (9.10), respectively.
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0
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t
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Fig. 9.3 Steady-state current waveforms of the cascaded boost converter
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VL ¼ 1
T

ZT

0

vL tð Þdt ¼ 0 ð9:9Þ

IC ¼ 1
T

ZT

0

iC tð Þdt ¼ 0 ð9:10Þ

M ¼ VO

Vin
¼ 1

1� Dð Þ2 ;
Iin
IO

¼ 1

1� Dð Þ2 ð9:11Þ

From the voltage gains and steady current waveforms shown in Fig. 9.3, the
relation between capacitor voltage and input voltage and inductor current and
output current is given as

VC1

Vin
¼ 1

1� Dð Þ ;
VC2

Vin
¼ 1

1� Dð Þ2 ;
IL1
IO

¼ 1

1� Dð Þ2 ;
IL2
IO

¼ 1
1� Dð Þ ð9:12Þ

9.2.2 Design of Passive Elements

The inductors (L1 and L2) and capacitors (C1 and C2) as energy storage elements are
appropriately switched to get the increased voltage gain. The inductor’s current
ripple factor (DiL/iL) and capacitor (or load) voltage ripple (DVC/VC) are important
design specifications for the choice of these elements.

From Eqs. (9.1) and (9.12), the ripple current in inductor (DiL1) and the
steady-state inductor current (IL1) is given below

DiL1 ¼ VL1

L
DT ¼ Vin

L1
DT ¼ Vo 1� Dð Þ2

L
DT ð9:13Þ

IL1 ¼ IO
1� Dð Þ2 ¼

VO

R 1� Dð Þ2 ð9:14Þ

DiL1
iL1

¼ RD 1� Dð Þ4
fL1

ð9:15Þ

where f is the switching frequency.
For the given current ripple, from Eq. (9.15) the minimum inductor required is

L1min ¼ RD 1� Dð Þ4
f DiL1

iL1

ð9:16Þ
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Similarly, the minimum inductor required L2min is given by

L2min ¼ RD 1� Dð Þ2
f DiL2

iL2

ð9:17Þ

The relation between the capacitor C1 and the ripple factor DVC1
VC1

� �
is given

below:

DVC1 ¼ IL2
C1

DT ¼ Io
1� Dð ÞC1

DT ¼ Vo

R 1� Dð ÞC1
DT ð9:18Þ

VC1 ¼ Vin

1� Dð Þ ¼ VO 1� Dð Þ ð9:19Þ

DVC1

VC1
¼ D

1� Dð Þ2RfC1
ð9:20Þ

The capacitor C1 is selected using the following equations based on the given

ripple factor DVC1
VC1

� �

C1min ¼ D
DVC1
VC1

� �
1� Dð Þ2Rf

ð9:21Þ

The procedure of finding the relation between C2 and the ripple factor DVC2
VC2

� �
is

the same as the above; the capacitor C2 can be selected using the following equation

C2min ¼ D

Rf DVC2
VC2

� � ð9:22Þ

Equations (9.11)–(9.22) are used for the selection of power semiconductor
switches, inductors and capacitors of the converter. It is important to analyze the
loss component for the selected components to develop a good heat management
system.

9.2.3 Power Loss Calculations

For power loss analysis, circuit non-idealities of various converter components
from the corresponding datasheets are to be used. Here, the loss components are
computed by assuming the current flowing through inductor and voltage across
capacitor to be ripple-free.
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The power losses of a converter include the losses due to switches, diodes,
inductors and capacitors as given below

PL;total ¼ PLS1 þPLS2 þPLD1 þPLD2 þPLL1 þPLL2 þPLC1 þPLC2 ð9:23Þ

In switch, the conduction losses are due to the on-state resistance (Rds(on)), and
the switching losses are due to turn-on td onð Þ

� �
and turn-off time td offð Þ

� �
delays. The

switch losses are obtained as

PLSk ¼ Rds onð Þ � I2sk RMSð Þ þ
1
2T

Isk peakð Þ � Vdsk � td onð Þ þ td offð Þ
� �� � ð9:24Þ

where k represents kth element parameters (Here, k = 1 or k = 2).
In a diode, the loss component can be calculated for the given forward diode

resistance (Rd(on)) and forward voltage drop (VF).

PLDk ¼ Rd onð Þ � I2Dk RMSð Þ þVF � IDk AVGð Þ ð9:25Þ

The inductor and capacitor loss component can be calculated as

PLLk ¼ RL � I2Lk RMSð Þ ð9:26Þ

PLCk ¼ Resr � I2Ck RMSð Þ ð9:27Þ

where RL and Resr are inductor resistance and ESR of capacitance; IS, ID, IL and IC
are switch, diode, inductor and capacitor currents, respectively.

From Fig. 9.1 and steady-state equations given in (9.11) and (9.12), currents and
voltages used to compute the converter power loss are given below:

IS1 ¼ DIL1

IL1;peak ¼ IS1;peak ¼ VO

R 1� Dð Þ2 ; IL1;RMS ¼ VO

R 1� Dð Þ2 and IS1;RMS ¼ VO

R 1� Dð Þ2
ffiffiffiffi
D

p

ð9:28Þ

IS2 ¼ DIL2

IL2;peak ¼ IS2;peak ¼ VO

R 1� Dð Þ ; IL2;RMS ¼ VO

R 1� Dð Þ and IS2;RMS ¼ VO

R 1� Dð Þ
ffiffiffiffi
D

p

ð9:29Þ

Vds1 ¼ VC1 ¼ VO 1� Dð Þ ð9:30Þ
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Vds2 ¼ VC2 ¼ VO 1� Dð Þ2 ð9:31Þ

ID1 ¼ IL1 1� Dð Þ; ID1;AVG ¼ VO

R 1� Dð Þ and ID1;RMS ¼ VO

R 1� Dð Þ2
ffiffiffiffiffiffiffiffiffiffiffiffi
1� D

p
ð9:32Þ

ID2 ¼ IL2 1� Dð Þ; ID2;AVG ¼ VO

R
and ID2;RMS ¼ VO

R 1� Dð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1� D

p
ð9:33Þ

I2C1;RMS ¼ I2L2Dþ IL1 � IL2ð Þ2 1� Dð Þ ¼ VOD

R2 1� Dð Þ3 ð9:34Þ

I2C2;RMS ¼ I2O Dð Þþ IL2 � IOð Þ2 1� Dð Þ ¼ VOD
R2 1� Dð Þ ð9:35Þ

The power loss computation helps in determining the converter’s efficiency
using the following equation

Efficiency gð Þ ¼ PO

PO þPL;total
� 100% ð9:36Þ

9.2.4 Impact of Inductor Resistance on Voltage Gain

The voltage gain in the previous section is computed by neglecting the
non-idealities of the converter. However, the impact of inductor resistance on
voltage gain is significant among various non-idealities of the converter. By con-
sidering the inductors resistance drop, the ON state and OFF state Eqs. (9.1) and
(9.2) are modified as below.

Mode 1:
During DT time,

vL1 tð Þ ¼ Vin � IL1RL1 ð9:37Þ

vL2 tð Þ ¼ VC1 � IL2RL2 ð9:38Þ

Mode 2:
In the interval (1 − D)T,

vL1 ¼ Vin � VC1 � IL1RL1 ð9:39Þ

vL2 ¼ VC1 � VO � IL2RL2 ð9:40Þ
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Applying the volt-second balance principle to the inductor voltage, the following
expressions are derived.

vL1 ¼ Vin � VC1 1� Dð Þ � IL1RL1 ð9:41Þ

vL2 ¼ VC1 � VO 1� Dð Þ � IL2RL2 ð9:42Þ

Solving Eqs. (9.41) and (9.42),

VC1 1� Dð Þ ¼ Vin � IL1RL1 ð9:43Þ

VO 1� Dð Þ ¼ VC1 � IL2RL2 ð9:44Þ

The expression for capacitor voltage from Eqs. (9.43)–(9.44) using steady-state
inductor current given in Eq. (9.12) is given below:

VC1 ¼ Vin

1� D
� VO

1� Dð Þ2
RL1

R
ð9:45Þ

Gain derived in terms of per-unit inductors resistance RL1
R ; RL2

R

� �
from

Eqs. (9.37)–(9.45) is given below

VO

Vin
¼ 1

1� Dð Þ2 þ 1
1�Dð Þ2

RL1
R þ RL2

R

ð9:46Þ

The modified voltage gain is calculated for different duty ratios by varying
per-unit inductors resistance of the converter and plotted in Fig. 9.4. It is clear from
the figure that, the maximum gain of the converter decreases with increase in
inductors resistance. Further, with increase in duty ratio beyond 0.8, the gain
reduces.

9.2.5 Conversion to Single-Switch Topology Using Graft
Scheme

The converters given in Fig. 9.1 have two active switches; it is important to verify
whether the Graft scheme can be applied for the converters to minimize the number
of active switches. In the Graft scheme, the two active synchronously operating
switches sharing a common node can be replaced with two diodes and one switch
configuration as shown in Fig. 9.5 [25]. The type of common node between the two
active switches may be D–D (drain–drain), S–S (source–source), D–S (drain–
source) and S–D (source–drain). The advantage of two switches to single-switch
transformation helps to improve the power density, reliability and to reduce the
converter’s size, cost and driving circuit complexity.
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The converter given in Fig. 9.1 has a common node for two switches S1 and S2;
here, source–source (S–S) connected switches can be replaced by the Graft switch
as given in Fig. 9.5a. The modified circuit with the incorporation of the S–S Graft
switch is given in Fig. 9.6. In this circuit, the presence of a cross-marked diode is
insignificant in the circuit operation; hence, the diode can be eliminated. Further,
the Graft scheme can be applied for the converters given in Fig. 9.2, whose
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switches share the common node-to-device single-switch topologies. Coincidently,
many single-switch quadratic boost converter topologies [6–10] shown in Fig. 9.7
are equivalent to the Graft scheme applied two-switch topologies.

9.2.6 Features of Quadratic Boost Converters

The two-switch converters given in Fig. 9.2 and single-switch topologies given in

Fig. 9.7 have a gain M ¼ 1
1�Dð Þ2

� �
. Both single-switch and two-switch converters

are of fourth-order circuits and have ON state and OFF state modes of operation.
The dynamic equations of the converters can be found from averaging inductor
currents and capacitor voltages using Eqs. (9.3) and (9.4) during the ON state and
OFF state. Similar to the cascaded boost converter, the dynamic and steady-state
equations of the quadratic boost converters in Figs. 9.2 and 9.7 are derived and are
shown in Table. 9.1.

• From Figs. 9.2 and 9.7, the converters Conv-1, Conv-2, Conv-6 and Conv-7 are
identical in both ON and OFF states; therefore, these converters get the same
dynamic and steady-state equations as shown in Table 9.1. Similarly, Conv-3
and Conv-10 are identical.

• Conv-2 has the lowest switching device power rating (VA-requirements) among
others, as the required blocking voltage of each switch is equal to half of the
output voltage when the two switches are switching simultaneously. The other
feature of the converter is by the inclusion of a new mode (i.e., S1-ON, S2-OFF
—highlighted part of the switching pulse) as given in Fig. 9.8; the converter

offers a new gain M ¼ Dða�1ð Þþ 1
D:a�1ð Þ D�1ð Þ. The current paths while S1 and S2 operate

synchronously ON and OFF are given in Fig. 9.2a while S1-ON and S2-OFF are
given in Fig. 9.8b.
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• From Fig. 9.2, converters Conv-3 and Conv-5 are efficient as it has a feature of
reduced redundant power processing capacity.

• Conv-4 has the advantage of reduced ripple current at input and is a good choice
for fuel cell applications.

• Conv-5 can be operated either in simultaneous mode or interleaved mode for the
same voltage gain. If the converter operates in interleaved mode, the output
voltage ripple can be reduced.

• The single-switch converter topologies given in Fig. 9.7 have the advantage of
reduced driver circuit requirement, and their reliability is superior as compared
to two-switch topologies.

• From Table 9.1, the voltage stress across the capacitor C1 is minimum for
converters Conv-5, Conv-8 and Conv-9.

9.3 Quadratic Buck–Boost Converters

The quadratic buck–boost converters shown in Figs. 9.9 and 9.10 have an output
gain of M ¼ D

1�Dð Þ2 and is named as Conv-11 to Conv-14. These converters are of

fourth-order constituting either two synchronously operating switches or its
single-switch equivalents. Here too, the ON and OFF state modes are differentiated
by blue- and red-colored current paths, respectively.
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Fig. 9.9 Quadratic buck–
boost converter Conv-13 [13]
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9.3.1 Operation and Derivation of Steady-State Equations

In this section, the operation of the recently proposed quadratic buck–boost con-
verter Conv-13 is demonstrated assuming the capacitor voltage to be constant and
switching devices as idle elements for the converter.

Mode 1: In the interval DT, both switches S1 and S2 will be turned ON, and diodes
D1 and D2 will be reverse biased. In this mode, inductor L1 and L2 have energized
from source Vin and capacitor C1, and therefore, the inductor currents raise linearly
as shown in Fig. 9.11. The voltage and current equations of inductor and capacitor
are

vL1 tð Þ ¼ Vin; vL2 tð Þ ¼ VC1; iC1 tð Þ ¼ �IL2; iC2 tð Þ ¼ �IO ð9:47Þ

Mode 2: In the interval (1 − DT), diodes D1 and D2 conduct to provide the path for
the inductor currents when the switch is at OFF state. In this mode, inductor
voltages become negative and the current decreases linearly as shown in Fig. 9.11.
Thus, the inductor voltage and capacitor current equations are

vL1 tð Þ ¼ Vin � VC1; vL2 tð Þ ¼ �VO; iC1 tð Þ ¼ IL1 � IL2; iC2 tð Þ ¼ IL2 � IO ð9:48Þ

The dynamic equations obtained using Eqs. (9.3) and (9.4) applied for the
quadratic buck–boost converter operated under different modes are

L1
diL1
dt

¼ vinD� vin � vC1ð Þ 1� Dð Þ ð9:49Þ

Vin S1

L1

C1 L2

S2 D2

C2 R VO

D1

(a)

Vin L1

D2

C2 R

C1 D1

L2

S1

S2
VO

(b)

Fig. 9.10 Two-switch
quadratic buck–boost
converters having gain M ¼

D
1�Dð Þ2 a Conv-11 [11] and

b Conv-12 [12]
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L2
diL2
dt

¼ vC1D� vO 1� Dð Þ ð9:50Þ

C1
dvC1
dt

¼ �iL2Dþ iL1 1� Dð Þ ð9:51Þ

C2
dvC2
dt

¼ iL2 1� Dð Þ � vO
R

ð9:52Þ

Similarly, the voltage gain (M) and current gain of the converter by applying the
principle of volt-second balance of an inductor and ampere-second balance of the
capacitor over a switching cycle (T) are shown below:

M ¼ VO

Vin
¼ D

1� Dð Þ2 ;
Iin
IO

¼ D

1� Dð Þ2 ð9:53Þ

From the voltage gains and steady current waveforms shown in Fig. 9.11, the
relation between capacitor voltage and input voltage and inductor current and
output current is given as

VC1

Vin
¼ 1

1� Dð Þ ;
VC2

Vin
¼ D

1� Dð Þ2 ;
IL1
IO

¼ D

1� Dð Þ2 ;
IL2
IO

¼ 1
1� Dð Þ ð9:54Þ
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9.3.2 Design of Passive Elements

For the given design specifications of inductor’s current ripple factor (DiL/iL) and
capacitor (or load) voltage ripple factor (DVC/VC), the empirical formula for min-
imum allowable inductor and capacitors is presented in this section.

The relation between the capacitor L1 and the ripple factor
DIL1
IL1

� �
is given below:

DiL1 ¼ VL1

L
DT ¼ Vin

L1
DT ¼ Vo 1� Dð Þ2

L
T ð9:55Þ

IL1 ¼ IOD

1� Dð Þ2 ¼
VOD

R 1� Dð Þ2 ð9:56Þ

DiL1
iL1

¼ R 1� Dð Þ4
DfL1

ð9:57Þ

The minimum inductor required derived from Eq. (9.57) is

L1min ¼ R 1� Dð Þ4

Df DiL1
iL1

� � ; ð9:58Þ

Second inductor, L2min, is given by

L2min ¼ R 1� Dð Þ2
f DiL2

iL2

ð9:59Þ

From dynamic and steady-state equations of the quadratic buck–boost converter,

DVC1 ¼ IL2
C1

DT ¼ IO
1� Dð ÞC1

DT ¼ Vo

R 1� Dð ÞC1
DT ð9:60Þ

VC1 ¼ Vin

1� Dð Þ ¼
VO 1� Dð Þ

D
ð9:61Þ

DVC1

VC1
¼ D2

1� Dð Þ2RfC1
ð9:62Þ

The capacitors C1 and C2 are selected using the following equations based on the

given ripple factor DVC1
VC1

� �
and DVC2

2

� �
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C1min ¼ D2

DVC1
VC1

� �
1� Dð Þ2Rf

;C2min ¼ D

Rf DVC2
VC2

� � ð9:63Þ

9.3.3 Power Loss Calculations

Similar to power loss calculations for the quadratic boost converter given in
Sect. 9.2.3, the loss components in the quadratic buck–boost converter are com-
puted using Eqs. (9.23)–(9.27) assuming the current flowing through inductor and
voltage across capacitor is ripple-free.

From Fig. 9.11 and steady-state equations are given in (9.53) and (9.54), cur-
rents and voltages expressions used to compute the converter power loss are given
below:

IL1;peak ¼ IS1;peak ¼ VO

R 1� Dð Þ2 ; IL1;RMS ¼ VO

R 1� Dð Þ2 and IS1;RMS ¼ VO

R 1� Dð Þ2
ffiffiffiffi
D

p ð9:64Þ

IL2;peak ¼ IS2;peak ¼ VO

R 1� Dð Þ ; IL2;RMS ¼ VO

R 1� Dð Þ and IS2;RMS ¼ VO

R 1� Dð Þ
ffiffiffiffi
D

p ð9:65Þ

Vds1 ¼ VO 1� Dð Þ
D

;Vds2 ¼ VO ð9:66Þ

ID1;AVG ¼ VOD
R 1� Dð Þ and ID1;RMS ¼ VO

R 1� Dð Þ2
ffiffiffiffiffiffiffiffiffiffiffiffi
1� D

p
ð9:67Þ

ID2;AVG ¼ VO

R
and ID2;RMS ¼ VO

R 1� Dð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1� D

p
ð9:68Þ

I2C1;RMS ¼ I2L2Dþ IL1ð Þ2 1� Dð Þ ¼ POD

R 1� Dð Þ3 ð9:69Þ

I2C2;RMS ¼ I2O Dð Þþ IL2 � IOð Þ2 1� Dð Þ ¼ POD
R2 1� Dð Þ ð9:70Þ

For the given duty ratio, Eqs. (9.64)–(9.70) are calculated and substituted in
Eqs. (9.23) and (9.27) to compute total power losses of the Conv-13, in turn, helps
in determining the efficiency of converter using Eq. (9.36).
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9.3.4 Impact of Inductor Resistance on Voltage Gain

The steady-state models developed in Sect. 9.3.2 have not considered the
non-idealities; however, inductor resistance has a significant impact on the actual
voltage gain.

The relation between the voltage gain and per-unit resistance RL1
R ; RL2

R

� �
for the

quadratic buck–boost converter given in Fig. 9.9 is derived by including the
inductor resistance drop in Eqs. (9.47) and (9.48). The modified gain is given by:

VO

Vin
¼ 1

D
1�Dð Þ2

� �
RL1
R

� �þ 1
D

RL2
R

� �þ 1�D
D

ð9:71Þ

For different values of per-unit resistance RL1
R ; RL2

R

� �
, voltage gain is plotted

against the duty ratio and is shown in Fig. 9.12. From the figure, if duty ratio is
increased beyond 0.8, the voltage gain starts to decrease for most of the per-unit
resistance values; it reflects the practical voltage gain limitations of the quadratic
buck–boost converter.

9.3.5 Conversion to Single-Switch Topology Using Graft
Scheme

The graft scheme can be applied for the converters where two switches share a
common node to minimize the number of active switches as given in Fig. 9.5.
Similarly, Fig. 9.9 can be reconfigured by shifting the switch S2 toward the negative
polarity of the source to enable the graft scheme. The single-switch topology
equivalent is shown in Fig. 9.13. In the figure, the cross-marked diode can be
eliminated due to its insignificance in circuit operation. Two-switch equivalent and
reported single-switch topologies are shown in Fig. 9.14.
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Fig. 9.12 Inductor’s
resistance effect on voltage
gain for Conv-13
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9.3.6 Quadratic Buck–Boost Converters with Gain
M ¼ D2

1�Dð Þ2

The other class of quadratic buck–boost converters having a gain M ¼ D2

1�Dð Þ2 is

shown in Fig. 9.15. From this figure, the ON state and OFF state equations are used
to develop dynamic and steady-state equations and are listed in Tables 9.2 and 9.3.

Vin Vo

L1

RS1
D1

C1

L2

S2

D2

C2

D S

D

S

R

R′ L L′

Vin Vo

L1

RD1

C1

L2

D2

C2

R

R′ L L′

D S

DS1

DS2

S12

Fig. 9.13 Single-switch equivalent topology of Conv-13 (SS Conv-13)
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Fig. 9.14 Single-switch
topologies a Conv-14 [14],
b SS Conv-13
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These converters are effective at applications demanding a high step-down ratio
at lower duty ratios. From Fig. 9.15, Conv-15 and Conv-16 are of fourth-order and
have positive output polarity, whereas Conv-17 is a sixth-order circuit with negative
polarity at its output terminals. The Conv-17 is derived to a single switch by
cascading boost, buck–boost and buck converter for enabling continuous input–
continuous output.

9.4 Hybrid Quadratic Boost Converters

In this section, the boost converters with different voltage gain other than the
quadratic boost converters of gain M ¼ 1

1�Dð Þ2 are presented.

The converters are classified into two-switch and single-switch topologies given
in Figs. 9.16 and 9.17, respectively. The converter’s gains can be computed by
applying the principle of volt-second balance and ampere-second balance using ON
and OFF state equations. The dynamic equations and corresponding steady-state
equations are listed in Table 9.4. The Conv-18 and Conv-19 shown in Fig. 9.16a, b

are reduced redundant power processing topologies having a gain Dþ 1�Dð Þ2
1�Dð Þ2 .
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Fig. 9.15 Quadratic buck–
boost converters having gain
M ¼ D2

1�Dð Þ2 a Conv-15 [15],

b Conv-16 [16] and
c Conv-17 [17]
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Table 9.2 Modeling of quadratic buck–boost converters with gain M ¼ D
1�Dð Þ2

No. Dynamic equations Steady-state eq. Boundary conditions

11,14 L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2
diL2
dt ¼ vC1D� vO 1� Dð Þ

C1
dvC1
dt ¼ �iL2Dþ iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ D
1�Dð Þ2

Iin
IO
¼ D

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ D
1�Dð Þ2

IL1
IO

¼ D
1�Dð Þ2

IL2
IO

¼ 1
1�Dð Þ

L1min ¼ R 1�Dð Þ4

Df
DiL1
IL1

� �

L2min ¼ R 1�Dð Þ2

f
DiL2
IL2

� �

C1min ¼ D2

DVC1
VC1

� �
1�Dð Þ2Rf

C2min ¼ D

Rf
DVC2
VC2

� �13,SS-13 L1 diL1dt ¼ vinD� ðvin � vC1Þ 1� Dð Þ
L2 diL2dt ¼ vC1D� vO 1� Dð Þ
C1

dvC1
dt ¼ �iL2Dþ iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

12 L1
diL1
dt ¼ vinD� ðvin � vC1Þ 1� Dð Þ

L2 diL2dt ¼ vC1 � vin � vO 1� Dð Þ
C1

dvC1
dt ¼ �iL2DþðiL1 � iL2Þ 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ D
1�Dð Þ2

Iin
IO
¼ D

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ D
1�Dð Þ2

IL1
IO

¼ 1
1�Dð Þ2

IL2
IO

¼ 1
1�Dð Þ

L1min ¼ R 1�Dð Þ4

f
DiL1
IL1

� �

L2min ¼ RD 1�Dð Þ
f

DiL2
IL2

� �

C1min ¼ D2

DVC1
VC1

� �
1�Dð Þ2Rf

C2min ¼ D

Rf
DVC2
VC2

� �

Table 9.3 Modeling of quadratic buck–boost converters with gain M ¼ D2

1�Dð Þ2

No. Dynamic equations Steady-state eq. Boundary conditions

15 L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2 diL2dt ¼ vC1D� vC2 1� Dð Þ
C1

dvC1
dt ¼ ð�iL2 þ iOÞDþ iL1 þ iOð Þ 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ D2

1�Dð Þ2
Iin
IO
¼ D2

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ D
1�Dð Þ2

VC3
Vin

¼ D2

1�Dð Þ2
IL1
IO

¼ 2D�1
1�Dð Þ2

IL2
IO

¼ 1
1�Dð Þ

L1min ¼ R 1�Dð Þ4

f
DiL1
IL1

� �
D 2D�1ð Þ

L2min ¼ R 1�Dð Þ2

f
DiL1
IL1

� �
D

C1min ¼ D4

DVC1
VC1

� �
1�Dð Þ2Rf

C2min ¼ D2

Rf
DVC2
VC2

� �

16 L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2
diL2
dt ¼ vC1 � vin � vC2 1� Dð Þ

C1
dvC1
dt ¼ �iL2 þ iO þ iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ D2

1�Dð Þ2
Iin
IO
¼ D2

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ D
1�Dð Þ2

VC3
Vin

¼ D2

1�Dð Þ2
IL1
IO

¼ D
1�Dð Þ2

IL2
IO

¼ 1
1�Dð Þ

L1min ¼ R 1�Dð Þ4

f
DiL1
IL1

� �
D2

L2min ¼ R 1�Dð Þ2

f
DiL1
IL1

� �
D2

C1min ¼ D3

DVC1
VC1

� �
1�Dð Þ2Rf

C2min ¼ D2

Rf
DVC2
VC2

� �

(continued)
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Conv-20 given in Fig. 9.16c is a conventional cascaded boost converter where
the two switches are operated in complementary nature and results in voltage gain
M ¼ 1

D 1�Dð Þ. This converter has higher voltage gains at lower duty ratios as com-

pared to quadratic boost converters. Conv-21, Conv-22 and Conv-23 given in
Fig. 9.16d–f give same voltage gain, i.e., M ¼ 1

D 1�Dð Þ. The structure of Conv-21 is

the same as that of Conv-4, but the two switches of the converter are operating in
complementary nature and result in less input current ripples than Conv-4. Conv-22
is derived by the additive connection of SEPIC and boost converters operated in a
complementary switching scheme. Conv-23 is a generalized converter topology
with a cell containing an inductor, capacitor and two diodes which are shown in
Fig. 9.16f.

Conv-24 given in Fig. 9.16g is developed by adding voltage lift cell to the

Conv-20 and results in higher voltage gain M ¼ 1þD
D 1�Dð Þ

� �
. In Conv-25, the input

current ripple is reduced while operating in a complementary switching scheme
because the structure enables the input current to bear function of the difference of
two inductor currents as shown in Fig. 9.16h.

The single circuit topology Conv-26 given in Fig. 9.17a is derived from quad-
ratic boost converter by adding double enhance circuit; the gain of the circuit is
M ¼ 2

1�Dð Þ2. This is one among many high step-up Luo converter reported in [23].

Conv-27 is devised by the inclusion of the capacitor–inductor–diode (CLD) cell to
a conventional single-switch quadratic boost converter [24] and is given in
Fig. 9.17b. This topology has less voltage stresses on power semiconducting
devices as compared to the conventional quadratic boost converter. Figure 9.17c is
a single-switch topology by applying the Graft scheme to the Conv-18 shown in
Fig. 9.16a.

Table 9.3 (continued)

No. Dynamic equations Steady-state eq. Boundary conditions

17 L1 diL1dt ¼ vin � vC1 1� Dð Þ
L2

diL2
dt ¼ vC1D� vC2 1� Dð Þ

L3
diL3
dt ¼ vC2D� vO

C1
dvC1
dt ¼ iL2D� iL1 1� Dð Þ

C2
dvC2
dt ¼ iL3D� iL2 1� Dð Þ

C3
dvC3
dt ¼ iL3 � vO

R

VO
Vin

¼ D2

1�Dð Þ2
Iin
IO
¼ D2

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ D
1�Dð Þ2

VC3
Vin

¼ D2

1�Dð Þ2
IL1
IO

¼ D2

1�Dð Þ2
IL2
IO

¼ D
1�Dð Þ

IL3
IO

¼ 1

L1min ¼ R 1�Dð Þ4

f
DiL1
IL1

� �
D2

L2min ¼ R 1�Dð Þ2

f
DiL1
IL1

� �
D2

L3min ¼ R 1�Dð Þ
f

DiL1
IL1

� �

C1min ¼ D4

DVC1
VC1

� �
1�Dð Þ2Rf

C2min ¼ D2

Rf
DVC2
VC2

� �
C3min ¼ D

Rf
DVC2
VC2

� �
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The voltage gain of quadratic converters presented in Sects. 9.1 and 9.2 is shown
in Fig. 9.18a, and the voltage gain comparison of hybrid quadratic boost converters
is given in Fig. 9.18b. Here, the voltage gain is plotted for permissible duty ratio,
i.e., in between 0.2 and 0.8.

From Fig. 9.18a, it is clear that quadratic boost converter topologies have higher
voltage gain for wide range of duty ratio as compared to conventional boost and
quadratic buck–boost converter topologies. From Fig. 9.18b, the Luo double
quadratic boost converter [26] has the highest voltage gain at higher values of duty
ratio; in contrast, Conv-24 is best among other converters at lower duty ratios.
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Fig. 9.16 Two-switch hybrid
quadratic boost converters
a Conv-18 [3], b Conv-19 [3],
c Conv-20 [18], d Conv-21
[4], e Conv-22 [19],
f Conv-23 [20], g Conv-24
[21] and h Conv-25 [22]
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Fig. 9.16 (continued)
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Fig. 9.17 Hybrid quadratic boost single-switch topologies a Conv-26 [23], b Conv-27 [24] and
c SS Conv-18 [18]

Table 9.4 Modeling of hybrid quadratic boost converters

No. Dynamic equations Steady-state
equation

Boundary conditions

20 L1 diL1dt ¼ vin � vC1 1� Dð Þ
L2

diL2
dt ¼ vC1D� vO 1� Dð Þ

C1
dvC1
dt ¼ �iL2Dþ iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ 1
D 1�Dð Þ

Iin
IO
¼ 1

D 1�Dð Þ
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ 1
D 1�Dð Þ

IL1
IO

¼ 1
D 1�Dð Þ

IL2
IO

¼ 1
D

L1min ¼ RD3 1�Dð Þ2

f DiL1
IL1

� �

L2min ¼ RD3 1�Dð Þ
f

DiL2
IL2

� �

21 L1 diL1dt ¼ vin � vC1 1� Dð Þ
L2

diL2
dt ¼ vin � vO � vC1ð Þ 1� Dð Þ

C1
dvC1
dt ¼ iL2D� iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2D� vO

R

VO
Vin

¼ 1
D 1�Dð Þ

Iin
IO
¼ 1

D 1�Dð Þ
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ 1
D 1�Dð Þ

IL1
IO

¼ 1
1�Dð Þ

IL2
IO

¼ 1
D

L1min ¼ RD2 1�Dð Þ2

f DiL2
IL2

� �

L2min ¼ RD3 1�Dð Þ
f

DiL2
IL2

� �

22 L1 diL1dt ¼ vin þðvC1 � vC2Þ 1� Dð Þ
L2

diL2
dt ¼ vin � ðvC1 þ vC3Þ 1� Dð Þ

L3
diL3
dt ¼ vC1D� vC3 1� Dð Þ

VO
Vin

¼ 1
D 1�Dð Þ

Iin
IO
¼ 1

D 1�Dð Þ
VC1
Vin

¼ 1
VC2
Vin

¼ 1þD
D

L1min ¼ RD2 1�Dð Þ2

f DiL1
IL1

� �

L2min ¼ RD2 1�Dð Þ2

f
DiL2
IL2

� �

(continued)
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Table 9.4 (continued)

No. Dynamic equations Steady-state
equation

Boundary conditions

C1
dvC1
dt ¼ iL3D� vO

R

C2
dvC2
dt ¼ vO

R Dþ iL1 þ iL2 � vO
R

� �
1� Dð Þ

C3
dvC3
dt ¼ iL2 þ iL3ð Þþ iL1 1� Dð Þ

VC3
Vin

¼ D
1�Dð Þ

IL1
IO

¼ 1
1�Dð Þ

IL2
IO

¼ 0
IL3
IO

¼ 1
D

L3min ¼ RD3 1�Dð Þ
f

DiL3
IL3

� �
C1min ¼ 1�D

DVC1
VC1

� �
Rf

C2min ¼ D
DVC2
VC2

� �
Rf

C3min ¼ 1
DVC3
VC3

� �
Rf

23 L1 diL1dt ¼ vin � vC1 1� Dð Þ
L2 diL2dt ¼ ðvC1 � vOÞDþ vC1 1� Dð Þ
C1

dvC1
dt ¼ iL2 þðiL1 � iL2Þ 1� Dð Þ

C2
dvC2
dt ¼ iL2D� vO

R

VO
Vin

¼ 1
D 1�Dð Þ

Iin
IO
¼ 1

D 1�Dð Þ
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ 1
D 1�Dð Þ

L1min ¼ RD3 1�Dð Þ2

f
DiL1
IL1

� �

L2min ¼ RD3 1�Dð Þ
f DiL2

IL2

� �

25 L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2 diL2dt ¼ vC1 � vin � vC2 1� Dð Þ
L3

diL3
dt ¼ 2vC2D� vC2 1� Dð Þ � vO

C1
dvC1
dt ¼ iL1 1� Dð Þ � iL2

C2
dvC2
dt ¼ iL2 1� Dð Þ � iL3

C3
dvC3
dt ¼ iL3 � vO

R

VO
Vin

¼ D 1þDð Þ
1�Dð Þ2

Iin
IO
¼ D 1þDð Þ

1�Dð Þ2
VC1
Vin

¼ 1
1�D

VC2
Vin

¼ D
1�Dð Þ2

VC3
Vin

¼ D 1þDð Þ
1�Dð Þ2

IL1
IO

¼ 1þD
1�Dð Þ2

IL2
IO

¼ 1þD
1�Dð Þ

IL3
IO

¼ 1

L1min ¼ R 1�Dð Þ4

f
DiL1
IL1

� �
1þDð Þ2

L2min ¼ R 1�Dð Þ2

f DiL2
IL2

� �
1þDð Þ2

L3min ¼ R 2DþD2ð Þ
f

DiL3
IL3

� �
1�Dð Þ

C1min ¼ D 1þDð Þ
DVC1
VC1

� �
1�Dð ÞRf

C2min ¼ D

Rf
DVC2
VC2

� �

18
SS-18

L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2 diL2dt ¼ ðvin � vOÞ 1� Dð Þ � vC1D

C1
dvC1
dt ¼ �iL2Dþ iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ Dþ 1�Dð Þ2
1�Dð Þ2

Iin
IO
¼ Dþ 1�Dð Þ2

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ Dþ 1�Dð Þ2
1�Dð Þ2

IL1
IO

¼ D
1�Dð Þ2

IL2
IO

¼ 1
1�D

L1min ¼ R 1�Dð Þ4

f
DiL1
IL1

� �
Dþ 1�Dð Þ2ð Þ

L2min ¼ RD 1�Dð Þ2

f DiL2
IL2

� �
Dþ 1�Dð Þ2ð Þ

19 L1 diL1dt ¼ vinD� vC1 1� Dð Þ
L2

diL2
dt ¼ ðvin � vOÞ 1� Dð Þþ vC1

C1
dvC1
dt ¼ �iL2Dþ iL1 1� Dð Þ

C2
dvC2
dt ¼ iL2 1� Dð Þ � vO

R

VO
Vin

¼ Dþ 1�Dð Þ2
1�Dð Þ2

Iin
IO
¼ Dþ 1�Dð Þ2

1�Dð Þ2
VC1
Vin

¼ D
1�Dð Þ

VC2
Vin

¼ Dþ 1�Dð Þ2
1�Dð Þ2

IL1
IO

¼ 1
1�Dð Þ2

IL2
IO

¼ 1
1�D

L1min ¼ RD 1�Dð Þ4

f
DiL1
IL1

� �
Dþ 1�Dð Þ2ð Þ

L2min ¼ RD2 1�Dð Þ2

f
DiL2
IL2

� �
Dþ 1�Dð Þ2ð Þ

27 L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2 diL2dt ¼ vC1 � vC2 1� Dð Þ

VO
Vin

¼ 1þD
1�Dð Þ2

Iin
IO
¼ 1þD

1�Dð Þ2

L1min ¼ RD 1�Dð Þ4

f DiL2
IL2

� �
1þDð Þ2

(continued)
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Table 9.4 (continued)

No. Dynamic equations Steady-state
equation

Boundary conditions

L3
diL3
dt ¼ 2vC2Dþ vC2 1� Dð Þ � vO

VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ 1
1�Dð Þ2

VC3
Vin

¼ 1þDð Þ
1�Dð Þ2

L2min ¼ RD 1�Dð Þ2

f
DiL2
IL2

� �
1þDð Þ2

24 L1 diL1dt ¼ vin � vC1 1� Dð Þ
L2

diL2
dt ¼ vC1 þðvC2 � vOÞD

C1
dvC1
dt ¼ iL2Dþ iL1 � iL2 � iC2ð Þ 1� Dð Þ

C2
dvC2
dt ¼ iL2Dþ iL1 � iL2 � iC1ð Þ 1� Dð Þ

C3
dvC3
dt ¼ iL2D� vO

R

VO
Vin

¼ 1þD
D 1�Dð Þ

Iin
IO
¼ 1þD

D 1�Dð Þ
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ 1
1�Dð Þ

VC3
Vin

¼ 1þD
D 1�Dð Þ

L1min ¼ RD3 1�Dð Þ2

f DiL1
IL1

� �
1þDð Þ2

L2min ¼ RD2 1�Dð Þ
f

DiL2
IL2

� �
1þDð Þ

26 L1
diL1
dt ¼ vin � vC1 1� Dð Þ

L2 diL2dt ¼ vC1 � vC2 1� Dð Þ

VO
Vin

¼ 2
1�Dð Þ2

Iin
IO
¼ 2

1�Dð Þ2
VC1
Vin

¼ 1
1�Dð Þ

VC2
Vin

¼ 1
1�Dð Þ2

L1min ¼ RD 1�Dð Þ4

4f DiL1
IL1

� �

L1min ¼ RD 1�Dð Þ3

4f DiL2
IL2

� �
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9.5 Conclusion

High-voltage gain converters with continuous input are required to enter the sus-
tainable power market filling in as a connection between low-voltage sources and
inverters. This chapter presented a comprehensive procedure to develop mathe-
matical modeling of two-switch quadratic boost and buck–boost converter circuits
for renewable energy applications; followed by devising single-switch equivalent
circuits using the Graft scheme. The steady-state and dynamic equations are

tabulated for three group of converters, namely quadratic boost M ¼ 1
1�Dð Þ2

� �
,

quadratic buck–boost M ¼ D
1�Dð Þ2 ;

D2

1�Dð Þ2
� �

and hybrid quadratic boost converters

M ¼ 1
D 1�Dð Þ ;

1þD
D 1�Dð Þ ;

D 1þDð Þ
1�Dð Þ2 ; 1þD

1�Dð Þ2 ;
2

1�Dð Þ2
� �

. The chapter also addressed the design

of converters, the impact of inductor’s resistance on voltage gain and converter’s
power loss calculation. Further, key application-specific aspects of selected quad-
ratic boost DC–DC converters are included to help practice engineers.
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Chapter 10
Design and Implementation of Low-Cost
Solar Photovoltaic Emulator Utilizing
Arduino Controller and DC–DC Buck
Converter Topology

Jordan S. Z. Lee, Rodney H. G. Tan, and T. Sudhakar Babu

10.1 Introduction

The energy demand of the world has increased tremendously because of the
advancement in technology and the rising of population growth. Non-renewable
energy sources will run out at an alarming rate due to the high demands of energy
and cannot be replenished. Moreover, non-renewable energy sources have caused
many environmental issues, such as CO2 emission and global warming. Therefore,
renewable energy sources have become an important prospect in energy develop-
ment. Solar energy is the most popular renewable energy because of its abundance
and environment friendly. Besides, the cost of solar panels decreased significantly,
and the solar panel’s efficiency has improved because of the advancement in solar
technology in recent years. However, the solar energy source is highly dependent
on meteorological factors such as solar irradiance, temperature and cloud.

Many researchers have worked on the improvement of the efficiency and the
yield of a solar panel. Maximum power point tracking (MPPT) [1, 2] and partial
shading study [3, 4] are important research to improve the yield of a solar panel.
MPPT technology is implemented in almost all the solar inverter which is required
in a solar plant to match the electrical characteristics of the solar source to the load
[5]. A solar panel is required to assess the MPPT algorithm. However, if many solar
panels with different power ratings are required to validate the MPPT algorithm, the
cost of research will increase tremendously. Besides, the solar panel is affected by
the meteorological factor, which varied throughout the day and will cause many
inconveniences during the test. Therefore, this chapter will introduce the design of a
low-cost PV emulator which has the function of emulating the electrical charac-
teristics of a solar panel. Many researchers have introduced different designs
of photovoltaic (PV) emulator by using different modeling approaches, power
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converter topology and controller. MATLAB/Simulink is chosen as the design and
simulation platform, and the Arduino Uno is used as the controller for hardware
implementation.

10.2 Literature Review

PV emulator has been around for a few decades. In 1985, Easwarakhanthan has
proposed a simulator of a PV panel using a programmable voltage generator [6].
Khouzam has proposed a PV emulator using three types of the mathematical model,
which are parametric, interpolation model and radiation damage model [7]. In the
2010s, the research value of the PV emulator is growing due to the development of
renewable energy. The main objective of the research of the PV emulator is to
improve its accuracy. The application of buck converter in a PV emulator is one of
the most popular methods in emulating the electrical characteristics of a PV panel.
The lookup table method is avoided by most of the researchers because of the large
memory requirement. In 2011, Yusivar has proposed a buck converter-based PV
emulator using a bode diagram as the analysis method. A state space simulator
model is derived by the researchers to model a detailed nonlinear model [8]. In
2013, Rana and Patel have proposed a PV emulator using a current-controlled buck
converter. A single-diode model is adopted by the researchers, but the shunt
resistance is neglected. Linear and nonlinear loads are used to test the PV emula-
tor’s effectiveness, but the IV curve produced has ripple [9]. Balakishan and
Sandeep have introduced a PV emulator using a buck converter as well. Various
cases such as load change, varied irradiance and temperature changes are simulated
by the researchers. The researchers have concluded that when the load resistance
and temperature increase, the output power increases, and when the irradiance
increases, the output power increases [10]. A few buck converter-based PV emu-
lator using the dSPACE controller for hardware implementation was proposed by a
few researchers [11]. The PV emulator’s results of Rachid required further
improvement as mentioned by the researcher. Azharuddin has included a real-time
control feature in his proposed PV emulator [12]. The researcher has further
improved the PV emulator by adding MPPT capability using Perturb and Observe
algorithm [13] and the hill-climbing method [14]. Mishra has introduced an eco-
nomical multiple panels PV emulator for research and education. ‘Workbench’
software is used by the researcher to generate C code to be implemented in hard-
ware [15]. In 2019, Mallal has proposed a PV emulator by using a buck converter as
well. Environmental factor such as solar incidence angle is taken into consideration
by the researcher [16].

There are other power converters adopted by the researcher in modeling the PV
emulator as well. The boost converter is adopted by Koutoulis in modeling the PV
emulator with MPPT capability [17]. Lu and Nguyen have proposed a PV emulator
employing a buck–boost converter. Piecewise linear method is adopted by the
researchers to model the PV emulator [18]. Carralero has introduced a PV emulator
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using a four-switch buck–boost converter [19]. A DC chopper is used by Zeng to
simulate the electrical characteristics of a PV panel [20]. Martin-Segura has pro-
posed a PV emulator with an AC–DC power converter based on a DC–DC
full-bridge structure and high-frequency transformer [21]. Castillo has proposed a
PV simulator system using the ARM processor. A double-diode model is adopted
by the researcher, and a human–system interface is added into the system [22].

Most of the literature above does not have hardware implementation to validate
the simulation results. The PV emulator with hardware implementation proposed
required high-costs controllers such as dSPACE controller and ARM processor.
Some did not elaborate on the methodology clearly, making it difficult to reproduce.
In this chapter, the methodology of modeling a PV emulator using buck converter
topology is clearly presented, and a low-cost Arduino controller is used for hard-
ware implementation.

10.3 Methodology

This section will present the development of PV emulator. It is divided into four
subsections, including PV panel modeling, DC–DC buck converter, PI controller
tuning and hardware controller implementation. The overview of PV emulator
model developed in MATLAB/Simulink is shown in Fig. 10.1.

It is consists of a current-controlled DC–DC buck converter, PV model and PI
controller. For the buck converter to work as a PV emulator, the PV model is
integrated into the feedback control path of the buck converter. The PV model will
receive the output voltage and current as feedback from the buck converter to
compute the reference current. The difference between the reference and output

Fig. 10.1 Overview of PV emulator model in MATLAB/Simulink
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current of the buck converter will feed to the PI controller to determine the duty
cycle which will control the buck converter. MATLAB/Simulink is used to model
and develop PV emulator. Arduino Uno is selected for the hardware controller
implementation, because it is low cost and has simplicity of code generation from
Simulink.

10.3.1 PV Panel Model

A single-diode equivalent circuit is used to model the PV panel [23, 24].
Mathematical equations of the model are derived based on Kirchhoff’s current
law. [25] Single-diode model is chosen because of its simplicity with good accu-
racy. Single-diode model equivalent circuit consists of a current source representing
the photocurrent generated by the solar irradiance, a diode representing the semi-
conductor material characteristic and two resistors which are series resistor Rs

representing the current losses and shunt resistor Rsh representing the leakage
current for the diode. Figure 10.2 shows the single-diode model equivalent circuit.

The output current of the single-diode equivalent circuit can be determined using
Eq. (10.1).

I ¼ Iph � Is � e
Vo þ Io�Rsð Þ

Vtð Þ�1�
� �

� Vo þ Io � Rsð Þ
Rsh

� �
ð10:1Þ

where Iph is the photocurrent, Is is the diode reverse saturation current, Vo is the
output voltage, Io is the output current, vt is the thermal voltage, Rs is the series
resistance, and Rsh is the shunt resistance. The thermal voltage vt is computed as
shown in Eq. (10.2).

vt ¼ A� k � Tcell � Ns

q
ð10:2Þ

where A is the ideality factor of a diode, k is the Boltzmann constant (1.38 � 10–
23), Tcell is the solar cell temperature in Kelvin, Ns is the number of solar cells in
series, and q is the electron charge (1.6 � 10–19). The open-circuit voltage (Voc) and

Fig. 10.2 Single-diode
equivalent circuit PV model
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short-circuit current (Isc) of a PV panel are affected by the temperature of the solar
cell. Thus, every PV panel has a temperature coefficient for current and voltage.
Most of PV panel models have a similar value of temperature coefficient for current
and voltage. The short-circuit current with temperature coefficient (Isc_T) and
open-circuit voltage with temperature coefficient (Voc_T) are calculated using
Eqs. (10.3) and (10.4), respectively.

Isc T ¼ Isc þ Isc � KI

100

� �� �
� T � Tstcð Þ

� �
ð10:3Þ

Voc T ¼ Voc þ Voc � KV

100

� �� �
� T � Tstcð Þ

� �
ð10:4Þ

where KI is the current temperature coefficient, KV is the voltage temperature
coefficient, T is the temperature of the solar cell in degree Celsius, and Tstc is the
temperature of the standard testing condition in degree Celsius which is 25 °C. The
diode reverse saturation current is calculated using Isc_T and Voc_T, as shown in
Eq. (10.5).

Is ¼ Isc T

e
Voc T

vt
�1

ð10:5Þ

According to the equation of computing the photocurrent, Iph, as shown in
Eq. (10.6), the photocurrent is directly proportional to the irradiance.

Iph ¼ Isc T � G
Gstc

� �
ð10:6Þ

where G is the irradiance in W/m2, and Gstc is the irradiance of standard testing
condition, which is usually 1000 W/m2.

The PV model subsystem is implemented using MATLAB function block as
shown in Fig. 10.4. There are two inputs and one output for the PV model sub-
system. The two inputs are output voltage and output current from buck converter,
while the output is reference current. The rest of the inputs are the required PV
model parameters. Based on Eq. (10.4), the parameters required to model a PV
panel are Voc, Isc, A, Rs, Rsh, Ns, KI and KV. However, parameters such as Rs, Rsh and
A are not obtainable from the product datasheet. These parameters can be obtained
by using DeSoto algorithm from NREL. In this chapter, a 20 W PV module is used.
The PV model inputs parameters are clearly illustrated in Fig. 10.3.

The PV model Eqs. (10.4)–(10.9) are coded using MATLAB script in
MATLAB function block as shown in Fig. 10.4.
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Fig. 10.3 PV model subsystem

Fig. 10.4 PV model code in MATLAB function block
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10.3.2 DC–DC Buck Converter

The primary function of a DC–DC buck converter is to step down the input voltage
to a lower output voltage to the load while maintaining its power. This function is
achieved by controlling the switching frequency and duty cycle to the power
transistor. Since solar PV panel is a current source device, a current-controlled DC–
DC buck converter will be used. This section focuses on the operation principle and
design aspect of the DC–DC buck converter. The design of buck converter and PI
controller tuning will be discussed. Referring to Fig. 10.1, the DC source is con-
nected to the inductor through the MOSFET power transistor, which acts as a
switch. The operation of the MOSFET can be described in two states, namely on
state and off state. During on state, the DC source will supply current to the load
and charging the inductor simultaneously. The diode works in reverse biased in this
state. During off state, the DC source is disconnected to the circuit, and the inductor
will discharge and act as the source to continue supply current in the circuit. The
diode will work in a forward-biased mode to complete the circuit. To ensure the
buck converter is operating in continuous current mode (CCM), the switch needed
to close again before the inductor is fully discharged. The duty cycle that controls
the MOSFET on and off state switching can be determined by Eq. (10.7), where
Vout is the output voltage, Vin is the input voltage, Iout is output current, and Iin is
input current.

D ¼ Vout

Vin
or

Iout
Iin

ð10:7Þ

A buck converter can operate in both voltage-controlled and current-controlled
mode. In voltage-controlled mode, a reference voltage is used to determine the duty
cycle. In current-controlled mode, the reference current computes by the PV model
is used to determine the duty cycle as shown in Fig. 10.1. It is important to reduce
the ripple magnitude at the output to as low as possible during the design stage. The
parameters that will affect the ripple current and voltage at the output are inductor
value, capacitor value and the switching frequency. The inductor and capacitor
value can be determined using Eqs. (10.8) and (10.9), respectively.

L ¼ Vin 1� Dð ÞD
DI � f

ð10:8Þ

C ¼ Vin 1� Dð ÞD
8� DV � L� f 2

ð10:9Þ

where L is the inductor value, C is the capacitor value, Vin is the input voltage, DI is
the ripple currentallowable magnitude, DV is the ripple voltage allowable magni-
tude, D is the duty cycle, and f is the switching frequency. According to Eq. (10.8),
the ripple current is greatly affected by the inductor, because the inductor is
inversely proportional to the ripple current. For ripple voltage, it is affected by the
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capacitor value according to Eq. (10.9). The current rating for inductor and voltage
rating for the capacitor should be also taken into considerations for hardware
implementation. This is to ensure the component can withstand the operating power
of the buck converter. According to Eqs. (10.8) and (10.9), the frequency will affect
both the ripple current and voltage. It is a common practice to increase the
switching frequency to reduce the size and cost of the inductor and capacitor.
However, the higher switching frequency will contribute to more switching loss,
leading to lower conversion efficiency. Hence, this factor should be taken into
consideration when determining the switching frequency. The components value set
is based on actual parts value that is commercially available for hardware imple-
mentation as shown in Table 10.1.

10.3.3 PI Controller Tuning

The feedback control system consists of a PV model to generate the reference
current, a PI controller and a PWM generator. The PV model is located at the
feedback control path of the buck converter to form a PV emulator model as shown
in Fig. 10.1. The reference current is now computed by the PV model based on the
output voltage and current of the buck converter. When the load resistance changes,
the output voltage and current change, and new corresponding reference current is
computed. The PI controller will determine the duty cycle based on the difference
between the reference current and output current to achieve the desired output
current. The PWM generator will send a pulse width-modulated duty cycle to the
gate of MOSFET based on the PI controller output. The PWM signal should pass
through a gain block which acts as the gate driver to drive the gate of MOSFET.
The tuning of proportional Kp and integral Ki coefficients in the PI controller block
are essential to ensure the controller has a fast and smooth response without any

Table 10.1 Components value and rating

Component Value/model Voltage
rating

Current
rating

Power
rating

Inductor 1 mH – 10 A –

Capacitor 4700 lF 50 V – –

Variable resistor /electronic
load

0 X to
100 X

– – 300 W

Schottky diode 1N5825 40 V 5 A –

MOSFET IRF740 400 V 10 A –

MOSFET Driver IR2110 525 V – –

Current sensor ACS712 – 30 A –

Voltage sensor
Resistor network

R1 = 3.9 kΩ
R2 = 1 kΩ

– – 0.25 W
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overshooting or oscillation during steady state. The PI controller can be tuned by
first setting the Kp and Ki to 1, PV model solar irradiance to 1000 and load resistor
to 16 Ω which is at the maximum power point. This will produce the step response
of the plant as shown in Fig. 10.5.

It can be observed that the plant has a sharp rise and drop at the beginning, and it
took up to 5 s to reach the steady state. By slowly decreasing the Ki until the sharp
spike reduces below 0.5 A, then slowly increasing the Ki until the transient
response time is less than 0.5 s. After some tuning, Kp = 0.03 and Ki = 7 were
decided. The tuned PI controller can reach steady-state smoothly without any spike
or oscillation in about 0.36 s, which is about 13.9 times faster than the untune plant
model. This transient response time is good enough to emulate real PV panel.
Please note that this PI coefficient is only applicable to 20 W PV panel model.
Change of PV panel model requires to retune the PI coefficients again.

10.3.4 PV Emulator Controller Hardware Implementation

The overview of the PV emulator hardware implementation is shown in Fig. 10.6.
The PV emulator hardware implementation is divided into two parts. There are
current-controlled buck converter circuit and PV emulator controller. For the buck
converter circuit construction, the components rating selection is very important.
The voltage rating of the components required will need to be higher than the DC
source, the open-circuit voltage of the PV panel, and the current rating of com-
ponents required will be higher than the short-circuit current of the PV panel.

To drive the gate of the MOSFET from the Arduino controller, a MOSFET
driver is required. A current sensor and voltage divider sensing resistor network is
required to measure the output current and voltage, respectively, for the PV emu-
lator controller. The load resistor power rating must be able to withstand the power
delivered from the PV emulator. Therefore, a wire-wound-type resistor or electronic

Fig. 10.5 PI tuning based on PV emulator model plant response
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load is used. Table 10.1 shows the components value and rating used for the
construction of the buck converter circuit.

The PV emulator controller hardware part is implemented using the Arduino
Uno board. It has the following advantages: There are low cost, availability of
MATLAB/Simulink Arduino library block, MATLAB S-function user-defined
block and automatic code generation. A PV emulator controller model to be
deployed to the Arduino Uno board is developed in MATLAB/Simulink as shown
in Fig. 10.7.

Fig. 10.6 Overview of PV emulator hardware implementation

Fig. 10.7 PV emulator controller model to be deployed to Arduino Uno board
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The Arduino analog input pin assigned to pin 17 and 14 to receive the output
voltage and current from the buck converter circuit, respectively. The output
voltage and output current to Arduino Uno are multiplied by a factor of 5/1023 for
ADC scaling, because the maximum voltage can be received by Arduino Uno
analog input pin is 5 V and 1023 is the maximum digital numerical value for an
Arduino 10-bit analog to digital converter (ADC). A voltage divider resistor net-
work form by two resistors is to reduce the buck converter output voltage to under
5 V to be within the readable range by the analog input. Resistor R1 is set as
3.9 kX, and R2 is set as 1 kX at the output of the buck converter circuit. Thus, the
voltage input to Arduino analog input is required to be multiplied by 4.9 based on
the voltage divider rule.

Current sensor with different ratings will have different offset voltage and sen-
sitivity. Thus, the input current to Arduino will be compared with the offset voltage
and multiplied by 1/sensitivity. The offset voltage 2.182 is obtained by testing the
output of the current sensor is zero when there is no input current. The sensitivity of
a 30 A current sensor is 66 mA. A saturation block is used to prevent any negative
output value. The saturation block parameter value is set to range from 0 to 30. The
data-type conversion block is required to change the signal to double data type so
that the PV model can read the correct data type of output voltage and current.
The PV model reference current is then compared with the buck converter output
current, and the difference is sent to the PI controller block to determine the duty
cycle. To convert the duty cycle output range from 0 to 1 to the range of 0 to 255,
the value of the duty cycle is multiplied by 255.

The Arduino PWM block is implemented using the S-function builder block.
The reason for using the S-function builder block is to access the Arduino AT
mega328 controller PWM control register directly to set its native 3921.16 Hz
PWM frequency. Since the S-function block only accepts a uint16 data type as
input, a data type conversion block is used to change the data type to uint16. To set
the frequency of 3921.16 Hz, the code to access the PWM control register in the
S-function builder block is shown in Fig. 10.8.

The PV emulator hardware setup is shown in Fig. 10.9. It includes a DC–DC
buck converter circuit with current sensor and voltage-sensing resistor network, an
Arduino UNO board deploy using PV emulator controller model as shown in
Fig. 10.6, A laboratory power supply is used as DC source, and a 300 W electronic
load or wire wound variable resistor is used as a load. The computer with
MATLAB/Simulink is used to deploy the PV emulator controller model to the
Arduino UNO board as well as monitoring the PV emulator output voltage and
current for a given test load for PV characteristic curve plotting.
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Fig. 10.8 S-function builder block to set the PWM frequency

Fig. 10.9 PV emulator hardware prototype setup
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10.4 Results and Discussions

The PV emulator simulation model and its hardware prototype performance are
evaluated in this section. A reference PV characteristic curve is generated from the
PV panel model for evaluation. Mean absolute percentage error (MAPE) is used as
a performance indicator.

10.4.1 Reference PV Model Characteristic Curve

A reference PV model characteristic curve is needed to evaluate the performance of
the proposed PV emulator. A simple circuit consists of a controlled current source,
a variable resistor and the PV panel model as shown in Sect. 4.1, is connected in the
feedback path as shown in Fig. 10.10 and is developed to generate the reference PV
characteristic curve. The ramp slope block is set to 200 and run for 0.3 s, and the
scopes are sampled at 0.01 s. This will sweep the variable resistor value from 2 Ω
to 60 Ω in the interval of 2 Ω producing up to 30 measurement points. The voltage
and current across the resistor are then fedback to the PV panel model to compute
the PV current to the current source.

The voltage and current from the measurement scope are sampled at 0.01 s to
plot the PV characteristic curve as shown in Fig. 10.11.

It can be observed from the reference PV characteristic curve that the maximum
power of the PV panel is 19.75 W at 17.78 V and 1.111 A which is close to the
rated power of 20 W. This PV characteristics curve will be used as a reference to
evaluate the performance of the PV emulator simulation model and hardware
implementation.

Fig. 10.10 Circuit model to plot reference PV characteristic curve
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10.4.2 Mean Absolute Percentage Error

Mean absolute percentage error (MAPE) is used as a performance indicator to
evaluate how accurate the PV emulator output PV characteristic curve compares with
the reference PV characteristic curve. The lower the MAPE, the higher the accuracy
of the PV emulator performs. The MAPE is defined in Eq. (10.10), where PPVM(Vi)
is the power of the PV panel model at an output voltage, PPVE(Vi) is the power of the
PV emulator at an output voltage, and n is the number of the output voltage point.

MAPE ¼ 1
n

Xn
i¼1

PPVM Við Þ � PPVE Við Þ
PPVM Við Þ

����
����

 !
� 100% ð10:10Þ

10.4.3 PV Emulator Simulation Model Performance
Evaluation

The evaluation looks into the performance of the PV emulator simulation model
accuracy in terms of the PV characteristic curve. The evaluation was carried out
with the load resistance running from 2 to 60 Ω in the interval of 2 Ω. This
resistance range covers the 20 W PV panel operating voltage and current. Each load
resistance simulation runs for 1 s. The voltage, current and power are then recorded
for PV curve plotting. The PV current and power characteristic curves are shown in
Figs. 10.12 and 10.13, respectively.

Fig. 10.11 Reference PV current and power characteristic curve
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Fig. 10.12 PV emulator simulation I–V curve performance

Fig. 10.13 PV emulator simulation P–V curve performance
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It is clearly observed that the PV emulator output characteristic curves over-
lapped on the reference PV model. The maximum power is located at 17.77 V,
1.111 A at 19.75 W with MAPE of 0.12%. Since the simulation model is theo-
retical, the MAPE error is so low and can be neglected. The PV emulator model
transient response time performance is shown in Fig. 10.14.

It can be observed that the lowest tranisent response time is 0.12 s, and the highest
transient response time to reach steady state is 0.52 s located between 14.4 and
16.5 V. This is because at this point where the voltage and current are almost at equal
high, therefore it took longer time for the voltage and current to reach the steady state.
In summary, the PV emulator simulation model performance closely matches the
theoretical reference PV model. The average transient response time is about 0.25 s
which is good enough to emulate the real PV panel for practical application.

10.4.4 PV Emulator Hardware Prototype Test

This test is to evaluate the PV emulator hardware performance against the reference
PV model. Similarly, the hardware PI coefficients Kp = 0.03 and Ki = 7 are used for
this evaluation. The load resistance range use for this test is also from 2 to 60 Ω
with the interval of 2 Ω. Electronic load is used to achieve these resistance values
with higher precision. The performance of the PV emulator hardware and the
reference PV model current and power characteristic curve are shown in
Figs. 10.15 and 10.16, respectively. It is be clearly observed that the PV emulator

Fig. 10.14 PV emulator model transient response time performance
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hardware PV power characteristic curve closely matches the PV reference model
power characteristic curve. The maximum power is located at 17.6 V, 1.101 A at
19.38 W with MAPE of 2.02%. The error is mainly when the voltage approaches
the open-circuit voltage, the current decreases as the load resistance increases, and

Fig. 10.15 PV emulator hardware and reference I–V curve performance

Fig. 10.16 PV emulator hardware and reference P–V curve performance
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the buck converter will begin to operate in discontinuous current mode (DCM).
In DCM, the output voltage and current ripple will increase, hence causing the
voltage error. This issue can be resolved by either increasing the inductor size,
switching frequency or integral coefficient Ki. The other error factors were mainly
contributed by the tolerance of the buck converter hardware components and the
feedback current sensor sensitivity and offset stability.

This evaluation proves that the proposed PV emulator simulation model
developed in MATLAB/Simulink can be practically implemented using low-cost
Arduino controller to achieve a relatively low error performance.

10.5 Conclusion

The design and implementation of PV emulator using low-cost Arduino controller
are presented. The design begins with current-controlled DC–DC buck converter
modeling, PV panel modeling based on first principle single-diode equivalent cir-
cuit and PI controller in the MATLAB/Simulink environment. Followed by
developing the PV emulator controller model for Arduino controller, deployment
and the selection of the hardware components are discussed. The performance
evaluation looks into how the PI controller coefficients affect the accuracy of the PV
emulator in terms of PV characteristic power curve in the simulation environment.
Lastly, the performance of the PV emulator hardware prototype is validated with
the PV emulator simulation result. The performance of the PV emulator hardware
achieved a MAPE of 2.02%. The presented PV emulator is a useful tool to emulate
solar PV panel output with any weather conditions in the laboratory. The
MATLAB/Simulink model and hardware prototype of the PV emulator contributed
to the development of solar PV energy research as well as education learning
curriculum. The PV emulator model presented in this chapter is made available for
the reader to download from Mathworks official MATLAB central file exchange
link below for education purpose.

https://www.mathworks.com/matlabcentral/fileexchange/82853-pv-emulator-
model.
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Chapter 11
DC–DC Converter for RES-Based
Smart Resilient LVDC Distribution
System

M. Ankush Kumar and A. Jaya Laxmi

11.1 Introduction

In present world of smart cities, the utilization of the electronic gadgets like
mobiles, laptops, LED-based lighting systems, BLDC-based fans, etc., is increasing
day by day. On the other hand, utilization of batteries-based home inverter systems
as alternate power sources is also increased. Also, the RES are replacing the con-
ventional methods of electricity generation to keep the environment clean. These
batteries and the green sources mostly provide electricity in the form of DC. The
power generated from the RES is varying in nature due to the varying property of
natural resources like sunlight and wind. These variations may lead to the damage
of end equipment. As the natural resources which are being converted to electricity
cannot be made constant at all times, the only opportunity is to make the generated
power constant. This is achieved with the help of a DC–DC converter. Thus, a
DC–DC converter plays a major role in utilizing the power from any green energy
or renewable energy source [1].

In literature, many converter topologies are presented to convert a variable DC
power to a constant DC. Most of the renewable energy applications use DC–DC
converters like buck, boost, buck–boost, cuk, sepic and zeta converters [2, 3, 4, 5,
6, 7]. These converters basically track the generated voltage from RES and increase
or decrease the voltage as per the reference value. Hence, these are also named as
charge controllers such that these provide a constant voltage DC power to charge
the batteries. The power available from batteries is further utilized for loads.

To utilize this battery power for AC loads, it needs one more stage of power
conversion based on inverter or multilevel inverter, which leads to the increased
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penetration of harmonics and in turn leads to the increased loss of power and also
reduces the life of end equipment. So as to avoid these situations, LVDC power for
residential applications is preferred in this paper [8]. The voltage level of the LVDC
system for Indian standards is proposed as 48 V DC [9].

In this work, a prototype LVDC distribution system of 48 V DC is designed in
real time and powered from the integrated DC microgrid made up of SPV and
BLDC-based WECS. In this system, a DC–DC converter for each source is utilized
to obtain a constant DC power of 48 V from each source. This makes it possible for
simpler integration of the RES [10]. The LVDC distribution system is also provided
with automation system for continuous monitoring and protection.

11.2 DC–DC Converter Topology

As discussed in earlier section, DC–DC converter plays a major role in developing
the proposed LVDC distribution system. This simple converter provides many
advantages like simple integration of RES, battery storage and a constant DC power
to loads. In this work, a simple DC–DC buck–boost converter topology is utilized
for each source. This converter senses the output voltage of the source and com-
pares it with the reference value, i.e., 48 V. If the voltage is less than the reference
voltage, then this converter works as boost converter and increases the voltage to
48 V DC. If the voltage is greater than the reference value, then this converter
works as a buck converter and decreases the output voltage. Likewise a constant
DC output of 48 V DC is obtained from this converter. This constant DC voltage
level helps in charging the batteries. Hence, this converter is also named as a charge
controller. The topology of the buck boost converter is shown in Fig. 11.1.

Figure 11.1 depicts the topology of converter used in this work. This converter
topology is generally named as four-switch converter topology. It is observed from
figure that this topology uses four switches Q1, Q2, Q3 and Q4. The switches Q1 and
Q3 work as one group, and Q2 and Q4 work as another group, such that when Q1

and Q3 are turned on, the switches Q2 and Q4 will be turned OFF, and vice versa.
The two groups of switches help to operate the converter as boost or buck mode of

Fig. 11.1 Four-switch converter
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operation, respectively. Thus, the voltage can be regulated accordingly to achieve
the constant voltage output.

11.3 Integration of SPV and WECS

In this work, the RES considered are SPV system and BLDC-based WECS. The
power obtained from SPV system is in DC naturally [1, 11]. The power generated
by the WECS is internally AC, but the recent advancements, like BLDC-based
PMSG machines, have led to the development of DC power generation from
WECS. These provide many advantages like removal of gear systems, reduced
losses, low maintenance and high reliability, etc. Due to these advantages,
BLDC-based WECS are considered as second source such that, during sun hours,
the SPV provides power to the system and during off sun hours, the WECS can
provide the power to the distribution system. In this regard, a hybrid DC microgrid
is designed with SPV and WECS.

To achieve this, in the first stage, with the help of DC–DC converter, a constant
DC power is achieved from the SPV and BLDC-based WECS individually. The
generated DC power from both the sources is stabilized at a voltage of 48 V DC
with the help of DC–DC converters as discussed in earlier section. This provides an
opportunity to combine the sources without the requirement of synchronization.
These two sources now can be combined as two parallel sources working at same
voltages. The block diagram of the integration of two sources in parallel as DC
sources is shown in Fig. 11.2.

Standalone PV 
System

Wind Energy 
Conversion 
    System

DC-DC 
Converter

DC-DC 
Converter

Battery Bank

48V DC

48V DC

48V DC 
BUS

Fig. 11.2 Integration of RES in parallel as DC sources
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The figure depicts the simple integration of two sources as two parallel DC
sources working at same voltage. This simplest integration of two sources is
possible only due to the DC–DC converter. Thus, a DC–DC converter helps in
designing a hybrid DC microgrid with SPV and WECS. The DC microgrid installed
in real time is shown in Fig. 11.3.

It is observed from Fig. 11.3 that the PV panels are placed at a regular angle of
17º from ground as per Indian standards such that maximum power is achieved
from sunlight. The WECS system is designed using a vertical axis BLDC-based
PMSG machine such that the vertical axis helps to generate power even at low wind
speeds.

11.4 LVDC Distribution System

As per the present load requirements in the world, many articles show the impor-
tance of the LVDC systems while utilizing power from RES. Few articles discuss
the economical analysis of the SPV-based LVDC systems. These articles show that,
due to the removal of the inverter, the proposed RES-based LVDC is economical
when compared to the AC system [8]. As discussed in introduction for Indian
standards, a 48 V DC is proposed as base voltage for the LVDC distribution
system. Thus, in this work, the obtained power from DC microgird is utilized in a
LVDC distribution system such that the number of conversion stages is reduced
which leads to the reduced harmonics and reduced losses in the system.

To obtain control and protection in the LVDC distribution system, an automa-
tion system is also installed in this system. The automation system installed is

Fig. 11.3 Real-time installation of hybrid SPV and WECS
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supervisory control and data acquisition (SCADA) system. The automation system
provides live data across each and every line and load to the server system at remote
end. This provides an opportunity to make possible decisions from remote end. This
also helps to create intentional islands of the DC loads with RES. The block
diagram of the smart LVDC distribution system is shown in Fig. 11.4.

It is observed from Fig. 11.4 that the LVDC distribution system is designed with
three radial DC feeders and three loads on each feeder. All loads are designed to
work according to the standards, i.e., 48 V DC. The LVDC distribution system is
powered from main grid through transformer and rectifier circuit such that, the
three-phase AC power obtained from grid is stepped down to 48 V AC and then
rectified to DC with the help of rectifier circuit. Thus, 48 V DC is obtained to the
distribution system from main grid. Further, the LVDC distribution system is also
powered from the hybrid DC microgird in parallel to the main grid. Figure 11.4
depicts that while connecting the microgrid to the LVDC system, controllable
switches (CS) are used across each feeder. These CS help to connect or disconnect
the DC microgrid to the loads from remote end using SCADA.

In real-time system, the CS shown in block diagram are replaced with the feeder
monitoring units (FMU) of the SCADA hardware. Each FMU includes a CS
operated based on the binary data, i.e., 0 or 1. A binary ‘0’ turns OFF the switch and
a binary ‘1’ turns the switch ON. This control is obtained from the remote end
server system. Every line (DC feeder) is connected to the DC microgird through
FMU such that the connection of loads RES is controlled by SCADA. On the other
hand, the same feeders are connected to grid through the rectifier. This rectifier

Fig. 11.4 Smart LVDC distribution system
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converts a three single-phase AC lines to three DC feeders. Similar to block dia-
gram, three loads are connected on each DC feeder. The specifications of these
loads are as follows:

Load A: DC Heater Load
Specifications: Voltage: 48 VDC, Power: variable from 50 to 250 W.
Load B: DC Lamp Load
Specifications: Voltage: 48 VDC, Power: variable from 50 to 250 W.
Load C: DC Motor Load
Specifications: Voltage: 48 VDC, Power: variable from 50 to 250 W.

11.5 Results and Discussion

In earlier sections, the design of hybrid DC microgrid with two RES, i.e., SPV and
WECS, is discussed. The design of the smart LVDC distribution system is also
discussed in brief. Further, this section describes the obtained results in two case
studies. First case study is when the LVDC distribution system is powered from
main grid, and the second case study is when the distribution system is powered
from hybrid DC microgrid.

11.5.1 LVDC Distribution System Powered from Main Grid

In this mode of operation, the LVDC distribution system is powered from main
grid. The three phases R, Y and B are being converted to DC. It is observed that the
rectifier unit is converting the R, Y and B phases to three DC feeders of 48 V each.
Three DC loads, as discussed in earlier section, are connected on each DC feeder. It
is observed that all the loads are powered through main grid and successfully
working. In this mode of operation, the power generated from the DC microgrid is
stored in batteries. The power flow to batteries through charge controller (DC–DC
converter) is shown in Fig. 11.5.

It is observed from Fig. 11.5 that the power generated from DC microgrid is
260 W. This is given to batteries. There is no power delivered to loads in this mode
of operation. The status of all the FMUs and the loads recorded in the remote server
system are shown in Fig. 11.6.

It is observed from Fig. 11.6 that the FMUs of the three DC feeders (F1, F2 and
F3) are OFF and all the loads (AF1, BF1, CF1, AF2, BF2, CF2, AF3, BF3, CF3)
are supplied from main grid with respective power requirements.
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Fig. 11.5 Data logger across batteries

Fig. 11.6 Status of CS and loads in the remote system
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11.5.2 LVDC Distribution System Powered from DC
Microgrid

In this mode of operation, the LVDC distribution system is disconnected from the
main grid with the help of rectifier unit. The rectifier unit is turned OFF by using
FPST switch.

It is observed that the rectifier unit is OFF, and there is no power conversion
from AC to DC. The LVDC loads are disconnected from the main grid. In this
situation, the DC microgird is connected to the LVDC distribution system by
controlling the FMU of DC feeders. The power flow across the charge controller
(DC–DC converter) is shown in data logger in Fig. 11.7.

It is observed from Fig. 11.7 that the power generated from DC microgrid is
334.5 W and with the available battery power, the loads of feeder 1, 2 and 3 are
powered and the least priority loads (BF3 and CF3) of F3 are kept OFF with the
help of CS to satisfy the available power. The power delivered to the loads is
1212 W. The status of all FMUs and the loads observed in remote server system are
shown in Fig. 11.8.

It is observed from Fig. 11.8 that the FMUs of the three DC feeders (F1, F2 and
F3) are ON and the loads AF1, BF1, CF1, AF2, BF2, CF2 and AF3 are supplied
from DC microgrid. The least priority loads of F3 (BF3 and CF3) are disconnected
from DC microgrid. The total power consumed by the loads is 1229 W which is
delivered by the DERs and the battery bank together.

Fig. 11.7 Data logger
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11.6 Conclusion

A DC–DC converter plays a major role to obtain a constant DC power output from
the varying resources like SPV system and WECS. This paper describes the
effective utilization and the importance of the DC–DC converters for RES or green
energy applications. The simple design of the hybrid DC microgrid in real time with
SPV and WECS without the need of synchronization describes the role of the DC–
DC converters. Also the working of real-time smart LVDC distribution system
while powered from RES is completely dependent on DC–DC converters. Results
of the system describe the successful operation of the smart LVDC loads at constant
voltage of 48 V DC obtained from the converters. It is observed from the system
design that the LVDC distribution system helps in reducing the number of con-
version stages when powered from RES. It is concluded that the DC–DC converters
play a major role in interconnecting the RES and also operating the smart LVDC
distribution system in real time.

Acknowledgements Authors are thankful to the Centre of Excellence under TEQIP-II, JNTU
Hyderabad, for giving us an opportunity to be a part of the prestigious project titled Disaster
Management and supporting us to implement the project in real time.

Fig. 11.8 Status of CS and loads in the remote system
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Chapter 12
Multiple Input Converter
for Photovoltaic Applications

Allamsetty Hema Chander , Lalit Kumar Sahu, and Subhojit Ghosh

12.1 Introduction

Partial shading (PS) is a very regular and inevitable scenario that occurs due to
shading of few cells within a module or array resulting in significant power loss of
the PV systems [1]. Under PS condition, multiple power peaks are formed of which
only one is global peak. Due to these multiple peaks, the standard MPPT algorithms
trap in the local peak resulting in huge power loss of the system. In order to
overcome the PV operation at the local suboptimal point and limit the power loss
due to partial shading, several methods have been proposed. Among them,
employing bypass diodes is the first and most widely used method. In this method,
the diodes linked across the shadowed cells bypass the current through the diode
[2]. Due to more number of diodes, this method is expensive, and also the module is
underutilized during partial shading.

The other preferred solution for reducing the power loss during partial shading
involves tracking and operating the array at the global peak. Few conventional
algorithms are modified for tracking the global peak [3, 4]. In order to operate at the
global peak, several optimization techniques have been reported such as particle
swarm optimization (PSO) [5, 6], Fireworks enriched P&O [7], DEPSO [8],
Cuckoo search [9], etc. However, these optimization techniques increase the
computational head and memory requirements of the system. These limitations
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hinder the use of GMPPT techniques for real-time applications involving rapid
changes in the weather scenario.

To overcome the above-mentioned issues, reconfiguration techniques were devel-
oped. In these techniques, the modules in the array are divided into reconfigurable and
fixed groups. Each module of the reconfigurable group gets associated to the fixed
group employing appropriate switching for continuous relocation [10, 11]. These
methods have large computational time requirements. Also finding the best optimal
configuration is often a challenge. The complex computational efforts along with large
memory requirements motivated the evolution of distributed MPPT (DMPPT) tech-
niques. In DMPPT, each module has a dedicated converter for maximum power
realization under its individual environmental conditions. The module-level approach
allows effective and maximum power extraction from the module under all environ-
mental circumstances. These DMPPT techniques can be classified into two methods.
In the first method, each module is associated to its respective DC–DC/AC converter,
and all these are series connected. In the second method, the converter connection is
similar to the first method and all these are connected in parallel. The DMPPT
techniques have been the recent point of focus among researchers for extracting the
maximum power [12–18]. The concept of micro-inverter which falls into the category
of DMPPT has been commercially well established by Enphase energy. However,
dedicated converter/inverter for each module makes the system costly and unsuitable
for most of the applications.

In this regard, this chapter presents a MIC based scheme for harvesting maxi-
mum power from each module under wavering atmospheric conditions in a simple,
efficient and cost-effective method. The presented approach neither uses compu-
tationally intensive optimization techniques as in the case of GMPP nor uses
complex algorithms as in the case of reconfiguration techniques. Moreover, the
proposed approach has less component count compared to most of the existing
DMPPT methods, which makes it relatively simple, cost-effective and efficient.
Also, the modular scheme allows for high reliability with inherent fault tolerant and
power-sharing capability. The presented approach has been extensively validated
using simulation in MATLAB/Simulink environment. The superiority of the pro-
posed approach over the existing approaches has been verified both qualitatively
and quantitatively.

12.1.1 Synthesis of Multiple Input Converter

The objective of this section is to deliver a clear idea of MIC and its design aspects. In
general, the MICs are synthesized by simple series–parallel combination of individual
sources. However, sources having dissimilar characteristics (voltage–current) cannot
be connected in this passion. In this regard, for effective integration and utilization of
these sources, pulsating source cells (PSCs) are discussed in [19–21]. Depending on
the input source, PSCs can be categorized as pulsating voltage source cell (PVSC)
and pulsating current source cell (PCSC). The formation of PVSC and PCSC is
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depicted in Fig. 12.1a, b. The generalized architecture of PVSC and PCSC for
multiple inputs can be the series/parallel/series–parallel combination of these cells as
illustrated in Fig. 12.1c, d.

The PVSC is realized by a constant DC source connected to a switch at the
output terminal by an accurately controlled power conversion method as depicted in
Fig. 12.1a. Similarly, the PCSC is realized with voltage source connected to a high
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D PVSC 1
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V PCSC 1S
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(b) 

PVSC 1

PVSC 2

PVSC n
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Fig. 12.1 Realization of
a PVSC, b PCSC, c series and
parallel combination of
PVSCs, d parallel
combination of PCSCs
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inductor in series (to resemble the current source) and then to a switch as shown in
Fig. 12.1b. The DC source employed can be a constant voltage source, as shown in
Fig. 12.2a or a constant voltage source with energy buffering unit (EBU) as in
Fig. 12.2b. In the later PVSC design, the power is delivered to load after storing in
the EBU.

PCSC affords a high-frequency controllable power with pulsating current. PCSC
comprises of a current source(s) connected to a switch. The output terminal delivers
a constant current through the source and the respective switch. The considered DC
current source can be realized as shown in Fig. 12.3a, or as shown in Fig. 12.3b
using an intermediate storage element.

The design rules for realization of PSCs can be summarized as.

Rule 1: PVSCs in series and PCSCs in parallel connection are allowed for simul-
taneous or independent power delivery.
Rule 2: Parallel connection of PVSCs is possible only by proper selection of the
switching scheme. However, it is prerequisite that the source must have a series
connected switch.
Rule 3: A filter is a prerequisite in MIC. It is a general practice to use LC filter for
PVSC and C filter for PCSC (Fig. 12.4).

In the recent years, various MIC topologies have been realized based on the rules
discussed. Besides PVSC and PCSC, few topologies have evolved combining
PVSC and PCSC, and are termed as hybrid PSCs. The selection of sources and filter
is the major challenge in realization of hybrid PSCs. In general, the rules 1 and 2
discussed above are used to realize the hybrid PSCs.
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PSC N
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Fig. 12.2 Generalized design
of PSC in a series/parallel,
b series/parallel with EBU
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The rules discussed above can be reframed for realizing MICs with individual
PVSCs and PCSCs as follows.

Rule 1: While employing PVSC, for the current to flow from positive terminal, a
current buffer is connected in series with it.
Rule 2: Similarly, while employing PVSC at the converter output, for the current to
flow from positive terminal, a current sink is connected in series with it.
Rule 3: PVSC should be connected in a mesh with an output sink.

Similarly, the rules [22] for synthesis of MIC with PCSC can be summarized:

Rule 1: While employing PCSC, for the outgoing terminal to be connected at the
positive terminal, a voltage buffer is connected across it.
Rule 2: Similarly, while employing PCSC at the converter output, for the outgoing
terminal to be connected at the positive terminal, a voltage sink is connected
across it.
Rule 3: There must be a mesh formed by PCSC with output sink.
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Fig. 12.3 Generalized
schematic depicting
realization of PCSC a voltage
source and inductor in series,
b voltage source, switch and
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Several MICs have been synthesized and evolved in the recent past following the
rules using the conventional converters. In the initial times, the series connection of
two buck converters has been realized and widely accepted. This has also been
considered as the basic motivation in realizing new MIC topologies. The pro-
ceeding developments include series connection of buck and Cuk converters
resembling the series connection of two PVSCs. The state of the art reports several
such MIC topologies.

12.1.2 System Configuration

The structure of the converter topology with dual input for PV applications is
illustrated in Fig. 12.5 [23]. The switches Spv1 and Spv2 are used for power delivery,
and the mode of operation is defined by the switch Sdc. The switches Spv1 and Spv2
aid in realizing MPPT of individual modules, and hence, their switching signals are
fed from MPPT algorithm. Owing to the advantages like easy implementation and
low cost, perturb and observe (P&O) method is used for realizing MPPT [24]. The
presented approach effectively realizes individual MPPT in the worst-case scenario
like partial shading without any computational efforts like GMPP techniques, which
not only reduce the complex computational efforts involved but also save memory
and time requirements. This topology also realizes MPP during module mismatch
conditions. The modules are electrically separated, i.e., neither series nor parallel
connected as depicted in Fig. 12.5. This electrical separation aids in the redundant
and modular structure, i.e., under a faulty module condition, as the remaining
module(s) are not electrically connected, they remain unaffected and realize their
individual maximum power, thereby increasing the system reliability. The config-
uration of the topology makes monitoring and fault detection of the module easier.
Further, the configuration provides an advantage of replacing the faulty module
without disturbing the other modules. Moreover, employing a single inductor and
capacitor results in reduced size, cost and increased reliability of the system. The
switch Sdc is responsible for different modes of operation. The independent control
of switches provides more flexibility and reduces the control complexity. Also,
employing less component count (passive and semiconductors) with regard to the
DMPPT techniques results in cost-effective and efficient solution for realizing
individual MPP.

12.1.3 Control Strategy

The power delivery of the modules is majorly decided by the switching scheme
employed. Further, the switching scheme decides the power diversification. In this
regard, the schemes used for switching has been discussed in this section. The
switching schemes are based on the concept of time multiplexing of the generated
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switching pulses. These switching pulses are generated using any one of the
schemes,

(a) Rising edge synchronization
(b) Intermediate synchronization
(c) Falling edge synchronization.

These pulse generation schemes are illustrated in Fig. 12.6. The working states
of the switching schemes in relation with the duty ratio is as follows.

For rising edge synchronization from Fig. 12.6a
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Ldc

Sdc

Ddc

Cpv1

Ipv1

Ipv2
RloadCdc

Fig. 12.5 Presented approach with two inputs
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Fig. 12.6 Switching signals
using different
synchronization techniques.
a Rising edge, b intermediate,
c falling edge
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t1 ¼ d1Ts
t2 ¼ d2 � d1ð ÞTs
t3 ¼ 1� d2ð ÞTs

9>=
>; ð12:1Þ

For intermediate synchronization Fig. 12.6b

t1 ¼ ðd1 � d12ÞTs
t2 ¼ ðd12ÞTs

t3 ¼ ðd2 � d12ÞTs
t4 ¼ ð1� d1 � d2 þ d12ÞTs

9>>>=
>>>;

ð12:2Þ

For falling edge synchronization Fig. 12.6c

t1 ¼ d2 � d1ð ÞTs
t2 ¼ d1Ts

t3 ¼ 1� d2ð ÞTs

9>=
>; ð12:3Þ

12.1.4 Operation and Working of Presented MIC

The MIC structure illustrated in Fig. 12.5 provides flexibility to operate in all the
three basic modes of operation namely, boost, buck and buck–boost. The operation
in boost configuration is detailed and can be extended for the other configurations.
The basic concept of boost configuration is to charge the inductor and then dis-
charge to load along with the source. The same has been applied to the presented
structure and divided into two modes. In mode 1, inductor charges with one or both
the source(s), and in mode 2, inductor discharges to the load along with one or both
the source(s). In the present study, inductor is charged with module 1 and dis-
charged with module 2 as illustrated in Fig. 12.7. This avoids the series connection
of the modules which significantly aids in realizing MPP of individual modules,
especially during partial shading conditions. The duty ratio of the switches Spv1 and
Spv2 is decided by the MPP algorithm employed. Among the above-discussed
switching schemes, the rising edge synchronization is implemented for the switches
Spv1 and Sdc and the intermediate synchronization for the switches Sdc and Spv2.

Mode 1: Inductor charging
In this mode, the inductor (Ldc) is charged using either of the sources. As

discussed, the inductor is charged through module 1. In this mode, the capacitor
(Cdc) supplies energy to the load as depicted in Fig. 12.7a.
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Applying KVL,

Vpv1 � L
diL
dt

¼ 0 ð12:4Þ

VC ¼ Vo ð12:5Þ

Applying KCL at the capacitor

iC ¼ Vo

R
ð12:6Þ

Mode 2: Inductor discharging
In this mode, inductor (Ldc) is discharged through the load along with module 2

as depicted in Fig. 12.7b. The capacitor (Cdc) gets charged in this mode. The
inductor current and the capacitor voltage in this mode are given by

Vpv1

Vpv2 Cpv2

Spv1

Spv2

Dpv1

Dpv2

Ldc

Sdc

Ddc

Cpv1

RloadCdc

(a) 

Vpv1

Vpv2 Cpv2

Spv1

Spv2

Dpv1

Dpv2

Ldc

Sdc

Ddc

Cpv1

RloadCdc

(b) 

Fig. 12.7 Operational modes of the presented approach in boost configuration
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Vpv2 þ L
diL
dt

¼ Vo ð12:7Þ

Applying KCL at the capacitor

iC ¼ iL � VC

R
ð12:8Þ

According to volt-second balance theory, the average value of inductor voltage
in one switching period is zero. Hence,

ZTs
0

vL ¼ 0 ð12:9Þ

For different modes of operation, (12.9) can be written as

ZTs
0

vL ¼ L
diL
dt

����
Ts

¼ 0 ð12:10Þ

i.e.,

Vpv1t1 þ Vpv2 � Vo
� �

t2 ¼ 0 ð12:11Þ

Substituting the time period in terms of duty ratios and simplifying, we obtain

Vo ¼ Vpv1dpv1 þVpv2dpv2
1� ddc

ð12:12Þ

where dpv1, dpv2 and ddc are the respective duty cycles of the Spv1, Spv2 and Sdc
switches.

For an ideal system,

Pinput ¼ Poutput ð12:13Þ

Vpv1Ipv1 þVpv2Ipv2 ¼ VoIo ð12:14Þ

Io ¼ Vpv1Ipv1 þVpv2Ipv2
Vo

ð12:15Þ

Io ¼
Vpv1Ipv1 þVpv2Ipv2
� �

1� ddcð Þ
Vpv1dpv1 þVpv2dpv2

ð12:16Þ
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The source current Ipv1 and Ipv2 (average values) expressed in terms of inductor
current IL as

Ipv1 ¼ dpv1IL ð12:17Þ

Ipv2 ¼ dpv2IL ð12:18Þ

Substituting (12.17) and (12.18) in (12.16), load current is expressed as

Io ¼ 1� ddcð ÞIL ð12:19Þ

Substituting IL back into (12.17) and (12.18), the source currents are given by

Ipv1 ¼ dpv1IL ¼ dpv1Io
1� ddcð Þ ð12:20Þ

Ipv2 ¼ dpv2IL ¼ dpv2Io
1� ddcð Þ ð12:21Þ

Dividing (12.20) and (12.21)

Ipv1
Ipv2

¼ dpv1
dpv2

ð12:22Þ

From (12.22), it can be concluded that the average source current varies with the
variation of the duty ratio of the corresponding source switch. On the same lines,
the voltage and current expressions for other configurations are derived and gen-
eralized for N-inputs as given in Table 12.1.

The presented topology is capable to operate in all configurations; however,
individual MPP is realized only in boost configuration. In buck and buck–boost
configurations, the modules form a series connection which limits in realizing
individual MPP, especially during partial shading conditions. Hence, throughout
the work, the topology is operated in boost configuration only.

Table 12.1 Output voltage
expressions

Configuration Voltage expression

Boost Vo ¼
P

Vpvidpvið Þ
1�ddc

Buck Vo ¼
P

Vpvidpvi
� �

Buck–boost Vo ¼
P

Vpvidpvið Þ
1�
PN

i ¼ 1
i 6¼ j

dpvi þ dpvijð Þ

Where Vpvi is the ith source voltage with duty ratio dpvi, Vo is the
output voltage, dpvij is the common instant duty cycle in which
inputs i, j operates
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12.1.5 Design of Passive Elements

The passive elements have a significant role in regulating the ripples in load voltage
and inductor current to permissible limits. The values of the passive elements are
highly dependent on the load. With the change in load, the load voltage and current
changes which highly influence the ripples in load voltage and inductor current.
Hence, their design is crucial and important in converter design. The design of these
passive elements for boost configuration has been presented in this section.

The inductor used decides the percentage of inductor current ripple (Di).
Similarly, the output voltage ripple (Dv) decides the value of the capacitor. The
value of inductor and capacitor values are given by [25].

L�
P

Vpvidpvi
� �
Di:fs

ð12:23Þ

C�
P

Vpvidpvi
� �
Dv:fs:R

ð12:24Þ

where R is the load resistance and fs is the switching frequency.
The higher the value capacitor stiffer is DC link voltage; however, higher value

of capacitor reduces the reliability; hence, trade-off should be maintained.

12.1.6 Simulation Results

The presented approach has been validated in the MATLAB/Simulink environment
considering different operating scenarios. The parameters of the module at standard
test conditions (STC) and the operational environment are listed in Table 12.2. The
parameter values considered are listed in Table 12.3. The values of inductor and
capacitor are calculated using (12.23) and (12.24) considering 5% ripple.

Case 1: Partial shading condition
Among numerous conditions that exist for partial shading, partial shading with

variation of module irradiance value has been considered in this study. The output
power of the module is estimated for different levels of irradiance which is given
by [26].

Table 12.2 Specifications of module at STC and operating conditions of the module

Voc (V) Isc (A) Vmp (V) Imp (A) Pmax (W) Irradiance
(W/m2)

Temperature
(°C)

43.2 4.8 34.3 4.37 150 821 30
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Pestimate ¼ Pmax
G
Go

� �
ð12:25Þ

where Go is the irradiance at 1000 W/m2, Pmax is the rated maximum power at Go,

and G is the irradiance at which power is to be determined.
Initially, both the modules were imposed irradiance level of 821 W/m2, thereby

each panel generating 119 W, which is near the MPP of 123 W calculated using
(12.25). The partial shading condition is imposed on module 2 by reducing the
irradiance level to 611 W/m2 at t = 0.7 s. As a result, the module power has been
decreased from 119 to 87 W, which is near MPP (89 W) for 611 W/m2, as depicted
in Fig. 12.8b. As observed in Fig. 12.8a, the change in irradiance level has very less
impact on the first module and continues to operate near MPP. This does not occur
in conventional array configuration, and also the partially shaded modules are
bypassed using diodes which results in huge power loss.

Moreover, the proposed approach does not employ any complex computational
algorithms for MPP realization as in GMPPT and RMPPT. Thus, it can be con-
cluded that the presented approach realizes individual MPP during partial shading
in a simple, efficient and cost-effective manner. The load parameters depicted in
Fig. 12.8c shows a decrease in the total load power due to the effect of partial
shading. This approach performs equally well in case of module mismatch, where
individual MPP is realized as modules are independently operated at their respec-
tive irradiance levels. This results in maintaining healthier performance and effi-
ciency of modules reducing the long run degradation issue.

Case 2: Open circuit of a module
In the configuration of conventional array, huge power loss occurs during open

circuit of a module or complete failure of the module. The presented approach
possesses inherent fault-tolerant capability resulting in an uninterrupted power
supply with failed/disconnected module further resulting in increased reliability and
redundancy. To validate this scenario, module 1 is disconnected at t = 0.7 s, as
depicted in Fig. 12.9a. Due to a sudden change in the system, the module 2
undergoes transients and reaches the near MPP within a short period of time as
illustrated in Fig. 12.9b. This confirms that open/disconnection of a module does
not affect the entire system as in conventional configuration. As observed from
Fig. 12.9a due to decrease in the power generated, there is a decrease in the load
power.

From the studies and results of the selected cases, the following conclusions are
drawn.

Table 12.3 Parameters and
their values

L (mH) C (µF) fs (kHz)

5 1200 10
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• The presented approach effectively handles the partial shading condition by
realizing individual MPP which reduces the loss of power compared to the
conventional approaches in a simple, efficient and cost-effective way.

• Further, this approach also reduces the power loss due to open circuit or failure
of the module providing flexibility to replace it without actually disturbing the
complete system. This confirms the inherent fault-tolerant capability of the
approach resulting in increased reliability.

• Also, the load power has been shared equally among the modules under similar
irradiance conditions confirming the inherent power-sharing ability of the pre-
sented approach.

Fig. 12.8 Simulation results of a module 1, b module 2, c load under partial shading conditions
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12.1.7 MPPT Efficiency Analysis

The power realized by individual modules highly depends on environmental fac-
tors, and the maximum power at various irradiances is given by (12.25). The MPP
tracking efficiency under diverse situations is quantified as [27]

gMPP ¼ PPV

Pmpp
� 100 ð12:26Þ

The theoretical and experimental power realized under various irradiance levels
has been estimated and depicted in Fig. 12.10. It has been observed that the MPP
realized experimentally is in line with the calculated values using (12.25) reflecting
the efficacy of the proposed approach for various levels of irradiance.

Fig. 12.9 Voltage, current and power simulation results for sudden disconnection of module
condition of a module 1, b module 2, c load
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12.1.8 Comparative Analysis

A comparative analysis of the proposed approach with state-of-the-art solutions for
maximum power extraction under PS conditions has been presented in this section.
The presented approach has been qualitatively compared with the traditional
GMPP, reconfiguration and DMPPT techniques as given in Table 12.4. Compared
with GMPP techniques [6–8, 28–30], the presented approach does not involve
complex computational efforts for MPP realization. Also, the memory requirement
for the presented approach is very less since it does not employ any complex
calculations. Moreover, in GMPP approaches, the array as a whole operate at
GMPP which has a high impact on the module’s lifetime and might lead to
long-term degradation, while in the presented approach as each module is inde-
pendent of other, the lifespan and efficiency of the module remain high compara-
tively. Further, the GMPP approaches in the state of art mentions no remark on
open circuit or disconnection of modules. For instance, if a module having higher
irradiance level is open or faulty, then the GMPP point alters which have a severe
effect on the overall power generation. The presented approach efficiently handles
the open-circuit condition without altering the power realization of other connected
modules. On the other hand, unlike in RMPPT techniques, the presented approach
need not reconfigure the modules based on the irradiation levels, thereby decreasing
the complex mathematical calculations and thereby the control complexity of the
system [10, 11, 31–33]. However, this technique also involves high-computational
burden and memory requirements. Since no electrical connections are disturbed, the
presented approach has increased reliability comparatively [34].

The presented approach successfully competes with the existing DMPPT tech-
niques [12, 13, 15, 35–40] in terms of several qualitative parameters like tracking
efficiency, memory requirements, simplicity, etc., with the added advantage of the
inherent fault-tolerant capability.

Fig. 12.10 MPPT efficiency graph
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Moreover, the presented approach can be considered as a DMPPT approach
since deals with module-level approach for realizing individual MPP. In this regard,
the proposed approach is compared with the recent DMPPT techniques quantita-
tively for five inputs in Fig. 12.11. As observed, unlike other approaches, the
number of inductors and capacitors do not vary with the number of inputs in the
proposed approach. Further, the modular structure resulting in the reduced com-
ponent count, simple design and reliable operation are the advantages of the pro-
posed approach.

Table 12.4 Comparative analysis

Parameters DMPPT
technique
[12, 13, 15,
35–40]

GMPP
technique
[6–8, 28–30]

Array
reconfiguration
technique
[10, 11, 31–33]

Presented
technique

Memory requirements Low High Medium Very low

Computational
complexity involved

Very low High Medium Very low

Able to withstand open
circuit

Yes No Yes Yes

Ability to withstand fault Yes No No Yes

Module mismatch
condition handling
capability

Yes No No Yes

Accuracy of MPPT
tracking

Accurate Accurate Accurate Accurate

Reliability High Moderate Low High

Implementation cost High Low Moderate Low

Fig. 12.11 Quantitative comparison
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12.1.9 Conclusion

In this chapter, a MIC based module-level approach for realizing the MPP of
individual modules of a PV array has been presented. The MIC based approach
efficiently realizes the MPP of the individual modules under various operating
circumstances including partial shading. The proposed scheme can handle the
open-circuit condition of the module and effectively minimize the power loss
compared to the conventional approaches. The approach possesses inherent
fault-tolerant and power-sharing capabilities in addition to simple, modular, flexible
and reliable topological configuration. Further, the comparison of the proposed
scheme with the reported techniques reflects its superiority in terms of the lesser
passive element count, reduced computational effort and modular structure.
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Chapter 13
Overview of Control Strategies
and Design of Isolated Bidirectional
Dual Active Bridge Converter
for Renewable Energy Systems

Anup Kumar Panda, Nishit Tiwary, and N. Venkataramana Naik

13.1 Introduction

The dual active bridge converter (DAB) is among the recent topologies for isolated
DC–DC power converters with various advantages, namely high efficiency, ohmic
isolation, soft switching, large power density, bidirectional power handling, and
decreased size and weight [1–4]. The isolation provided by the DAB converter is an
essential feature for renewable energy applications because it dissociates load
ground from the source and provides protection to the installed system. Also, the
DAB converter utilizes the transformer turns ratio for high voltage conversion. The
high power density is achievable with a high-frequency transformer (HFT), making
the converter suitable for high-power renewable systems. The soft switching
capability ensures the reduction in switching stress thereby increasing the power
conversion efficiency. Additionally, the bidirectional power flow control is easier in
DAB due to the symmetric structure. Thus, it is preferable for interfacing the
renewable energy sources with energy storage components such as battery bank,
ultra-capacitors, etc. [5–7]. As depicted in Fig. 13.1, the DAB converter can be
functional in the renewable energy systems as:

1. Front-end converter directly connected to the renewable energy source.
2. Bidirectional converter for energy storage system like battery, ultra-capacitor,

etc.
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In recent years, significant research has been reported for design, control and
other technical issues for the DAB converter and its application in renewable
energy systems [8–11]. The reported work on advanced control of DAB converters
is relatively scarce due to the more complexity in converter models. The control
algorithm and DAB parameter design considered renewable energy sources like PV
and implementing MPPT and battery management algorithms [12, 13].

This chapter presents the overview of control methods and designing the DAB
converter, suitable for the renewable energy system. Subsequently, it provides
efficient power handling and voltage regulation. The renewable energy systems
suffer from frequent voltage change; thereby, the control method plays a vital role
in delivering a satisfactory output. The control methods are broadly classified into
three categories based on the strategy and implementation of the control algorithm.
These control strategies for DAB are proposed with the objective to provide a fast
transient response, stable steady-state response and improved voltage regulation.
The controller’s accurate reference tracking performance ensures a stable and fixed
output terminal voltage even for the situation of sudden load change and input
voltage fluctuation conditions. Additionally, a direct power control technique is
suggested, which utilizes the power transfer equation and dynamic voltage equation
for reference power generation and thereby controlling the output voltage. The
performance of the suggested controller is evaluated in Simulink (MATLAB). The
results demonstrate the suggested control method’s effectiveness and the DAB
converter’s advantages in the renewable energy system.

DAB
(1)

DC-AC

DC-DC
Converter

Converter

(high voltage)

DC-DC

DC
Load
(HV)

Renewable
Energy
Source

DC-BUS

Battery

Grid

DAB
(2)

DC

(LV)

Converter
(low voltage) Load

Fig. 13.1 DAB converter in renewable energy system
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13.2 The Dual Active Bridge Converter

The DAB converter offers a bidirectional isolated power conversion technique. The
circuit diagram of a DAB converter is depicted in Fig. 13.2, with ‘Vin’ and ‘Vo’ are
the voltages in input terminal and output terminal, ‘Lk’ denotes the equivalent
inductor, which comprise the leakage inductance of the HFT including an auxiliary
inductor in series, required for the power transfer. The semiconductor switches T1−4
and Q1−4 make the two symmetric H-bridges on either side of the HFT. The DC
voltage is converted to high frequency square wave AC voltage in the first stage of
conversion implemented with the help of the first H-bridge, denoted as the primary
bridge. Thus, the stage can be denoted as the inverter stage and ‘Vp’ denoting the
primary bridge voltage.

The transformer transfers the power from its primary winding to secondary
winding. The secondary bridge then transforms the square wave AC voltage to DC
voltage, which is obtained in the output terminal of the DAB converter. The stage
can be denoted as the rectifier stage and ‘Vs’ denoting the secondary bridge voltage.
The equivalent circuit diagram is displayed in Fig. 13.3 with the two square waves
and an equivalent inductance between them. The transformer turn ratio, on the
requirement, can be applied for step-up and step-down of the primary to secondary
side voltage. The power transfer from the primary to secondary side occurs when a
phase shift is introduced in these voltage waveforms, similar to the power transfer
between two voltage buses in a power system. The phase shift makes one of the
bridges as leading and the other as a lagging bridge with transfer of power from the
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Co
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Fig. 13.2 Dual active bridge
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Fig. 13.3 Equivalent circuit
of dual active bridge
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leading to the lagging bridge. Thus, the power direction can be effortlessly reversed
with the phase shift value as the bridges are controlled simultaneously. The duty
ratio of all switches is 50%, and the diagonal switches are turned on and off together
to obtain a square wave. These voltages, as well as the equivalent inductor current
waveforms, operated with single-phase shift (SPS) modulation, is depicted in
Fig. 13.4, where fs is the switching frequency and ‘dp’ denoting the phase lag
among the bridge voltages and ‘n’ denotes the voltage ratio of HFT.

13.2.1 Analysis of DAB Converter Circuit

For the analysis of the DAB converter, a simplified diagram is used as outlined in
Fig. 13.3, and the steady-state waveform is depicted in Fig. 13.4 with the phase
shift of ‘dp’ in bridge voltage waveforms, inductor voltage ‘VLk ’ and inductor
current ‘ILk ’. The inductor voltage and current are symmetrical about the time axis
and are dependent on the bridge voltages and the phase shift of two H-bridges.
Therefore, the maximum magnitude of the current ‘ILk ’ in the positive half period
matches the minimum magnitude of the negative half period. The power transfer
across the bridges is presented in [14] using a Fourier series analysis of bridge
voltage and inductor current. The single-phase shift (SPS) modulation is utilized for
the analysis of power transfer, and the expression for power flow is derived by
averaging the power in one switching period as expressed in (13.1) and (13.2).

Fig. 13.4 Waveforms for SPS modulation
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Pt ¼
X1

h¼1;3;5...

Ph ð13:1Þ

Ph ¼
8:Vin:

Vo
n

� �
p2xsLk

� sin h:d:pð Þ
h3

ð13:2Þ

Thus, expression (13.2) shows that the power transfer from input to output
terminal depends upon the phase shift between the voltage waveform, equivalent
inductance and switching frequency. However, for the fixed value of the equivalent
inductor and switching frequency, the phase shift value is the sole parameter
available to regulate the power. Also, the power flow capacity is inversely pro-
portional to the equivalent inductance ‘Lk’. The auxiliary inductance is designed for
the DAB operation to handle the specified power after the proper design of the
transformer and considering its leakage inductance. The input capacitor has an
effect in DAB interface with a renewable energy source to mitigate the voltage
ripple and reverse current flow. Therefore, the analysis is focused on the configu-
ration of the equivalent inductor ‘Lk’ and input capacitor ‘Cin’. The output capacitor
‘Co’ is designed using the standard design process of any dc-link capacitor to
handle the voltage ripple. So, the transformer design and output capacitor design are
not discussed due to the limited scope of the chapter.

The power extraction from the source depends on the DAB operation and is
controlled by the phase shift value ‘dp’. The current analysis in the input node is
essential to design the converter parameters ‘Lk’ and ‘Cin’. The current waveforms
‘Iin’, ‘ICin ’ and ‘Ib’ at input node along with the inductor current ‘ ILk ’ are shown in
Fig. 13.5 for a single switching period. The Kirchhoff current law at input node is
denoted as:

iin tð Þ ¼ iCin tð Þþ ib tð Þ ð13:3Þ

And the current in the primary bridge (13.4) is formulated with the switching
function S1 in (13.5)

ib tð Þ ¼ iLk tð Þ:S1 tð Þ ð13:4Þ

S1ðtÞ ¼ 1; 0\t\ Ts
2

�1 Ts
2 \t\Ts

;

�
ð13:5Þ

With the consideration that in the steady-state situation, the average capacitor
current is zero, and the average value of input current (13.3) can be obtained as

iinh i ¼ Iin ¼ iLk tð ÞS1 tð Þh i ð13:6Þ

Therefore, expression (13.6) demonstrates that the input current drawn from the
source depends upon the equivalent inductor current. Consequently, the power
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extraction from the source and its delivery to dc bus thus depends on the value of
inductor ‘Lk’ and phase shift value ‘dp’. The inductor current analysis is required
for the design of an equivalent inductor and input capacitor. The inductor current is
shown in Fig. 13.1 with the maximum value denoted as ‘Imax’ and minimum value
as ‘Imin’. The steady-state inductor current is symmetric around the time axis; thus,
the magnitude of the maximum and minimum current can be considered as same in
both half cycles, i.e., Imaxj j ¼ Iminj j. So, in one-half cycle, inductor current can be
described by two linear equations as

ILk tð Þ ¼ Imin þ Vin þ Vo

n

� �
� t
Lk

; 0\t\
dTs
2

ð13:7Þ

ILk tð Þ ¼ Aþ Vin � Vo

n

� �
� t
Lk

;
dTs
2

\t\
Ts
2

ð13:8Þ

The constant ‘A’ can be evaluated from (13.8) at t ¼ dTs
2 as

A ¼ ILk dTs
2ð Þ � Vin � Vo

n

� �
:
dTs
2Lk

ð13:9Þ

Therefore from (13.7) and (13.8), the amount of current at t ¼ dTs
2 is

Fig. 13.5 Input terminal currents waveforms for SPS modulation
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ILk dTs
2ð Þ ¼ Imin þ Vin þ Vo

n

� �
:
dTs
2Lk

ð13:10Þ

Replacing the value of ILk dTs
2ð Þ from (13.10) in (13.9), the value of constant ‘A’ is

obtained as

A ¼ Imin þ dTsVo

nLk
ð13:11Þ

Further, the maximum inductor current value can be derived with (13.8) and
(13.11) at t ¼ Ts

2 and using the condition Imaxj j ¼ Iminj j

Imax ¼ Ts
4Lk

Vin þ 2:d� 1ð ÞVo

n

� �
ð13:12Þ

Substituting (13.12) in (13.10), the value of inductor current at t ¼ dTs
2 results in

Eq. (13.13)

ILk dTs
2ð Þ ¼ Ts

4Lk
2:d� 1ð ÞVin þ Vo

n

� �
ð13:13Þ

Finally, the expression for the inductor current is formed for the half cycle as

ILk tð Þ ¼ ILkð1Þ; 0\t� dTs
2

ILkð2Þ;
dTs
2 \t� Ts

2

(
ð13:14Þ

where

ILkð1Þ ¼ Vin þ Vo
n

� �
: t
Lk
� Vin þð2:d� 1Þ Vo

n

� �
: Ts
4Lk

ILkð2Þ ¼ Vin � Vo
n

� �
: t
Lk
� Vin � ð2:dþ 1Þ Vo

n

� �
: Ts
4Lk

(
ð13:15Þ

13.2.1.1 Equivalent Inductor (Lk) Design

The power transferred by the DAB converter from input to output through the
transformer is denoted by expression (13.1). This is further represented in the form
as

Pt ¼
8Vin

Vo
n

� �
p2:xs:Lk

:
X1

h¼1;3;5...

sinðh:d:pÞ
h3

ð13:16Þ
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It clearly indicates that the power flow depends upon the input and output
voltage, i.e., (Vin) and (Vout), switching frequency (xs = 2pfs) transformer turns
ratio (n), phase shift (dp) and equivalent inductance (Lk). The inductor value is
denoted from (13.16) as

Lk ¼
8Vin

Vo
n

� �
p2:xs:Pt

:
X1

h¼1;3;5...

sinðh:d:pÞ
h3

ð13:17Þ

As the power flow equation is inversely related to the equivalent inductor value,
the large size of the inductor will make the maximum power extraction from
renewable sources impossible. Thus, with a defined maximum power of renewable
source denoted as ‘Pt(mpp)’ a critical inductance value is defined to extract and
transfer the maximum possible power. The phase shift condition for the maximum
power transfer is also considered from (13.16). As the range of phase shift is
defined for one direction power flow as 0\d\0:5, the maximum value of all
harmonic components occurs for the phase shift value d ¼ 0:5. Thus, putting this
value of phase shift in (13.17), the maximum or critical inductance value is obtained
as

LkðmppÞ ¼
VinðmppÞ:Vo:p

4:n:xs:PtðmppÞ
ð13:18Þ

This value of equivalent inductance is, in fact, the total inductance provided by
the transformer leakage inductance with an additional inductance in series. The
additional inductance, described as an auxiliary inductance, is required for the
power transfer. The auxiliary inductor can be avoided if the transformer is properly
designed and has the leakage inductance less than or equal to the value mentioned
in (13.18).

13.2.1.2 Input Capacitor Design

The input voltage fluctuation is a common problem for the converters interfaced
with any renewable energy sources. The input capacitor is an important component
as it is directly interfacing the renewable energy source and minimize the voltage
ripple at the input terminal. The capacitor also absorbs the reverse current from
DAB in each cycle and maintains a constant voltage in the input terminal. The
design of the input capacitor is important for DAB converters to provide a constant
voltage containing less ripple. The design process initiates with the input terminal
current Eq. (13.3) and considering the current waveform illustrated in Fig. 13.4.
Thus, the capacitor current is denoted as
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iCin tð Þ ¼ iin tð Þ � ib tð Þ ð13:19Þ

With the input voltage ripple DVin, the charge accumulated in the capacitor
during the charging process in the interval Dt is

Q ¼ 2:DVin:Cin ¼ 1
2
Dt Imax þ Iinð Þ ð13:20Þ

The input current is obtained from (13.6) and (13.15) as

Iin ¼ 2
Ts

ZdTs2
0

ILkð1Þ þ
ZTs

2

0

ILkð2Þ

2
64

3
75 ð13:21Þ

Iin ¼ TsVodð1� dÞ
2nLk

ð13:22Þ

Now, using (13.4) and (13.22) and considering the maximum power flow situ-
ation, the capacitor current is simplified as

ICin tð Þ ¼ Ts
4Lk

Vin � ð2:d2 � 4dþ 1ÞVo

n
� Vin þ Vo

n

� �
:
4t
Ts

� �
ð13:23Þ

With the initial condition of iCin ¼ 0, the time interval is expressed as

Dt ¼ Ts
4

Vin � 2:d2 � 4:dþ 1
� �

Vo
n

Vin þ Vo
n

" #
ð13:24Þ

Substituting (13.12), (13.22) and (13.24) in (13.20), the input capacitor value is
obtained with the desired input ripple as

Cin ¼ T2
s

64:DVin:Lk

Vo
n 2:d2 � 4dþ 1
� �� Vin

	 

Vo
n þVin

2" #
ð13:25Þ

The expression (13.25) shows that the derived capacitor value depends on the
phase shift value, and thereby, the capacitor should be designated to mitigate the
maximum undulation in the source voltage. The relation of capacitance value with
regard to phase shift can be analyzed as

@Cin

@d
[ 0 ð13:26Þ

As the maximum ripple occurs at the highest value of ‘d’, the value of the
capacitor is taken as
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Cin ¼ T2
s

64:DVin:Lk

Vo
2n þVin
� �2
Vo
n þVin

" #
ð13:27Þ

13.3 Overview of Control Methods

The dynamic control of DAB utilizes the mathematical modeling of DAB con-
verter, including the small-signal modeling and the average modeling methods [15].
The power transfer equation and output voltage dynamic equation are also used in
some control methods, which renders a better dynamic performance with the easy
mathematical representation of DAB converter system. The control techniques for
improved dynamic behavior are classified broadly as.

Output current feedforward scheme [14, 16],
Inductor current control strategy [17, 18]
Power-based control methods [19, 20].
A brief overview of these control schemes is presented in this chapter, which is

suitable for DAB control for the renewable energy system.

13.3.1 Output Current Feedforward Scheme

The feedforward technique is a popular choice for better dynamic performance of
power converters [21–23]. In the DAB converter, the dynamic behavior is influ-
enced by the source voltage fluctuation. The performance under sudden load change
is also an essential issue for the control scheme and design. The feedforward control
is explored in various literature to provide improved dynamic control [21].

An illustration of the current-mode feedforward scheme with the controller and
current modulator is showed in Fig. 13.6. The measured voltage value of the input
terminal and the measured load current of DAB is utilized to formulate the feed-
forward control signal, and the voltage error compensation is supplemented for
desired output voltage tracking. The current modulator then generates the switching
signals to attain the reference voltage. Similar to this strategy, a load current
compensation approach, as shown in Fig. 13.7, is discussed to enhance the transient
performance of the DAB for sudden load variation situation [14]. The scheme
eliminates the inner current modulator as the phase shift ratio (d) is directly cal-
culated from the measured output current ‘io’ using the expression

io ¼
16
p2 Vin

n
P1
j¼0

sin½2jþ 1�Dd
½2jþ 1�3xsLk

� � ð13:28Þ
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The real-time implementation of the method is difficult as the online calculation
of Dd is tough using a DSP or other microprocessors. To simplify the process, a
lookup table is created and the phase shift value is precalculated for the required
output current ‘io’. Another feedforward control is proposed with the current-mode
modulation utilizing the output and the inductance–current relationship [16].

The block diagram is presented in Fig. 13.8 where PI controller is used to
compensate the output current errors between the measured and reference value.
The current-mode modulator generates the modulated switching signals with the
time shift for the switches in the other bridge. The SPS modulation is considered for

Fig. 13.6 Current-modulated feedforward control of DAB

Fig. 13.7 Load current feedforward control scheme with lookup table
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the proposed method and calculation of reference inductor current. Thus, the
dynamic performance of the DAB can be enhanced suggestively with the feed-
forward control schemes.

13.3.2 Inductor Current Control Strategy

The inductor current control strategies are a common method of control for DC–DC
converters [24, 25]. The inductor current control methods are classified as peak
current control, valley current control and average current control in DAB converter
[18, 26, 27]. The peak-valley inductor current control is proposed in [17] for a fast
transient response. The steady state is attained in a few switching cycles with
excellent start-up and voltage tracking performance. However, the method requires
five sensors to measure the input and output voltages, transformer current on both
the primary and secondary sides, and output current. Similar control of the valley
and peak inductor current is proposed in [28] with independent switching signals
and a novel current modulation method. The method shows less improvement in
dynamic performance as the dependency on the outer voltage loop is more than the
current modulation loop. The other novel modulation methods in [18, 29, 30], with
desired boundary inductance current in a cycle, are proposed for the power transfer
in DAB, which shows enhanced dynamic performance.

To avoid the dc bias current in the transformer during transition, a double-side
modulation method is reported. The modulation method uses an optimized

Fig. 13.8 Simplified current feedforward control with current modulation
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coefficient ‘x’ for defining the phase shift more accurately during the dynamic
process, and the switching pulses are modulated for both the bridges simultane-
ously. The voltage and current waveforms for the modulation process are depicted
in Fig. 13.9, with the updated shift ratio ‘D’, ‘d’ is the enhancement in the phase
shift, and ‘x’ is the optimal multiplication factor. The relation between ‘D’ and ‘x’ is
formulated as

D0 ¼ Dþ xd ð13:29Þ

x ¼ nVin

nVin þVo
ð13:30Þ

Similarly, a novel modulation method to remove the dc bias in transformer
current is proposed in [30] with a predictive current-mode control. The diagram for
the method is shown in Fig. 13.10, which shows the fast-current reference tracking
in one switching period. The values ‘ip1’ and ‘ip2’ are measured in each switching
period; thus, the sampling frequency needs to be doubled. The ‘ i�p1’ is the reference
of the peak value of inductor current and ‘ i�n1’ is the reference of valley of inductor
current.

Fig. 13.9 Waveforms for double-side modulation scheme of DAB
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13.3.3 Power-Based Control Strategy

In renewable energy systems, direct power control is a well-known strategy applied
in active rectifiers and inverters for enhanced transient performance during load
change [31–33]. Likewise, the power-based control method is utilized for the DAB
converter for improved performance [19, 20, 34]. The power control method is
suitable for the DAB converter as the power flow across the transformer can be
controlled with specified phase shift control in each switching period [35]. The
power transfer in SPS modulation can be expressed as

P ¼ VinVodð1� dÞTs
2nLk

ð13:31Þ

The method can be well adapted for other phase shift modulations, which pro-
vides additional advantages like increased soft-switching range, less reactive power
flow and zero dc bias transformer current. A virtual direct power control (VDPC)
scheme, with a block diagram shown in Fig. 13.11, is proposed [34] to boost the
transient performance. A virtual reference voltage is generated using the measured
output voltage and a PI-based control. Then the shift ratio denoted as D* is obtained
from relation in (13.32) and (13.33) for the bidirectional power flow as

Fig. 13.10 Duty cycle modulation scheme of DAB
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The VDPC scheme provides excellent dynamic response under sudden load
change conditions. As the operating frequency is high, accurate current measure-
ment is a difficult task, especially when the DAB is coupled with other power
converters having an unknown capacitor in its terminal.

The current sensorless control schemes can be explored to resolve the problem
of the current measurement. A nonlinear disturbance observer is used in [36, 37] to
estimate the output current and combine the direct power control for the DAB
converter. The block diagram for disturbance observer-based power with control
method is shown in Fig. 13.12 with ‘̂ioðkÞ’ as the estimated output current in the kth
switching period expressed as

îoðkÞ ¼ zðkÞþ lVoðkÞ ð13:34Þ
where ‘z’ is the control parameter in internal loop of disturbance observer, and ‘l’
denotes the gain to control the convergence degree. Though the performance with

Fig. 13.11 Virtual direct power control (VDPC) of DAB
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both schemes is similar, the VDPC method shows better results under load change
conditions, whereas the disturbance observer method provides a current sensorless
option.

13.4 Direct Power Control (DPC) of DAB Converter

The direct power control (DPC) method is developed [38] where the error between
output voltage and reference voltage is used to produce a power reference signal
using a PI controller. The relation between the output capacitor’s energy and power
can be stated as

dEC

dt
¼ d 1

2CV
2
o

� �
dt

¼ Pt � Voio ð13:35Þ

Accounting for the positive power transfer, the value of phase shift ratio (d) is
considered to be positive. Thereby, using (13.31) in (13.35), the output voltage
dynamic equation is obtained as

CVo
dVoðtÞ
dt

¼ VinVodð1� dÞ
2nLkfs

� Voio ð13:36Þ

Consider a term,

P� ¼ VinVodð1� dÞ
2nLkfs

ð13:37Þ

The term P* now becomes the control variable for controlling the power transfer
through the transformer by direct control of the phase shift ratio. From (13.36), it
can be regarded that under a steady state, the rate of change of output voltage
should become zero. A reference output voltage is set for the controller, thus for all
fluctuation and load change variation, the controller tends to make the rate of

Fig. 13.12 Nonlinear disturbance observer-based power control scheme of DAB
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change of output voltage to zero and tracks the reference value with the short
response time. The control variable reference P* can be generated using a PI
controller as mentioned below (13.38), and the coefficients kP and kI are tuned for
required dynamic behavior

P� ¼ Voio þ kP V�
o � VoðtÞ

� �þ kI

Z
V�
o � VoðtÞ

� �
dt ð13:38Þ

The exact value for these coefficients makes the controller robust and enables it
to track the reference voltage with a fast transient response. However, any mismatch
in the converter parameter or in the controller coefficients makes the system per-
formance to have unsatisfactory results. The main control schema of DPC is
illustrated in Fig. 13.13. To investigate the performance of the suggested DPC
scheme for DAB, simulations are conducted using MATLAB/Simulink software.
The dynamic and steady-state behavior of the converter relies on the design of DPC
under load change conditions. The specifications in Table 13.1 are applied for the
simulation study of the converter, operated with the DPC method. The simulation
results of DAB under FDPC as described above ensure a stable and fixed output
voltage of the DAB stage under load variation.

The result in Fig. 13.14a depicts the load voltage waveform with the load is
changed by 1 kW, i.e., from 1 to 2 kW at 0.1 s. The change in load current with the
load change is shown in Fig. 13.14b. The change in load disturbs the output
voltage, and the value drops with an increase in current at the output terminal.

Fig. 13.13 DPC scheme of DAB
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The voltage error is used by the PI controller to generate the new changed power
reference. The power reference term is used as the control law to generate the phase
shift ratio, thus enabling the amount of power transfer to increase. Thus, the con-
troller tracks to reference voltage as the error minimization is the primary control
objective. The fast response, preferably to track the reference voltage and ensure a
stable, steady-state performance with the proposed controller. The reference power
generated by the PI controller, which is the control variable for phase shift mod-
ulation, is shown in Fig. 13.14c. The reference power generation during load
change is rapid, which provides a better transient response under large power
change conditions. The decrease in load from 2 to 1 kW is introduced to verify the
controller performance during the load step down. The load voltage waveform is
depicted in Fig. 13.15a when the load is changed from 2 to 1 kW at 0.1 s. The
change in current is depicted in Fig. 13.15b, and the reference power change is
shown in Fig. 13.15c for the load step down.

Table 13.1 DAB converter parameters

Parameters Value

Input capacitance C 11,000 lF

Output capacitance C 11,000 lF

Source voltage Vin 450 V

Output voltage Vo 450 V

Equivalent inductance Lk 950 lH

Voltage ratio n 1

Operating frequency fs 10 kHz

Resistive value

• 2000 W R 202.5 X

• 1000 W R 101.25 X

Fig. 13.14 a Output voltage, b load current and c reference power when load is changed from
1000 to 2000 W at 0.1 s
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13.5 Conclusion

In this chapter, the DAB converter circuit is analyzed, and the inductor and input
capacitor design are presented for the application of the DAB converter in a
renewable energy system. The inductor design is crucial for the power handling and
performance of the converter, and the input capacitor is responsible for the reduced
input voltage ripple. Thus, the proper design of converter parameters is essential for
the extraction of maximum power from renewable energy sources and provides
efficient control over the dynamic and static performance of the converter. Also, the
chapter includes a brief review of various control strategies of DAB converter for
the renewable energy system. The power-based control schemes provide better
performance under load change and input voltage fluctuation conditions. Moreover,
advanced modulation and control strategies like dual-phase shift and triple-phase
shift modulations can be implemented in power-based control strategies. The MPPT
algorithm can also be adapted with power-based control methods, which provides
better suitability in PV systems. Further, the direct power control is suggested in the
chapter, and the simulation results are provided, showing an enhanced output
voltage regulation during load change conditions.
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Chapter 14
Hardware-in-Loop-Based Reliability
Improvement of Power Converter
for Critical Electrical Drive Applications

R. Manikandan, R. Raja Singh, G. Edison, and S. Darius Gnanaraj

14.1 Introduction

Safety first-Save Lives/Systems is the main agenda in the design process of any safety
critical electrical drive systems. Critical electrical drive systems are those systems,
breakdown of which might cause loss of life and significant resource damage. The
main application fields are such as automotive, aircraft flight control and railway
traction systems. Many modern electric drive systems change into critical electrical
drives system to save human life or protect system from failure. In future, critical
electrical drive system will become more widespread and dominant [1]. Due to recent
advancements in electrical drive and power converters, the industrial process systems
and electrical drives received increased attention [2]. The reliable and fault-tolerant
operation of these critical electrical drives is main area of interest. In any electrified
drive system, the operations like steering control, brake-by-wire system and fuel
pumps control are plays vital role in uninterrupted operation of the system. Hence,
parallel redundancy has been widely employed in many safety critical electrical drive
applications such as space machines, aerospace, defense, electric vehicle, and many
other industrial applications. In general, the principal parts of electrical drive systems
are source, power electronic converters, AC or DC machines, sensors and controller.
For the uninterrupted service of any critical loads, a reliability study (diagnosis,
supervision and fault detection) is important. Hence, this chapter focuses on reliable
and fault-tolerant power converters in safety electrical drive system. The inverters
with good physical condition assure better dependability, efficiency and performance
in critical electrical drive applications. These performance metrics can be accom-
plished by using higher rating components and rendering reconfigurable internal
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fault-tolerance topologies [3]. By considering first option, a suitable power switches
are investigated for inverter in more than two decades. Since 1990, insulated gate
bipolar transistors (IGBTs) are the most popular semiconductor device for the design
inverters, which is incorporated in many high-power systems of electrical engineer-
ing. Later to simplify the assembly process of inverters, press-fit pins and PC-TIM
phase change—thermal interface material) are introduced [4]. At present, integrated
gate-commutated thyristors (IGCTs), IGBTs and metal–oxide–semiconductor
field-effect transistors (MOSFETs) represent modern switching devices. For the
portable, automotive, railway traction and aerospace applications, power-integrated
circuits (PICs)-based inverters are developed [5]. The use of silicon carbide
(SiC) MOSFET as an alternative to silicon (Si) IGBT brought some considerable
changes in the performance of various power converters. Basically, SiC MOSFET
based modular multilevel converter has the drawback of high expense and increased
dynamic loss during high-voltage and high-current applications. To resolve these
drawbacks, a Si IGBT and SiC MOSFET based hybrid MMC are introduced [6].
From the advanced technology in material process, contributed wide band gap SiC
and IGBT represents most excellent power devices that can be fabricated by SiC
successfully. In SiC IGBT based applications, the experimental findings and current
problems are summarized in the literature [7]. The hybrid structure which uses Si and
SIC switche combination can take the advantage of fast switching speed and high
conduction property of Si and SiC, respectively. However, two separate gate drivers
are normally required to operate the hybrid switch, which increases the complexity
and expense. Further, to resolve this issue, an efficient gate driver circuit was
designed with single control signal for both Si and SiC based hybrid power switch. It
makes the Si/SiC switch as a typical three-terminal device [8]. From the literature,
SiC IGBT is best suited for high switching frequency applications where it shown
low switching losses. Fault-tolerant structures are historically employed in systems
where a main function is continuity of operation. The switch faults in the converters
are mainly classified into two categories: open-circuit fault (OCF) and short-circuit
fault (SCF).This chapter focuses on fault diagnosis and suitable reconfigurable
strategy for both faults (OCF, SCF).The essential need for a fault-tolerant control of
power converter is the converter structures which has fault ride through ability.
Hence, reconfigurable strategies with the redundant structure design that has the
benefits of extremely reliable have allured numerous works in last decades. In [9]
investigated a power converter structure with redundant triacs and fuses which
improves induction motor drive. This paper uses a topology that allows continuous,
normal operation even after phase faults in power convert and induction drive. In [10]
to diagnose the fault in power transistor, freewheeling diode and bus current are used.
In [11], an open-circuit fault identification scheme is proposed for HEV by com-
paring the duty cycle and inductor current slope. The strategy explored in [12] uses a
redundant phase leg, where the neutral point of the motor is connected to the
redundant leg to ensure the fault-tolerant operation. In addition, over the past decade,
numerous investigation works has been performed to detect fault in the 3-u per-
manent magnet synchronous motors (PMSM) inverters. The work in [13] proposes a
remedial technique for failures in inverter based on the similar technique in [14]
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and [15] to attain the torque without disturbance for PMSM drives. It is important to
notice that the fault-tolerant strategies discussed in [13–16] will decrease the maxi-
mum motor torque and increase the system power loss and current in their post-fault
operations and that is inevitable. Another potential fault-tolerant converter design
[17, 18] is an additional inverter leg that connects via a bypass TRIAC to the neutral
point of the system. In this method, the motor can normally without disturbance but
more current will flow through the power switches, and this may create overheat to
the power switches. In addition, there are different analytical methods also proposed
in based on ANN, FFT, fuzzy logic and genetic algorithms. Due to open-circuit faults
(OCFs), the PMSM phase currents will not be in the pure sinusoidal form. Also, DC
components lead to an increase in copper losses. It can be shown that as compared to
standard working conditions and the other remaining phases, the defective phase has
a lesser RMS value. Owing to the non-sinusoidal form of the PMSM phase currents,
a significant increase of about 65.8% in total harmonic distortion (THD) values is
expressed in their harmonic distortion. Also, the electromagnetic torque value is not
constant any more. Due to short-circuit fault, the mechanical torque becomes more
pulsating in nature and also constitutes major threat to rotor demagnetization. So, the
SCFs are severe than OCFs [19].

Table 14.1 summarizes some important existing works related to fault diagnosis
and fault-tolerant mitigation technique for open-circuit fault (OCF) and short-circuit
fault (SCF) in power converters. This chapter focuses on fault diagnosis strategy
and fault-tolerant scheme for permanent magnet synchronous motor (PMSM) in
safety critical electrical drive application. The proposed diagnostic strategy iden-
tifies the faults from the high-frequency current signal by inserting a HF voltage
signal into the PWM control circuit of the inverter. A fault isolation and system
reconfiguration approach is applied with the study of the amplitude and frequency
of the HF signal phenomenon after the switch faults. The chapter is organized into
several sections. Section 14.2 describes the mathematical modeling of inverter. In
Sect. 14.3, PMSM based critical electrical drive system is discussed. Section 14.4
discusses the fault diagnosis and fault ride techniques. Section 14.5 discusses the
results of the simulation for different faults in different operating conditions.
Finally, important conclusions and future scopes are summarized in Sect. 14.6.

14.2 Mathematical Modeling and Operation
of Three-Phase Two-Level VSI

14.2.1 Electrical Model

Inverters are one of main power converter device, which is used to convert dc
source into single-phase or three-phase AC source. Three-phase inverters are widely
used for applications of medium and high-power. The typical three-phase VSI
circuit is depicted in Fig. 14.1. The switches pairs of the three-phase inverter in
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Table 14.1 Fault-tolerant power converters summarized

Sl.
no

Power
converter

Fault type Mitigation technique Application Year

1 IGBT based
asymmetrical
half-bridge
converter

OCF Using DC bus current
and fast FFT
algorithm (fault
diagnosis only)

Switched reluctance
motor system

2016
[17]

2 IGBT based
three-phase
inverter

OCF Using phase current
and six additional
triacs

Two PMSM drives
for traction
application

2018
[20]

3 IGBT based
three-phase
inverter

OCF Using phase angle of
stator current and
additional leg six
additional triacs

PMSM drive
system

2018
[21]

4 Four-phase
IGBT based
asymmetric
bridge
converter

OCF and
SCF phase
fault in
Inverter/
Machine

Using DC bus current
amplitude (fault
diagnosis only)

Switched reluctance
motors system

2012
[22]

5 Two-level
IGBT based
voltage source
inverter

OCF and
SCF

Using redundant leg
and isolating thyristors

PMSM drive
system

2012
[23]

6 Four-phase
IGBT based
asymmetric
bridge
converter

OCF and
SCF

Using phase current
(fault diagnosis only)

Switched reluctance
motors for aircraft
and automotive
applications

2013
[24]

7 IGBT based
three-phase
inverter

OCF Using current residual
vector (CRV) (fault
diagnosis only)

PMSM drive
system

2014
[25]

8 IGBT based
DC–DC boost
converter

OCF and
SCF

Using inductor current
slope and one
redundant switch

Photovoltaic
systems

2015
[26]

OCF Open-circuit fault; SCF Short-circuit fault

Fig. 14.1 Three-phase two-level VSI topology
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same leg [(Sx1, Sx2), (Sy1, Sy2), (Sz1, Sz2)] should not be turned on concurrently
because that will create short-circuit in the leg. To create a proper voltage wave-
form, switching of states should occur in the inverter. As a result, the AC output
L–L voltages are in the form of discrete levels of +Vs, 0, and –Vs for the circuit
shown below.

Here, Vxo, Vyo, Vzo = inverter output phase voltages, Vxy = inverter line-to-line
output voltage = Vxo – Vyo, Vyz = inverter line -to- line output voltage = Vyo – Vzo

and Vzx = inverter line-to-line output voltage = Vzo – Vxo.
The Fourier series form of output phase voltage is:

vxo ¼
X1

n¼1;3;5

Vxo;n sinðnxtÞ ð14:3Þ

where Vxo is the output phase voltage between phase x and point O in Fig. 14.1
After simplification,

vxo ¼
X1

n¼1;3;5

2Vin

np
sinðnxtÞ ð14:4Þ

Similarly, the remaining output phase voltage Vyo and Vzo can be written as:

vyo ¼
X1

n¼1;3;5

2Vin

np
sin n xt � 120�ð Þ½ � ð14:5Þ

vzo ¼
X1

n¼1;3;5

2Vin

np
sin n xt � 240�ð Þ½ � ð14:6Þ

The output line-to-line voltage Vab will be depicted using Fourier series as
follows:

vxy ¼
X1

n¼1;3;5

Vxy;n sin n xtþ 30�ð Þ½ � ð14:7Þ

where Vxy,n = amplitude of the nth harmonic component of vxy.

Table 14.2 Fault signatures: HF current and phase current during normal/open-circuit switch fault

Fault signatures Normal operation Open-circuit fault in any leg

Top switch Bottom switch

HF current Amplitude (A) Normal Zero Zero

Frequency (Hz) f <f <f

Phase current Amplitude (A) Normal <Io <Io
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After simplification,

vxy ¼
X1

n¼1;5;7;11

4Vs

np
cos

np
6

� �
sin n xtþ 30�ð Þ ð14:8Þ

Similarly, the remaining output L–L voltages Vyz and Vzx can be written as:

vyz ¼
X1

n¼1;5;7;11

4Vs

np
cos

np
6

� �
sin n xtþ 30� � 120�ð Þ ð14:9Þ

vzx ¼
X1

n¼1;5;7;11

4Vs

np
cos

np
6

� �
sin n xtþ 30� � 240�ð Þ ð14:10Þ

14.2.2 Thermal Model

According to relevant data, almost 60% of the failure of power devices due to
higher junction temperatures induced by heat and increased thermal resistance of
power devices or excess of power loss [27, 28]. Consequently, the IGBT junction
temperature is regarded as one of the main measures of its health and reliability.
The popular models used for thermal modeling of power switches are Cauer-type
and Foster-type both are based on resistance–capacitance (RC) network (Fig. 14.2).
Here, the physical structure of the device can be modeled with the help of Cauer–
thermal model [29, 30]. The Foster-type model is calculated by means of the power
device temperature dynamics [31]. The thermal module referred to in this chapter
consists of a three-phase inverter containing in one package all six IGBTs and
diodes. For the thermal network of a 3-u inverter power module, the Foster-based
thermal model is considered.

The Fig. 14.3 shows the cross-sectional view of the IGBT diode module with
heat sinks, where each physical layer is expressed as a “cell” consisting of two
parallel subcircuits of thermal resistance and capacitance, linked in sequence, as
depicted in Fig. 14.4.

Rth2

Cth2

Rth1

Cth1

(a)

Rth2Rth1

Cth2Cth1

(b)

Fig. 14.2 Thermal networks of a Foster b Cauer
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The following equation shows mathematical expression of each cell

ZthiðtÞ ¼ R2 1� exp
t

R1C1

� �� �
þR2 1� exp

t
R2C2

� �� �
ð14:11Þ

The thermal model for an inverter module mounted on a typical heat-sink with
multi-IGBT devices is expressed as

Tj1
Tj2
..
.

Tjm

2
6664

3
7775 ¼

Z11 Z12 � � � Z1m
Z21 Z22 � � � Z2m
..
. ..

. . .
. ..

.

Zm1 Zm2 � � � Zmm

2
6664

3
7775:

PL1

PL2

..

.

PLm

2
6664

3
7775 ð14:12Þ

where self-impedances of each chip are represented by the diagonal elements
(i = j), whereas mutual –impedances are represented by off-diagonal elements
(i 6¼ j). PLi, Tji(i = 1, 2, …, m) illustrates m heat sources and junction temperatures.

Fig. 14.3 Power module with heat-sink cross section view

Rth2

Cth2

Rth1

Cth1

Fig. 14.4 Power module
each material layer thermal
model
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14.3 PMSM Based Critical Electrical Drive System
with Fault–Tolerant Topology

In Fig. 14.5, the critical drive system with fault-tolerant topology is shown. The
speed estimator is used to sense the speed of the machine, and it is further processed
using PI controller to produce the reference current. Further, the error between
reference current Iref and the current measured from phase Im, and it is further
converted into reference voltage, Vref by processing through a PI controller. The
switching signals the inverter switches that are created by regulating the reference
voltage Vref with a carrier signal (triangular wave). Filtering and frequency esti-
mation unit, filters out the HF portion from output-phase current and calculates the
frequency of HF signal. The fault diagnosis and relay actuating unit generate relay
actuating signal based on amplitude of phase current, amplitude and frequency of
HF current signal.

14.3.1 High-Frequency Signal Injection Scheme:

High-frequency signal injection (HFSI) is one the widely used approach for sen-
sorless control of low speed machine and also to detect turn fault in electric
machines. Here, a sinusoidal HF voltage injection scheme [32] is implemented to
diagnose switches faults in three-phase VSI inverter. With the help of the HFSI
technique, fault signatures are generated during switches faults (OCF, SCF).
The HF voltage signal VHF is superimposed to the Vref for the generation of
switching signal. The HF voltage signal is specified as follows,

Fig. 14.5 Critical drive system with fault ride through
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VHF ¼ Vm sinðxtÞ ð14:13Þ

Here, the amplitude of injected HF voltage signal is Vm, and the frequency will
be of x. Now the final reference voltage is obtained as follows,

Vsum ¼ Vf þVHF ð14:14Þ

Now PWM module compares Vsum with triangular carrier signal to produce
switching pulse inverter switches. The PWM duty cycle is controlled by a PWM
generator based on the reference voltage, Vsum. Since HF signal is introduced to the
reference voltage and due to that, the measured phases current also have
high-frequency components. These measured phase currents are used to identify the
semiconductor switch fault in the power converter.

14.4 Fault Diagnosis and Redundant Strategies

Fault-tolerant inverter is a two-step process, and fault diagnosis operation is
performed prior to fault ride through operation. The first challenge in the fault is to
reduce the processing time of fault detection and localization. Especially, for a
short-circuit (SCF) fault in the inverter, a particular leg has to be detected and
isolated less than 10 lsec to save the overall system [33]. Information of fault
locations often requires an efficient fault-tolerance technique. Thus, two cascaded
mechanisms are fault detection and fault tolerance. In last two decades, several
approaches proposed to identify faults in power converters [34, 35]. Based on
the output variables of inverter existing fault diagnosis techniques of power con-
verters classified broadly in two categories: (1) current-based approach and
(2) voltage-based approach. The current-based approaches are commonly proposed
because they do not require extra sensors. In [36], the literature proposed two
methods to detect the faults which occurs in the inverter. The first method detects
the fault by analyzing of the current waveform values, and the second method
identifies the fault type using the frequency of current waveform. Average motor
current Park's vector is used to track power devices faults in [37], which detect the
OCFs and SCFs of power switches in the inverter. Different fault tolerant tech-
niques have been investigated. The inverter structures shown in Fig. 14.6a, b can
bear OCFs and SCFs with exclusive post-fault behaviors [38]. In the below two
circuits, triacs are used to connect the additional leg to the main legs. During normal
operation, triacs will be in off condition, and the drive system continues to work
without any malfunction. When the fault takes place, with the help of fast acting
fuses, the faulty phase is removed from the main circuit. The load connected to the
particular phase linked to the DC supply through midpoint of the fourth leg by
activating the triacs connected to the faulty phase. For a standard two-level 3-u
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inverter, the output L–L voltage varies between (0, Vs) or (0, −Vs), here Vs is the DC
source voltage. But, when a split DC bus capacitor is used as the extra leg as shown
in Fig. 14.6b, the output voltage varies between (0, Vs/2) or (0, −Vs/2).

14.4.1 Fault Diagnosis Scheme

Figure 14.7 presents the block diagram that represents the fault diagnosis scheme
this chapter focuses. It depicts the HF current separation from measured phase
current and frequency calculation of the HF current. In the focused fault detection
scheme, HF voltage signal is added to the reference voltage derived from reference
current and measured three-phase currents. Now, the total sum is sent to the PWM
block as reference voltage. Since HF components are injected into triggering pulses
of power switches, the phase currents will have these high-frequency components.
The magnitude and frequency of HF current signal are used as the main fault
signatures. In order to find out the frequency of HF current signal, which need to be
filtered out from the difference of Iref and Im using band-pass filter. Next, the filtered
signal is sent to the zero-crossing detection unit and further given to counter
module. The time period between two consecutive zero crossing is half the time
duration of the HF current signal. So, this time period is used to estimate the
frequency of HF signal. The fault diagnosis and relay control unit generate relay
actuating signal based on the fault signatures (amplitude of phase current and
amplitude and frequency of HF signal). Table 14.2 displays the HF signal status and
the underlying current during normal service. It can be observed that current
sampling introduced delay Td in the output of BPF as expected. This will affect the
frequency calculation based on the zero-crossing detector method and in the fault
identification accordingly. So that calculated frequency alone is not taken as the
fault diagnosis parameter, therefore changes in HF current amplitude [39] also
considered as another fault diagnosis parameter. The OCFs and SCFs will be
identified using two threshold values Io and Is, respectively. As a consequence, the

Fig. 14.6 3-u two-level four-leg fault-tolerant inverters schematic: a switch-based; b capacitor-
based
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power switches’ OCFs and SCFs are observed by measuring the variations in the
amplitude and frequency of the HF current after filtering along with the difference
in the fundamental phase current. The fault diagnosis methodology of the power
switches is covered in detail in the following sections.

14.4.1.1 Fault Diagnosis of Open-Circuit Fault (OCF) in Power
Devices:

The moment OCF takes place in any one of the top switch of the three phases; the
particular phase leg will be removed from +ve terminal of the power supply as
depicted in Fig. 14.8. And the phase current will immediately drop to zero,
enabling the OCF to be identified via the threshold value Io. By observing the
amplitude and frequency of the HF current, the particular defective switch is
localized. Since the HF signal is inserted into the top switches, after the occurrence
of the fault, there will be no HF current portion, and thus, the HF current frequency
will drop to zero, indicating an open-circuit fault in the top switch. The occurrence
of the OCF in the bottom switch can also be defined in the same way, as depicted in

Fig. 14.7 Fault diagnosis scheme

Fig. 14.8 Under OCF
condition. a OCF in a top
switch, b OCF in a bottom
switch
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Fig. 14.8. Table 14.2 summarizes the fault signatures of an OCF in the top and
bottom power devices.

14.4.1.2 Fault Diagnosis of Short-Circuit Fault (SCF) in Power
Switches

The SCF signatures in the top and bottom semiconductor power devices are given
in Table 14.3. The control strategy which is used in PWM does not modulate the
defective phase voltage owing to when the top switch of either of the phases is
short-circuited, as depicted in Fig. 14.9, and as a result, the phase is continuously
excited. As a consequence, the basic current of the defective phase rises expo-
nentially till it exceeds the threshold value of the short-circuit fault current, Is. At
the same time, the HF current should immediately vanish due to the switching
signals of PWM which are not available at top power device. The frequency of the
HF current would decrease to zero as a result. A short-circuit fault in the top switch
is localized by incorporating these fault parameters, as given in Table 14.3.
Similarly, when the bottom power device is short-circuited, the same signatures are
used to localize the short-circuit switch.

Table 14.3 Fault signatures: HF current signal and phase current during normal/short-circuit
switch fault

Fault signatures Normal operation Short-circuit fault in any leg

Top switch Bottom switch

HF current Amplitude (A) Normal Zero Zero

Frequency (Hz) f <f <f

Phase current Amplitude (A) Normal >Is >Is

Fig. 14.9 Under SCF
conditions a SCF in a top
switch, b SCF in a bottom
switch
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14.4.2 Fault-Tolerant Topology

A modified 3-u two-level inverter with fault-tolerant ability is depicted in
Fig. 14.10 in order to maintain continuous driving operation after failure. The
fault-tolerant system is also made up of four extra power devices (IGBTs) along
with a relay circuit. The relay that corresponds to the fault is switched ON when a
fault is found in either switch, and the associated fault free switch replace the
defective switch to make sure the motor stable performance.

14.4.2.1 Open-Circuit Fault Tolerant

When OCF fault takes place in the top power device as shown in Fig. 14.10, X1

relay is actuated and to replace the defective power device Sx1 by Sr1. Similarly, Sr2
is linked via X4 when the fault occurs in the lower switch. X1 and X4 simultaneously
switched ON in the event of concurrent fault in S1 and S4 switches, and redundant
switches Sr1 and Sr2 ensure the continuity of driving service.

Fig. 14.10 Fault-tolerant inverter structure
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14.4.2.2 Short-Circuit Fault Tolerant

The diagnostic algorithm detects the fault when a SCF takes place in the top or
bottom switch, the defective switch is isolated immediately, and the redundant
switches Sr1 or Sr2 continues to drive service via relay X1 or X4, respectively. X1 and
X4 simultaneously switched ON in the event of concurrent fault in Sx1 and Sx2
switches, and stable switches Sr1 and Sr2 ensure the continuity of driving service.

14.5 Results and Discussion

The fault diagnosis and fault-tolerant methodology focused in this chapter verified
using Typhoon HIL simulation environment. Here field-oriented control (FOC)-
based PMSM driven by fault-tolerant inverter. Table 14.4 presents the parameters
of PMSM. The amplitude of HF voltage signal added with reference modulating
signal is 7% of the DC input value; also, the HF signal frequency was 4 kHz. Fault
occurs in IGBT switches that are mitigated using redundant IGBTs connected in
parallel with main switches through relays. Results are plotted for OCF and SCF
which takes place in any one of the three-phase leg. Also, the methodology tested
for simultaneous occurrence of both faults in the same leg. This is a two-step
process, first the fault leg will be identified based on magnitude of phase current and
HF current. Next from the generation of fault flag, the particular relay will be turned
on to connect the redundant IGBT to the fault IGBT in parallel.

Figure 14.11 shows the simulation output of phase X current (Ia) and filtered
high-frequency current signal during normal operation. Here, two threshold values
for phase current are defined to find open-circuit fault and short-circuit fault namely
Io and Is as follows,

Io ¼ KO � Iref ð14:14Þ

Is ¼ Ks � Iref ð14:15Þ

Here, the coefficients KO and KS were 0.7 and 1.35, respectively, which varies
depends on the motor parameters.

Table 14.4 PMSM parameters of PMSM

Parameter Quantity Parameter Quantity

Rated power (Pn) 6.9 kW d-inductance (Ld) 6.9 mH

Rated voltage (VL) 400 V q-inductance (Lq) 6.9 mH

Rated electrical frequency (f) 50 Hz Moment of inertia (Jm) 7.8 m kgm2

Rated current (IL) 10.9 A Rated torque (Tn) 32 Nm

Stator resistance (Rs) 0.42 Ω Rated speed (Nn) 2000 rpm
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14.5.1 Fault Diagnosis and Tolerant Control for OCF:

Figure 14.12 displays results of the simulation when the motor runs at 955 rpm and
rated load for an OCF in the top switch of phase X. At the top switch of the power
converter, the initially open-circuit fault is created. As anticipated, it can be seen
that the phase current (Ia), fell below a certain Io value, signaling an OCF occur-
rence, either in the top or bottom switch, in phase X. Because of the open switch
circuit, the HF signal element is zero, as stated in section III. Flags FTo reflect the
fault event and the identification of the OCF. Once the fault found, the fault tag is
set and the relay X1 connected to the redundant IGBT is triggered. Next, the
defective switch gate signals passed to the new switch. It will isolate from the
circuit the defective IGBT. Similarly, an open-circuit fault was simulated at rated
torque below 955 rpm in the phase X bottom switch. The results of the simulation
show defective phase current decreased immediately after the fault occurred,
exceeding the Io threshold. The defective switches are localized on the basis of
these fault signatures mentioned in Table 14.2.

The fault tag is set once the fault is detected and the relay X2 linked to the
redundant IGBT is actuated. Now the defective switch gate signal will be passed to
the new switch. Similarly, at rated torque below 955 rpm, a SCF was created in the
top switch of phase X. The results of the simulation indicate that the defective phase
current is increasing exponentially, exceeding the threshold right after the fault
occurs. The defective switches are localized on the basis of fault signatures listed in
Table 14.3.

Fig. 14.11 During normal operation of inverter a phase X line current Ia (A) b HF component
filtered from phase X current
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14.5.2 Fault Diagnosis and Tolerant Control for SCF

For a SCF in the bottom power device, Fig. 14.13 displays the fault-diagnostic
waveforms. The short-circuit fault created at the bottom of the three-phase inverter
switch. When the bottom switch is short-circuited, the increase in the defective
phase current can be monitored. The amplitude HF current component values are
also reduced as compared to normal working condition. As a consequence, the Is
threshold was attained, and a SCF in phase X is found. The FTs flags represent the
existence of fault and SCF detection. The fault tag is set once the fault is detected
and the relay X2 linked to the redundant IGBT is actuated. Now the defective switch

Fig. 14.12 OCF diagnosis and tolerant control of top power devices in phase X leg. a Phase
X current Ia b Filtered high-frequency current c OCF flag
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gate signal will be passed to the new switch. Similarly, at rated torque below
955 rpm, a SCF was created in the top switch of phase X. The results of the
simulation indicate that the defective phase current is increasing exponentially,
exceeding the threshold right after the fault occurs. The defective switches are
localized on the basis of fault signatures as listed in Table 14.3.

When both OCF and SCF takes place simultaneously in upper switch and lower
switch, respectively, the fault flags will be generated as show in Fig. 14.14 based on
the signatures discussed in Tables 14.2 and 14.3 in Sect. 14.4. The above tests are

Fig. 14.13 SCF diagnosis and tolerant control of bottom switch in phase X leg. a Phase X current
Ia b Filtered HF current c SCF flag
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repeated for different working conditions such as running speed, load power and
mechanical torque to ensure the robustness of the topology.

14.6 Conclusion and Future Scope

The presented fault-tolerant VSI in this chapter that can handle both SCFs and
OCFs in the power switches. The introduced fault-tolerant structure consists of four
extra IGBT devices along with a relay circuit connected to the traditional symmetric
power converter. In addition, it investigates a fault-diagnostic technique based on
HF signal injection that does not need extra sensors, unlike other approaches. This
technique only uses input variables which already exist in the primary drive control
system. So that increase in cost and complexity due to additional sensors and
electronics devices can be avoided. The focused algorithm does not depend on the
motor running speed, load power and motor mechanical load conditions. Both OCF
and SCF faults are diagnosed based by the changes in amplitude of the inserted HF
signal and the output phase current at the instant of the fault. It is simple in
construction, robust, and simple in control. Simulation results extracted from
Typhoon HIL software shows that the fault diagnosis and tolerant strategy is quick
enough such that drive systems will have negligible amount of disturbance. The
outputs demonstrate the effectiveness of methodology focused, which successfully
isolates the faulted switches for any fault. The machine's post-fault operation is the
same as the prefault one. The simulation output results validate that the imple-
mented inverter will be suitable in any safety critical electrical drive applications in
which fault tolerance is most essential. Hence, it significantly improves the per-
formance of the PMSM drive system by more efficient and cost-effective system,
which is more suitable safety critical electrical drive applications such as aircraft
and automotive applications. Future analysis can be extended to implement the

Fig. 14.14 Flag generation during open- and short-circuit faults in top and bottom switch of phase
X leg
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fault-tolerant inverter with a smaller number of redundant power switches with
suitable control algorithm. Also input and output transient phenomena and
non-idealities make the system switch fault diagnosis and mitigation process more
complex, so in future investigation under these issues can be considered.
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Chapter 15
Modeling and Performance Analysis
of Various DC–DC Converters

Subhadip Goswami and Abhik Banerjee

15.1 Introduction

For the most part, the Buck Converter is used in SMPS circuits where the DC yield
voltage should be lower than the DC input voltage. The DC supply can be acquired
from reviewed AC or from any DC deftly. It is useful where electrical withdrawal is
not needed between the trading circuit and the yield, anyway where the data is from
a changed AC source, partition between the AC source and the rectifier could be
given by a mains disconnecting transformer. The converter between the data and
yield of the Buck Converter interminably turns on and off at high recurrence. While
the DC contribution to a boost converter can be acquired from numerous sources,
for example, batteries, corrected AC from the mains gracefully, or DC from sun
based boards, power modules, dynamos and DC generators and so on. The lift
converter is not exactly equivalent to the buck converter in that its yield voltage
is comparable to, or more critical than its data voltage. At any rate it is basic to
remember that, as power (P) = voltage (V) � current (I), if the yield voltage is
extended, the available yield current should lessen. Again, a Buck–Boost converter
is quite a traded mode power easily which joins the standards of buck converter and
lift converter in a singular circuit. It gives an oversaw DC yield voltage from either
an AC or a DC input. The Buck converter conveys a DC yield in a range from 0 V
to only not exactly the stockpile voltage. The lift converter will make a yield
voltage going from a comparable voltage as the commitment, to a level much
higher than the information. By solidifying these two regulator plans, it is possible
to have a regulator circuit that can adjust to a wide extent of data voltages, both in
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higher or lower than that required by the circuit. Fundamentally, the CUK converter
is such a DC/DC converter that has a yield voltage monstrosity that is either more
basic than or not really the information voltage size. It is on a very basic level a lift
converter followed by a buck converter with a condenser to couple the energy. It
utilizes a condenser as its basic energy-gathering segment, not at all like most
different sorts of converters which utilize an inductor. Again, the flyback converter
is used in both AC/DC and DC/DC change with galvanic partition between the
information and any yields. It is a buck-uphold converter with the inductor split to
lay out a transformer, so the voltage degrees are extended with an extra bit of
breathing space of detachment. The properties of different converters were con-
firmed by reenactments, their yield results were appeared for changed obligation
cycle and various boundaries, proficiency was determined for every converter too,
and a PWM circuit was built for the changing recurrence to drive the switch
entryway [1]. Coordinated rectifiers can be utilized to diminish the huge conduction
misfortune brought about by diode forward voltage drops in low‐voltage applica-
tions [2]. This chapter proposed a viable and direct technique to fit the numerical
I–V bend to the three (V, I) remarkable focuses without the need to figure or to
gauge some other boundaries aside from the diode consistent and has proposed a
closed answer for the issue of finding the boundaries of the single-diode model
condition of a down-to-earth PV cluster [3]. To accomplish nearly swell-free cluster
current, we have utilized wave-controlling marvels with the assistance of incor-
porated inductor in a coupled inductor single-ended primary inductor converter
(SEPIC) converter [4] and a V2-based maximum power point tracking (MPPT) plot
is created utilizing a buck-support change geography where the photovoltaic
(PV) generator shows a nonlinear I–V trademark and its most extreme force MPPT
differs with sun powered insolation. Progressed material covers devices for the
reproduction of exchanging converters (counting both PSpice and MATLAB
recreations) and the essential ideas important to comprehend different real and
arising applications for exchanging converters. For example, power factor
amendment, LED drivers, low-commotion converters and exchanging converters
geographies for sun-based and energy units [5]. The ideal yield voltages can be
achieved by choosing legitimate estimations of inductor, capacitor and exchanging
recurrence [6]. Investigation of DC buck converter that can be applied for sus-
tainable power application that can be diminished or step down its info voltage to a
lower-level contingent on the heap necessity. By fluctuating the obligation pattern
of the DC buck converter, the yield voltage can be changed relatively [7]. The
reenactment results show that if the variety of inductance esteem was too little in
consistent express, the yield voltage worth will have a major diverse with yield
voltage of Buck Converter hypothetically. In addition, if the inductance is exces-
sively huge, it will deliver a ton of swaying. The job of regulator is significant while
it is utilizing for a specific application. Power electronics is the utilization of strong
state hardware to control and change one type of electrical control over to another
structure, for example, changing over among AC and DC or changing the greatness
and period of voltage and flow or recurrence or blend of these. The guideline of the
principle circuit buck-support geography is examined in detail, and the states of
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delicate exchanging activity shows the circuit outline for the condition of the cycle
with related waveforms. The results show that the DC–DC converter accomplishes
delicate exchanging, lessens the exchanging misfortune and improves the produc-
tivity of the circuit. An arrangement-type buck-help converter is recommended that
utilizes a H-connect circuit and a force help circuit with little force rating and trial
results affirmed that the proposed circuits could diminish misfortunes by 2/3 at the
most extreme effectiveness point. The zero current switching (ZCS) and the zero
voltage switching (ZVS) technique is embraced by soft-exchanging converter and
research about newton-technique control utilizing buck-support converter that is
applied to photovoltaic framework considering delicate exchanging strategy is
performed [6]. The specific scientific treatment of the buck-support converter is
done to play out an insightful investigation of the force factor of the converter [7].
The nonlinear wonders in the new Buck–Boost converter might be preferably
unpredictable over that in the conventional converters, which will decay the
exhibition of the converter somewhat, the bifurcation and the disarray in customary
DC–DC converters were concentrated widely [8–11]. It was exhibited that there
was different sorts of nonlinear wonders in the customary Buck–Boost converter
[12–15].

15.2 Buck Converter

This converter is routinely used in networks that implies down the voltage from the
data voltage as shown by the essential. The objective for obtaining the voltage is to
figure the current and voltage of inductor first when the switch is shut and a short
time later for open switch. The qualification in inductor current more than one
period should be zero for steady work. It is so named on the grounds that the
inductor consistently ‘bucks’ or acts against the information voltage. The yield
voltage of an ideal buck converter is equivalent to the result of the exchanging
obligation cycle and the stockpile voltage. At the point when the switch is opened,
the inventory current to the inductor is unexpectedly interfered. A simple circuit is
given in Fig. 15.1.

This type of converter works in nonstop mode if the inductor current never
tumbles to zero during the compensation cycle. This is portrayed in Fig. 15.2.

The development of V and I with respect to time in continuous conduction mode
is shown in Fig. 15.3.

Fig. 15.1 Simple buck
converter
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The development of V and I with respect to time in discontinuous conduction
mode is shown in Fig. 15.4.

Less current is taken by load in discontinuous method and higher load current
levels in continuous method. Figure 15.5 is shown below.

This converter is modeled and simulated in MATLAB environment. Figure 15.6
depicts the simulation of buck converter.

The parameters are adjusted in such a way that on giving a voltage of 12 V, an
output of 4.679 V is obtained. The resulting response of the designed network is
given in Fig. 15.7.

Fig. 15.2 On and off states of buck converter

Fig. 15.3 Advancement of
V and I with respect to time in
CCM

Fig. 15.4 Development of
V and I with respect to time in
DCM
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15.3 Boost Converter

In this sort of converter, voltage is wandered up from its commitment to the yield.
Now and again channels made of condensers are added to quite a converter’s yield
and commitment to lessen swell in voltage. The hypothesis that drives this sort of
converter is the affinity of inductor to restrict changes in current by making and
crushing an appealing field. In this converter, the yield voltage is reliably consid-
erably more than the data voltage. The two current ways of this converter are shown
in Fig. 15.8.

Exactly when such a converter works in predictable mode, the current over the
inductor does not tumble to zero. Below diagram shows the graphs of currents and
voltages in a converter working in this mode (Fig. 15.9).

Fig. 15.5 Standardized yield voltage with the standardized yield current

Fig. 15.6 Simulink of buck converter
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Fig. 15.7 Output response of designed circuit

Fig. 15.8 Two current ways
of converter

Fig. 15.9 Waveform of
current and voltage in
continuous conduction mode

300 S. Goswami and A. Banerjee



The inductor might be completely released at high wave current value before a
total recompense cycle closes. For this situation, current across inductor tumbles to
zero. Despite the fact that there is an almost no distinction, it considerably affects
the yield voltage. Figure 15.10 shows the discontinuous mode operation.

The Simulink diagram of above converter is shown in Fig. 15.11. It is simulated
in MATLAB environment.

It is found that output voltage is increased to 13.91 V from an input source
voltage of 5 V. The output response of the designed circuit is shown in Fig. 15.12.

15.4 Buck–Boost Converter

It is such a DC-to-DC converter that has a yield voltage size that is either more
critical than or not actually the information voltage size. It is equivalent to a
converter which uses a single inductor instead of a transformer. Both of them can
make an extent of yield voltages, going from much greater than the data voltage,
down to practically zero. If the current through the inductor never tumbles to zero
during a recompense cycle, the converter works in constant mode. Sometimes, the
proportion of energy required by the pile is adequately little to be moved in a period
more humble than the whole reward time span. For the present circumstance, the
current through the inductor tumbles to zero during part of the period. The fun-
damental differentiation in the standard portrayed above is that the inductor is
completely delivered close to the completion of the replacement cycle. Nonetheless,
parasitic preventions are available in each organization. In this way, a piece of the
force is dispersed by these parasitic checks which is utilized by the converter
(Fig. 15.13).

Fig. 15.10 Waveform of
current and voltage in
discontinuous conduction
mode
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15.5 Flyback Converter

It is utilized in both AC/DC and DC/DC transformation where between the
information and yield there is galvanic disconnection. This is a sort of the imme-
diate aforementioned converter having split inductor to deliver a transformer, for
which the proportions of voltage are increased (Fig. 15.14).

The two existing control plans are voltage control and current control. Both
require a sign relating to the yield voltage. There are numerous cycles to make this
voltage. Initially, an optocoupler is used on the optional circuit to confer a sign on
controller. Furthermore, the cycle is to wound an alternate contorting on the loop

Fig. 15.11 Simulink model of boost converter

Fig. 15.12 Output response of boost converter
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and depends on cross guideline. The third control plan is to investigate the essential
side voltage, as shown by the standing essential DC voltage. The essential
methodology using an optocoupler is used for getting demanding voltage and
current rule, while the ensuing cycle has been created for cost-fragile applications
where the yield should not be deliberately controlled, anyway up to 11 portions
including the optocoupler could be taken out. The third technique, essential side
distinguishing, can be as exact as the underlying one and particularly traditionalist
than second, yet needs a base burden with the objective that the delivery event
keeps occurring, giving the events to test the 1:N discretionary voltage at the
fundamental winding (Fig. 15.15).

Generally, output voltage curve and dissipated power of MOSFET along with
load current are shown in Fig. 15.16. With an input voltage of 5 V, the output
voltage obtained is 15 V.

Fig. 15.13 Assessment of
yield voltage of a buck-help
converter with obligation
cycle on increment of the
parasitic obstruction

Fig. 15.14 Schematic
diagram of a flyback
converter
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15.6 Push–Pull Converter

It utilizes a transformer to transform the DC voltage. The distinctive component is
that the transformer essential is furnished with current from the data line by sets of
semiconductors in a fair network. The semiconductors are of course turned on and

Fig. 15.15 Waveform of ‘knee point’

Fig. 15.16 Output voltage response and dissipated power of MOSFET along with IL
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off, irregularly exchanging the transformer’s current value. This differences with
buck-help converters, in which the information current is provided by a solitary
semiconductor which is turned here and there, so current is just drawn from the line
during a large portion of the exchanging cycle. During the other, a large portion of
the yield power is provided by energy put away in inductors or condensers in the
power flexibly. They have steadier info current, make less clamor on information
line which are more proficient in higher power applications (Fig. 15.17).

The term is once in a while used to for the most part allude with bidirectional
excitation of the transformer to any converter. For instance, in a full-bridge con-
verter, the switches substitute the voltage over the flexibly side of the transformer,
making it work as for AC force and give a voltage on its yield side. Regardless, the
yield is then redressed and moved to the load. Condensers are regularly included at
the yield to channel the exchanging clamor. It is imperative to allow a little range
between controlling the transformer one way and energizing it the other: The
switches are generally similar to semiconductors. Thus, a little stand by is expected
to keep away from this issue. This stand by time is classified ‘dead time’ and is
important to stay away from semiconductor shoot-through. The PI regulator sub-
system utilizes a basic indispensable control to change over and keep up the
ostensible yield voltage. At the hour of beginning, the reference voltage is ventured
to yield voltage. In the case of a push–pull buck converter, the full load consists of a
constant load and a cyclic load. Here, an input of 400 V is taken, and the yield is
80 V with transformer turns ratio of 2:1. The output curves are simulated and
shown in Fig. 15.18.

Fig. 15.17 Schematic of a full-bridge converter
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15.7 Cuk Converter

It is a kind of converter that has a yield voltage esteem that is either more important
than or not actually the data voltage size. Like the buck–boost converter with
inverting geography, the yield voltage of non-disengaged Cuk is commonly like-
wise reversing, furthermore, can be lower or higher than the information. It utilizes
a condenser as its primary energy-accumulating part. The Cuk converter permits
energy to stream bi-directionally by utilizing a diode and a switch as shown in
(Fig. 15.19).

Fig. 15.18 Output curves of a flyback converter

Fig. 15.19 Schematic of a cuk converter
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This type of converter is of two sorts: Initial one is non-detached cuk converter,
and the subsequent one is segregated cuk converter. The condenser C is utilized to
move energy and is associated then again to the information and to the yield of the
converter through the substitution of the semiconductor and the diode. Two
inductors are used to change over separately the data voltage source and the yield
voltage source into current sources. At a short period of time scale, an inductor can
be considered as a current source as it keeps up a predictable current. This trans-
formation is important since, in such a case that the condenser was associated
straightforwardly to the voltage source, the current would be restricted simply by
the parasitic resistances, bringing about high energy deprivation. Charging a con-
denser forestalls resistive current limiting and its related energy misfortune.
Essentially likewise with various converters the Cuk converter can either work in
ceaseless or unpredictable current mode. Regardless, rather than these converters, it
can similarly work in sporadic voltage mode as in (Fig. 15.20).

The Cuk converter can be made in a detached kind. An AC transformer and an
extra capacitor should be added. Since the detached converter is segregated, the
yield voltage extremity can be picked openly. As the non-detached converter, the
secluded version can have a yield voltage extent that is either more prominent than
or not exactly the information voltage size, even with a 1:1 AC transformer.
Figure 15.21 shows a secluded type of converter.

Fig. 15.20 Modes of non-isolated cuk converter

Fig. 15.21 Secluded Cuk converter
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15.8 Conclusion

After investigation of each sort of converter, it tends to be seen that for venturing
down the voltage, buck converter can be utilized. For venturing up the voltage,
boost converter can be utilized. Buck–Boost converter can venture up or venture
down the information voltage. Cuk converter is like buck–boost with added
advantage is that it decreases the harmonics for a similar contribution as if there
should be an occurrence of buck–boost. Flyback is utilized to plan high change
proportion because of essence of transformer. Push–Pull converter has consistent
info current and makes less commotion on the information line which in turn yields
more proficiency in greater power management.
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Chapter 16
Design and Analysis of DC–DC Buck
Converter with Drift-Free MPPT
Algorithm for a SEIG-Based Wind
Energy Generation System

Jyotismita Mishra and Monalisa Pattnaik

16.1 Introduction

Energy is one of the key factors for the development of modern society. The
available energy sources can be broadly classified into two types, namely
non-renewable and renewable. Non-renewable sources are fossil fuel (oil, natural
gas, coal) and nuclear energy. As per the Renewable Energy Policy Network 21
(REN21) 2018 report, the global scenario of energy generation by non-renewable
sources is approximately 73.5% and the rest 26.5% generation comes from
renewable energy sources [1]. Over the past decades, the energy demand is
exponentially growing due to industrialization, globalization, new technologies
invention and increased household energy consumption in urban population. This
leads to a huge gap between supply and demand in power sector for which
non-renewable energy sources become unsustainable and enviable. Nowadays, the
demand of renewable energy sources is due to ever-increasing energy consumption,
the inadequate nature of fossil fuel and greenhouse effect. Among all renewable
energy sources, wind, solar, biomass, geothermal and hydro are popular because of
clean and sustainable solution with low environmental impact.

Wind energy is becoming a leading renewable energy sources and is now
achieving exponential growth due to the advancement of wind turbine technologies,
rapid falling prices and potential environmental benefits. By the end of 2017,
according to World Wind Energy Association (WWEA), installed wind power is
increased to 539.6 GW, which covers around 5.6% of total power generation. To
supply electricity to grid, at least 83 countries are using wind power around the
world. Installation of wind power in 2017 is increased by 51,924 MW as compared
to 2016 [1]. Moreover, Asia became the largest regional contributor around 48% of
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added capacity and Europe contributes around 30% followed by 14% of North
America and Latin America and 6% of Caribbean. Denmark is achieving the
highest penetration of wind power with 43.4% of consumed electricity come from
wind by the end of 2017. Gansu Wind Farm in China is the largest farm in world
having capacity 6800 MW [2]. However, in India, wind power generation capacity
has been increased significantly due to the availability of wind energy. According to
the Ministry of New Renewable Energy (MNRE) physical progress achievement
data, by June 30, 2018, the total installed wind generation capacity is 34.293 GW,
which is the fourth largest installed wind power capacity in the world [3].
Moreover, during auctions for wind projects in December 2017, wind power tariff is
reduced to Rs. 2.43 (0.04$) per kWh (without any direct or indirect subsidies) [2].

The primary components of a wind generation system include wind turbine, a
gear box, a generator and power electronic converters as shown in Fig. 16.1. Wind
turbine converts wind aerodynamic power to mechanical power. Then, low-speed
high-torque mechanical power of wind turbine is converted to electrical power by
the use of gear box and suitable generator. Electrical power is fed to either load or
grid through power electronics converter. Due to the advancement of power elec-
tronic converters, generated power can be transferred to end user with high effi-
ciency and improved static and dynamic responses.

Basically, three types of wind turbine (WT) are used, i.e., horizontal axis, vertical
axis and ducted WT. Among them, horizontal axis WT is mostly used [4, 5]. Many
possible solutions for electrical and mechanical configurations of wind generation
system are based on gear box connection, evolution of power electronic converters
and the use of wind generators. Mainly induction generator (IG) and permanent
magnet synchronous generator (PMSG) are used to convert the wind energy into
electrical energy. Induction generator is of two types, i.e., squirrel cage induction
generator (SCIG) or self-excited induction generator (SEIG) and wound-rotor
induction generator or doubly fed induction generator (DFIG) [8]. Based on gear box
connection, wind power generation system is divided into two types, i.e., direct drive
wind generation system (without gear box) and indirect drive wind generation
system (with gear box). However, in direct drive wind generation system, permanent
magnet synchronous generator (PMSG) and synchronous multipole generators [6]
are used for energy conversion unit. All other wind generators are used in indirect
wind generation system. Further, for high-power wind turbine, DFIG is used as wind

Fig. 16.1 Components of wind generation system
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generator. In this, the stator is directly connected to the grid/load and rotor is con-
nected through a AC/DC–DC/AC back-to-back converter [7]. The advantageous of
this type of configuration is that only a part of wind power production is fed through
converter. So, the nominal power rating of converter is less than the generator rating.
For low-power application, SEIG is an appropriate choice due to low cost, easy
maintenance, ruggedness and self-protection from short circuit. Usually, AC/DC–
DC/AC-controlled voltage source converters are used to control active and reactive
power independently. AC–DC-uncontrolled rectifier with DC–DC converter is also
used to reduce the converter cost which is shown in Fig. 16.2. Steady-state and
transient performance of SEIG has been well established in [8]. Different control
techniques like active and reactive power control, sensorless vector control, indirect
field-oriented control, grid fault detection control are available in the literature to get
the fast dynamic response of the system [9–11].

Nowadays, maximum power extraction from wind turbine is one of the
important researches works. This can be achieved by proper selection of maximum
power point tracking (MPPT) algorithm [12, 13] using power electronics converter.
The design and implementation of DC–DC buck converter-based wind energy
generation system (WEGS) will be simple and efficient solution. Among all the
available MPPT algorithms [11], P&O is most common type. The conventional
P&O algorithm has more tracking time as well as more oscillation which leads
power loss [14–16]. Further, the sudden change in wind speed leads to wrong
direction which deteriorates its performance [17–19].

This chapter presents a modified P&O MPPT algorithm for DC–DC buck
converter-based WEGS. This algorithm is simple with robustness in nature which
also does not need any speed sensor, additional current sensor and turbine
parameter information.

16.1.1 DC–DC Buck Converter-Based WEGS

The single-line diagram of SEIG-based WGS is shown in Fig. 16.3 with DC–DC
converter. This DC–DC buck converter is interfaced between 3-/ rectifier and load
which makes the WGS to operate at maximum power point. The duty cycle of this
converter is generated from the MPPT controller to ensure optimal power point
operation.

Fig. 16.2 Induction generator with rectifier and DC–DC converter
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16.1.1.1 Buck Converter Design

The circuit diagram of buck converter with filter inductor (L), capacitor (C) and
load is shown in Fig. 16.4.

The output voltage of buck converter is:

Vo ¼ DVdc and Idc ¼ DIo ð16:1Þ

To calculate the value of inductor, the following equations are considered.

Dil
Dt

¼ Dil
DTs

¼ Vdc � Vo

L

) L ¼ Vdc � Voð ÞD
Dilfs

ð16:2Þ

And, the filter capacitor value is found from Eq. (16.3).
The capacitor charge change is as follows:

DQ ¼ CdVo ¼ 1
2
Ts
2
Dil
2

¼ Dil
8fs

ð16:3Þ

16.1.1.2 Drift-Free MPPT Algorithm

From power–shaft speed characteristics of wind turbine (WT) as shown in
Fig. 16.5, it is clear that the maximum power can be extracted from WT by
adjusting rotor shaft speed [14] and Eq. (16.4) should be satisfied.

dPWT

dxt
¼ 0 ð16:4Þ

To implement this, a speed encoder is required. This needs extra wiring, space,
cost and careful mounting which reduce robustness of the system [15]. To over-
come all these drawbacks, speed sensorless P&O MPPT algorithms are used.
Pm–xr curve is obtained by varying shaft speed, and similarly, Pd–Vd characteristic

Fig. 16.3 Single-line diagram of WEGS with buck converter
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can be drawn by varying duty of the buck converter. Both the theoretical charac-
teristics are shown in Fig. 16.5, and it is observed that the MPP of both the curves
coincides. In order to prove it theoretically, the following analysis is done.

Equation (16.4) is rewritten as Eq. (16.5) by using chain rule.

dPWT

dxt
¼ dPWT

dVd
:
dVd

dxe
:
dxe

dxt
¼ 0 ð16:5Þ

After voltage build-up, DC-link voltage is positive dVd

dxe
6¼ 0 and dxe

dxr
6¼ 0.

Neglecting all machine and converter losses, Pm = Pd. Now, Eq. (16.5) can be
rewritten as

dPm

dxr
¼ 0 ! dPd

dVd
¼ 0 ð16:6Þ

where Vd is the rectifier output voltage, Pd is the DC-link power, xe is the electrical
angular speed and p is the number of pole pair of induction machine. From the
above analysis, it is clear that optimum DC-link voltage (corresponding to PdMPP)
can be obtained by directly regulating the duty cycle which is the output of MPPT
controller. As DC-link power–voltage-based P&O algorithm is sensorless and easy
to implement, this technique is used to harness maximum power [11].

For algorithm implementation, at first, all variable parameters (Vd, Id and Pd),
MPPT sampling time (TsMPPT), duty cycle perturbation (DD) are initialized. Then,
DC-link voltage and current are sampled at the rate of 1 s to get the present iteration
value (Vd(k), Id(k)), and the present iteration of DC-link power (Pd(k)) is calculated
by multiplying these two quantities. After first search, all the present variables are
updated as previous iteration (k − 1) with the rate of sampling time. Figure 16.6
shows the conventional P&O MPPT algorithm.

dPd

dVd
[ 0 ) Left side of MPP ) DðkÞ ¼ Dðk � 1ÞþDD ð16:7Þ

Fig. 16.4 Circuit diagram of
buck converter
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dPd

dVd
\0 ) Right side of MPP ) DðkÞ ¼ Dðk � 1ÞþDD ð16:8Þ

dPd

dVd
¼ 0 ) at MPP ð16:9Þ

In case of constant average wind speed, the algorithm searches around the MPP
which results more oscillation. However, for rapid wind speed change, the algo-
rithm fails to perturb in right direction by only observing Pd–Vd characteristic. In
such situation, wrong direction detection leads to drift phenomenon. At this situ-
ation, algorithm fails to detect the wind speed variation and confuses in between
change in perturbation and wind speed [15–18].

The modified MPPT algorithm solves the above issue by adding the DC-link
current information under DC-link voltage loop [14]. The change in DC-link
voltage and current effect with respect to wind speed variation, the experiment has
been conducted by varying duty of the buck converter. DC-link current and voltage
are noted to plot Id–Vd characteristics. In this algorithm, DC-link current naturally
changes with wind speed variation. So, increased wind speed condition can be
detected by using Id information when Vd is positive, and exact MPP track detection
is possible with insertion of the DC-link current information.

This drift-free MPPT algorithm does not require any additional current sensor as
DC-link current information is already available to calculate power. The proposed
MPPT algorithm flow diagram is presented below. As stated above, to overcome
the above-mentioned problem of conventional P&O algorithm, a DC-link current
loop is added which increases the efficiency of the algorithm at sudden wind speed
condition with increased tracking speed. It also reduces oscillation during
steady-state operation. Figure 16.6 shows the flowchart of proposed MPPT
algorithm.

Fig. 16.5 Theoretical Pm–xr

and Pd–Vd characteristics
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16.2 Implementation of MPPT Algorithm Using DC–DC
Buck Converter

According to the design considerations, IRF460 MOSFET and MUR3060PT fast
recovery diode is used for DC–DC buck converter. TLP250 gate driver is connected
with the circuit to drive the MOSFET. For the MPPT algorithm implementation,
DC-link power is calculated from DC-link voltage and current which is measured
by TBV10/25A voltage transducer and LEM55p current transducer. As DC-link
current is switched current which is pulsed in nature, a second-order low-pass filter
is connected in between current sensor and digital controller input. Low-pass filter
circuit is shown in Fig. 16.7 (Figs. 16.8 and 16.9).

Fig. 16.6 Flowchart of Conventional MPPT algorithm
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Fig. 16.8 Flowchart of drift-free MPPT algorithm

Fig. 16.7 Experimental Id–Vd curve of WEGS
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16.3 Result Analysis

To prove the functionality of the drift-free MPPT algorithm, at first, the experiment
is conducted by gradually varying the duty cycle of buck converter to get the
operating characteristics of WTE. Pd, Vd, and D are recorded and plotted in
Fig. 16.10 for 6.5 m/s wind speed. It is seen that as the duty ratio increases the
DC-link voltage decreases and DC-link power increases correspondingly. Then,
Pd–Vd characteristics are plotted from right side of the curve. It is observed that the
maximum DC-link power is 152 W (Fig. 16.10).

To prove the effectiveness of the algorithm more precisely, the experiment is
done for various wind speed conditions, i.e., 6.5, 7, 6, 6.25, 7.5 and 7.25 m/s. The
performance of the proposed MPPT algorithm under steady-state condition is
shown in Fig. 16.11. By proposing one DC-link current loop under positive slope
of DC-link voltage loop, the oscillations around MPP reduces and an average value
of 150 W is obtained as maximum power. The efficiency is calculated as 98.68%
which is more than the conventional P&O MPPT algorithm. With the addition of
DC-link current slope, the algorithm does not confuse and searches to get the power
very close to MPP at less tracking time. The change in DC-link voltage can be due
to either algorithm perturbation or variation in wind speed. Sometimes, in case of
wind speed change, the conventional algorithm cannot differentiate the above
change and will deviate from MPP point which is discussed earlier, and it will
reduce the efficiency of the system. From Id–Vd characteristics, as shown in

Fig. 16.9 Circuit diagram of
low-pass filter

Fig. 16.10 Pd–Vd

characteristics of WEGS
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Fig. 16.7, it is observed that Id is only increasing during increase in wind speed.
Otherwise, it decreases in nature. So, by including Id loop, the algorithm will search
in appropriate direction with reduced efficiency (Figs. 16.11 and 16.12).

Fig. 16.11 Experimental
waveforms of drift-free MPPT
algorithm a wind speed and
b DC-link power

Fig. 16.12 Experimental
waveforms of a DC-link
voltage a and b DC-link
current
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16.4 Summary

This chapter proposes a drift-free P&O algorithm for DC–DC buck converter-based
stand-alone WEGS. This algorithm is simple to implement and does not require
either speed sensor or extra current sensor to detect the change in wind speed which
reduces the system cost. By including DId information, the dynamic performance is
effectively increased in terms of tracking speed. The steady-state performance is
also improved by reducing power oscillation around MPP which increases the
system efficiency. The effectiveness of the system behavior with random variation
of wind speed condition is observed. More DC-link power is harvested by using
proposed algorithm as compared to conventional P&O. Thus, the developed system
with proposed algorithm could be a reliable candidate for WGS. Significant per-
formance improvement is achieved during steady-state and transient condition with
reduction in power loss.

References

1. O’Brien, J.M., Young, T.M., O’Mahoney, D.C., Griffin, P.C.: Horizontal axis wind turbine
research: a review of commercial CFD, FE codes and experimental practices. Prog.
Aerosp. Sci. 92, 1–24 (2017)

2. Howell, R., Qin, N., Edwards, J., Durrani, N.: Wind tunnel and numerical study of a small
vertical axis wind turbine. Renew. Energy 35(2), 412–422 (2010)

3. Farret, F.A., Simoes, M.G.: Integration of alternative sources of energy. Wiley (2006)
4. Blaabjerg, F., Liserre, M., Ma, K.: Power electronics converters for wind turbine systems. Ind.

Appl. IEEE 48(2), 708–719 (2012). https://doi.org/10.1109/TIA.2011.2181290
5. Priyadarshi, N., Padmanaban, S., Bhaskar, M.S., Blaabjerg, F., Sharma, A.: A fuzzy SVPWM

based inverter control realization of grid integrated PV-wind system with FPSO MPPT
algorithm for a grid-connected PV/wind power generation system: hardware implementation.
IET Electr. Power Appl. 1–12 (2018)

6. Priyadarshi, N., Sharma, A.K., Azam, F.: A hybrid firefly-asymmetrical fuzzy logic controller
based MPPT for PV-Wind-fuel grid integration. Int. J. Renew. Energy Res. 7(4) (2017)

7. Yaramasu, V., Dekka, A., Durán, M.J., Kouro, S., Wu, B.: PMSG-based wind energy
conversion systems: survey on power converters and controls. IET Electr. Power Appl. 11(6),
956–968 (2017)

8. Liu, J., et al.: Impact of power grid strength and PLL parameters on stability of grid-connected
DFIG wind farm. IEEE Trans. Sustain. Energy 11(1), 545–557 (2019)

9. Shmilovitz, D.: On the control of photovoltaic maximum power point tracker via output
parameters. IEE Proc. Electric. Power Appl. 152(2), 239–248 (2005)

10. Padmanaban, S., Priyadarshi, N., Holm-Nielsen, J.B., Bhaskar, M.S., Azam, F., Sharma, A.
K.: A novel modified sine-cosine optimized MPPT algorithm for grid integrated PV system
under real operating conditions. IEEE Access 7, 10467–10477 (2019). https://doi.org/10.
1109/ACCESS.2018.2890533

11. Padmanaban, S., Priyadarshi, N., Holm-Nielsen, J.B., Bhaskar, M.S., Hossain, E., Azam, F.:
A hybrid photovoltaic-fuel cell for grid integration with Jaya-based maximum power point
tracking: experimental performance evaluation. IEEE Access 7, 82978–82990 (2019). https://
doi.org/10.1109/ACCESS.2019.2924264

16 Design and Analysis of DC–DC Buck … 321

http://dx.doi.org/10.1109/TIA.2011.2181290
http://dx.doi.org/10.1109/ACCESS.2018.2890533
http://dx.doi.org/10.1109/ACCESS.2018.2890533
http://dx.doi.org/10.1109/ACCESS.2019.2924264
http://dx.doi.org/10.1109/ACCESS.2019.2924264


12. Kasal, G.K., Singh, B.: Voltage and frequency controllers for an asynchronous
generator-based isolated wind energy conversion system. IEEE Trans. Energy Convers. 26
(2), 402–416 (2011)

13. Koutroulis, E., Kalaitzakis, K., Voulgaris N.C.: Development of a microcontroller-based,
photovoltaic maximum power point tracking control system. IEEE Trans. Power Electron.
46–54 (2001)

14. Vardia, M., Priyadarshi, N., Ali, I., Azam, F., Bhoi, A.K.: Maximum power point tracking for
wind energy conversion system. In: Bhoi, A., Sherpa, K., Kalam, A., Chae, G.S. (eds.)
Advances in Greener Energy Technologies. Green Energy and Technology. Springer,
Singapore (2020). https://doi.org/10.1007/978-981-15-4246-6_36

15. Nayanar, V., Kumaresan, N., Gounden, N.A.: A single-sensor-based MPPT controller for
wind-driven induction generators supplying DC microgrid. IEEE Trans. Power Electron. 31
(2), 1161–1172 (2016)

16. Hui, J., Bakhshai, A.: A new adaptive control algorithm for maximum power point tracking
for wind energy conversion systems. In: Power Electronics Specialists Conference, PESC,
pp. 4003–4007 (2008)

17. Killi, M., Samanta, S.: Modified perturb and observe MPPT algorithm for drift avoidance in
photovoltaic systems. IEEE Trans. Ind. Electron. 62(9), 5549–5559 (2015)

18. Nishida, K., Ahmed, T., Nakaoka, M.: A cost-effective high-efficiency power conditioner with
simple MPPT control algorithm for wind-power grid integration. IEEE Trans. Ind. Appl. 47
(2), 893–900 (2011)

19. World Energy Scenarios: Composing energy futures to 2050, howpublished, World Energy,
World Energy (2018).

322 J. Mishra and M. Pattnaik

http://dx.doi.org/10.1007/978-981-15-4246-6_36


Chapter 17
Grid-Connected RTPV System
with Fuzzy-Based Energy
Management System

T. Hari Priya, M. Nagajyothi, G. Radhika, and O. Sobhana

17.1 Introduction

With the increase in use of renewable sources, many microgrid and distribution
generation interconnections are happening [1–3]. Power quality improvement and
battery-based management of energy have become a scope of research. Renewable
energy sources can be used both in grid and in isolated mode of working [4, 5]. To
integrate RES to AC grid, energy management system plays a vital role, which
helps in regulating the flow of power and maintains energy balance [6–8].

In the literature, there are many energy management techniques developed by
researchers [9, 10]. One among these strategies are proportional and integral
(PI) controller applied for microgrid battery scheduling [11–13]. PI controller is
widely used for controller design due to its simplicity and flexibility to operate at
various operating points [14]. But the existence of nonlinearities will degrade
system performance and is difficult to attain the optimal solution. When compared
to PI, ‘fuzzy logic controller’ offers optimal value for dynamic systems that have
wide fluctuations in parameters of the system. It also offers advantages like simple
and robust construction, faster response, can deal nonlinearities in model and used
in MIMO applications. By using PI and fuzzy controller, the problem of dynamic
variation in parameter can be effectively dealt.

The block diagram of RTPV-fed grid with maximum power point tracking
(MPPT) and EMS is represented in Fig. 17.1. It includes solar PV array-fed con-
verter (boost), where MPPT is implemented. MPPT helps in operating the system at
peak power operating point. The output of it is connected to inverter and to the load.
The excess power available is supplied to the grid and receives the power from the
grid at low-power generation. EMS that consists of battery and controller will
maintain balance between generated power and load demand. In Sect. 17.2, solar
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cell modeling is explained followed by modeling of battery source in Sect. 17.3. In
Sect. 17.4, fuzzy-based PI controller working is explained. Results and analysis is
given in Sect. 17.5.

17.2 Modeling of PV Cell

In this work, solar PV on roof top is chosen for power generation. The equivalent
circuit model considered for simulation is given in Fig. 17.2. RTPV is constructed
by placing PV cells in parallel and series fashion.

The equation relating PV cell parameters is given by [14]

Iphn ¼ ½Ise þKiðTo � 298Þ� � Ir=1000 ð17:1Þ

The PV cell reverse saturation current is

Irs ¼ Ise= exp qVOC=NSknToð Þ � 1½ � ð17:2Þ

And, saturation current is

Io ¼ Irs
To
Tr

� �3
exp

qEgo

nk
1
To

� 1
Tr

� �� �
ð17:3Þ

PV 
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Converter

DC-AC 
Converter

AC 
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controller for 
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House -hold 
Load Demand

MPPT 
Controller

Fig. 17.1 AC grid-connected RES with EMS
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The output current is

I ¼ p Np � Iphe � Np � Io
� �

exp
V=Ns þ I � Rs=Np

n� Vt

� �
� 1

� �
� Ip ð17:4Þ

Vt ¼ kTo
q

ð17:5Þ

Ip ¼
V � Np=Ns þ I � Rs

� �
Rsh

ð17:6Þ

where

Iphn is photocurrent
Ir is input irradiation
To represents operating temperature and
Tr nominal temperatures
Ise is short-circuit current
N indicates ideality factor
q is charge acquired by electron
Ns and Np represent series and parallel connected cells
Eg0 indicates available band gap energy.

17.3 Battery Model

Battery an energy storage system plays an important part in power balancing of AC
system. ‘State of charge’ (SOC) indicates the status of charge in it, i.e., the power
available in it. To predict SOC of battery, the open-circuit model of it is considered.

Fig. 17.2 PV cell one-diode
equivalent model
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In this model, battery is treated as an ideal source of voltage with resistance in series
which is internal resistance offered by the circuit, as in Fig. 17.3.

Battery operation during charging mode is influenced by charging currents and
internal resistance, SOC. The rate at which battery charges is decided by depth of
discharge (DOD) and current available for charging.

Battery characteristics during discharge mode for Li-ion battery is given by:

Vb ¼ Vc � k
l

l� itð Þ þ ae�bit ð17:7Þ

Vb ¼ Voc � Ri
bIb ð17:8Þ

where

Voc ¼ f1 SOCð Þ ð17:9Þ

Ri
b ¼ Rdis ¼ f2 SOCð Þ during charge

¼ Rdis ¼ f3 SOCð Þ during discharge

and

SOC ¼ SOCi �
Z

gIb
Q
dt ð17:10Þ

Fig. 17.3 Battery model
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where

Voc indicates no load voltage in volts
Vc indicates constant voltage
k indicates polarization potential in volts
l indicates capacity in Ah
Ri
b is internal resistance

a indicates voltage that changes exponentially in volts
b indicates the battery capacity that changes exponentially in (Ah)−1

SOC is state of charge.

17.4 Fuzzy-Based PI Controller for EMS

The controller used in EMS of grid-connected RES is given in Fig. 17.4. It consists
of ‘fuzzy-based proportional and integral (PI)’ controller where the Kp and Ki

values of PI controller are found using FLC for various working conditions
dynamically. For example, change in error and error will indicate the first found
derivatives so as to find Kp value [14]. Here, error indicates the variation between
the power supplied and the actual demand. Inference with the rule base provides set
of rules using if–then statements which will identify Kp, in terms of two inputs.

For the input variables, the fuzzy subsets are given by Negative Bigger (NG),
Negative Lower (NL), Zero (ZE), Positive Lower (PL) and Positive Bigger (PG).
The fuzzy subsets for output Kp are Smaller (SM), Moderate (ME) and Larger (LG).
Table 17.2 describes the rule base for fuzzy controller. In this controller design,
Mamdani’s MAX-MIN technique is used for checking the inference.
Defuzzification is performed using ‘center of gravity’ (COG) method. The integral
constant Ki is found dynamically by using proportional constant Kp as described in
Fig. 17.4.

Fig. 17.4 Controller for EMS
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17.5 Results and Discussion

The proposed model consists of RTPV and BMS connected to an AC grid through
converters setup. The ratings of PV module in RTPV panel are shown in
Table 17.1. RTPV panel output is fed to AC grid by using DC–DC converter and
inverter setup. BMS used in the proposed system will regulate the power flow and
provide the power to the load when RTPV alone does not satisfy the load demand.
The PV array output Vo is stepped up to 500 V by DC–DC converter circuit, whose
ratings are mentioned in Table 17.2. The I–V and P–V plots of PV cell used in
RTPV panel are given in Figs. 17.5 and 17.6.

The input to RTPV panel, i.e., variable irradiation, is represented in Fig. 17.7.
The converter (DC–DC) output voltage using different control techniques is plotted
in Fig. 17.8. It is examined from the results that RSM-based MPPT controller offers
better tracking efficiency compared to fuzzy, P&O and increment conductance
technique.

From the Fig. 17.8, it is noticed that using RSM controller the voltage response
is faster with lesser oscillations in output, and optimal MPP is reached. P&O
techniques has large number of variations in output response, and noise is high in
fuzzy, and INC technique suffers from poor tracking efficiency. For 24 h in a day,
the variation of irradiation will be in the form of sinusoid. So, for a sinusoidal
change in irradiation for 24 h, the response of RTPV panel, load demand, battery
power output, power supplied to the grid are plotted. From Fig. 17.9, it is examined
that the PV power output is zero from 19 (7 PM) to 4 (4 AM) hours as there is
absence of sun light during that period. Peak power is reached in between 14 and
15 h, i.e., 5 kW, as the irradiation is at its maximum. The output power generated
by RTPV is of sinusoidal shape as the irradiation is varying in similar pattern.

Table 17.1 FLC rule base e/de NG NL ZE PL PG

NG LG LG ME LG LG

NL LG ME SM ME LG

ZO ME SM SM SM ME

PL LG ME SM ME LG

PG LG LG ME LG LG

Table 17.2 PV module
rating

S. No. Parameter Value

1 Vocc, voltage in volts 44.429 V

2 Vmp, voltage at Pmax in volts 36.9 V

3 Iscc, current in Amps at short circuit 8.21 A

4 Imp, current at Pmax 7.61 A

5 Total cells connected 72

6 Pmax, peak power 280.91 W
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Fig. 17.5 I–V curve of PV cell

Fig. 17.6 P–V curve of PV cell

Fig. 17.7 Irradiation to RTPV
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Fig. 17.8 Output voltage of converter (DC–DC) with and without MPPT techniques

Fig. 17.9 Output power of
RTPV for variable irradiation
in a day

Fig. 17.10 Power delivered
to the load
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The power drawn by the load connected across RTPV is in Fig. 17.10. It is
examined the power drawn is maximum at certain hours in a day and is varying
continuously throughout the day. From the characteristics of battery shown in
Fig. 17.11, the power charged and power discharged by it are examined. From the
plot, it is observed that without the use of EMS at battery from 12 to 18 h, SOC is
maintained constant and there is no charge or discharge of power from the battery.
If there is reduced power generation, then the balance power is supplied by the grid
as in Figs. 17.11 and 17.12. For the rest of the hours, EMS will come into action
along with the battery so that there is a continuous power balance between the
source and the load.

Fig. 17.11 Output power stored/discharged by the battery

Fig. 17.12 Output power supplied to/from the grid
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From Fig. 17.10, it is noticed that load power drawn is maximum, i.e., 6.5 kW at
9 AM. But the PV power output is only 2.8 kW. So, the rest of the power is
supplied by the battery as in Fig. 17.11. Power delivered to the load in a day for
variable irradiation is shown in Fig. 17.12. The power charged and power dis-
charged by battery are shown in Fig. 17.11. From the results, it is examined that the
fuzzy-based PI controller along with the battery is able to balance the energy flow
from source to the load (Table 17.3).

17.6 Conclusion

In this work, the performance of EMS controller for management of energy in
grid-connected RTPV application is validated using simulation. The MPPT con-
troller used at converter (DC–DC) is able to track the maximum power efficiently
using RSM controller when compared to other controllers. From the results, it is
examined that the fuzzy-based PI controller along with the battery is able to balance
the energy flow from source to the load. This EMS helps in maintaining the
improved power quality without any discontinuity in power to the load. The EMS
when used with battery will regulate the power flow from the battery. The battery
used here provides the sufficient power. If the power of the microgrid is not suf-
ficient and absorbs surplus current from the grid, then the battery power surpasses
the load power.
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Chapter 18
Implementation of the Virtual
Synchronous Machine
in Grid-Connected and Stand-alone
Mode

Gurugubelli Vikash, Diksha Funde, and Arnab Ghosh

18.1 Introduction

18.1.1 Motivation and Incitement

It is time to replace the traditional power grid with MG systems because it has a
high maintenance cost, hazardous to the environment, and we lost more than 30%
of generated power through transmission and distribution systems. Nowadays, the
local power generation systems (i.e., photovoltaics) are available and storage sys-
tems (i.e., batteries) are also available to store power. So, one can able to manage
the low-cost power generation and storage systems, the burden on the conventional
power system may reduce. Therefore, MGs will occupy the whole power system
within very less time. The main features of these grids are they are integrated with
the local generation and increase the reliability (it can operate in both grid-tied and
stand-alone mode of operation). The local generators are photovoltaics, diesel
generators, wind turbines, etc. Except for diesel generators, remaining all local
loads are environmentally friendly. The difficulty with RESs is lack of inertia so
that the power quality, power system stability, as well as the operation, get com-
promised; this can be solved or minimized by applying the proper control strategies
using virtual synchronous machine (VSM). With sufficient control mechanisms,
VSM will provide damping properties as well as inertia similar to the regular
synchronous generator and help the grid to keep maintain stability [1–3].
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18.1.2 Literature Review

Due to the high penetration of RESs in the global power system, the share of
energy from the RESs is dominating the share of conventional power. The RESs
like fuel cells, PV are not having rotating mass, unlike SM. Therefore, the grid
stability, as well as damping performance, gets affected [4]. In the inverter-based
system, the main challenge is to incorporate the inverters with the conventional
grid system in grid-tied mode and synchronization of the inverters in islanding
mode. In the utility grid, the contribution of the RESs is increasing rapidly such
that there are changes in the grid instability and the rate of change of frequency
(ROCOF) is also high due to the less inertia in the system. The solution to mitigate
these problems is to provide sufficient inertia to the system [5–7]. The inertia is
embedded in the microcontroller of the inverter control such that the inverter
behaves like a VSM, and one can call the inertia is virtual inertia (VI). The VI can
be embedded into the system using a short-term ESS like ultra-capacitors,
supercapacitors. We can emulate the behavior of the SMs, by controlling the
output of the inverter [8–10].

The design and control of different interfacing converters with innovative control
methods for RESs, storage systems and microgrid applications are reported in
references. The fifth-order model SM-based VSM is proposed in [11, 12]. In [11],
the primary stage control is VSM, the second-stage control is current-to-voltage
model, and it requires an energy storage system (ESS). In [12], the second stage is
voltage to the current model, and it does not require ESS. The seventh-order model
SM-based VSM is proposed in [13–15], and it requires ESS. In [16–19], the authors
proposed VSM-based droop control to achieve extra benefits added with droop
control, and it does not require ESS. In [20–23], the authors proposed the second-
order model SM-based VSM, which is nothing but the swing equation-based VSM
model. In [20, 21] the VSM is based on the swing equation, and there is no need of
PLL, and it requires ESS. In [22, 23], the VSM is based on the swing equation, and
it requires PLL and does not require ESS.

The inverter is controlled in such a manner that if any disturbance occurs, it
exhibits performance similar to that of a traditional or conventional SM. This
conception is well-known as a ‘virtual synchronous machine’ [24–26]. The VSM
model is anticipated to behave like a conventional SM; with a sufficient VI as well
as damping, this can be obtained by controlling the inverter such that one can get
the desired frequency and the amplitude of the output terminal voltage [27–30].
Therefore, it can give regulation of the system voltage and frequency. Also, the
phase-locked loop (PLL) can be removed which results in VI can give support for
maintaining the system without losing stability with DGs/RESs [31–33].

336 G. Vikash et al.



18.1.3 Contribution and Paper Organization

This paper validates the aforesaid control strategy in the framework of an MG
system as shown in Fig. 18.1 in which the RESs like solar farms and wind farms are
the DGs in the system. Sometimes, one can use battery energy storage systems also.
In this work, the battery provides DC supply to the inverter, so that no need for a
storage system in the system. Here, the inverter converts the DC power into AC
power using pulse width modulation (PWM). The PWM signals are generated from
the control strategy such that the inverter acts like conventional SM. The
steady-state operation of the system with the VSM control technique is almost
similar to the well-known droop control, but there is a remarkable difference
observed in the ROCOF. The simulation results corroborate the arguments that
VSM gives a better performance compared to droop control.

The significant contributions of this work are (a) in this authors clearly explained
how the proposed VSM inspired by the conventional SM; (b) the detailed analysis
and implementation of VSM in both grid-tied mode and stand-alone mode have
presented; (c) in previous papers, authors showed only the rate of change of fre-
quency, but in this paper, authors have presented all the parameters in the MG, and
real-time experimental studies are accomplished here.

This work is structured into seven sections. The introduction is the first section,
and the second section gives the background of the VSM. VSM control and its
implementation are presented in the third section. The fourth section presents the
VSM in grid-connected mode and its case studies. The fifth section includes the
VSM in islanding mode and its case studies. The sixth section includes real-time
experimental results. In section seven, concluding remarks are made on the VSM
control strategy.

18.2 Background

18.2.1 Traditional Power System

In an overall conventional power system, the electrical power is produced by the
centralized electric power station which is interconnected with the transmission and
distribution system, which carries the electric power from generation unit to the
load, e.g., industries, home, etc. Most of the power generation plants use fossil fuel
like coal, gas, oil, etc., as the primary source of energy, which drives the turbine or
engine called a prime mover. An automatic load frequency control loop (ALFC)
controls the frequency by controlling the power output of the generator via control
valves and speed governor. The secondary control loop of (ALFC) maintains proper
adjustment of the frequency and also the active power based on the power–fre-
quency droop characteristics. An AVR is used to regulate the terminal voltage and
also the reactive power by controlling the generator field excitation [34].
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In the global power system, the bulk synchronous plays a very active role in
supporting or maintaining the system operation as well as system stability of the
power generation unit. All because of the damping property and the inertia, the unit
contributes to the voltage control or the active power control through the rotor
excitation control as well as primary frequency control/regulation. These features
are not there in the conventional control of renewable energy sources power
electronic interfaces, due to lack of inertia.
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The power system is having various types of disturbances, some are like a line to
line fault, a short circuit between line and ground, the sudden change in demand of
load, three-phase faults, etc.; during sudden and small change or disturbance, it is
expected that power system will adopt the situation and start to continue operating.
However, in case of a major disturbance, like sudden loss or failure of a generator
or short circuit in the transmission system could isolate the damaged or faulted part
from the remaining or rest of the grid, which causes the structural change in the
power system. Various types of stability are categorized in power system study to
find out the causes of stability and work on the methods to enhance the stability.

18.2.2 Swing Equation

This is the most important component of the stability of the power system that
makes it possible to assess transient power system stability. It explains the relative
movement of the rotor to the stator field in the following time function

smðtÞ � semðtÞ ¼ J
d2

dt2
d1ðtÞþD

d
dt
d1ðtÞ ð18:1Þ

Here, sm is the mechanical torque of the SM rotor, sem is the electromagnetic
torque of an SM, d1 is the difference between rotor angular position and the ref-
erence position, t is the time in second, D is damping constant, J is inertia constant.
The inertia of the generator shows a main role in the system stability, as it reacts to
the disturbance, which is the most important property of the synchronous generator.

18.3 Virtual Synchronous Machine

18.3.1 Concept of VSM

The VSM’s main objective is to embed the dynamic and the inertia properties of a
traditional SM in the microcontroller of a power inverter to achieve great system
stability. In RESs/DGs units do not have inertia like conventional SM. The transient
behavior of the SM gives the possibility of managing the sudden changes in active
power and ROCOF of the system due to its inherent capability. With several VSMs,
one can achieve a good parallel inverter system that can operate as a conventional
parallel SMs system.

The VSM includes an inverter, the ESS and the control topology as given in
Fig. 18.2. In the VSM-based DG arrangement, VSM plays a major role to transfer
the power from the input DC side to the output AC side. The VI is incorporated to
manage the momentary active power mismatch due to sudden changes in the load.
There can be no difference between the conventional SM and VSM, excluding the
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high switching frequency noise due to the PWM techniques used in the inverter
control. The dynamic balance is achieved in the VSM due to the swing equation,
and the damping properties of traditional SM are embedded in the microcontroller
of the power inverter, which defines the output power based on the ROCOF of the
system.

18.3.2 VSM Inertia Emulation and Droop Characteristics

VSM idea is taken from the characteristics of the traditional SM to adopt the main
characteristics of the conventional SM like the moment of inertia of the rotor,
damping property of the rotor winding, and conventional droop characteristics. The
investigated VSM implementation is mainly based on traditional swing equation
and damping as represented in Eq. (18.2) as follows

dxVSM

dt
¼ Pr�

sa
� P
sa

� Pd

sa
ð18:2Þ

Here, the input mechanical power represented virtually as Pr� , the P is measured
electrical power flowing from VSM to the load, PD is the damping power, sa is the
virtual mechanical time constant (equivalent to the 2H in an SM), and xvsm is the
angular velocity in rad/s, and phase angle hvsm is calculated by the integration of
the speed.

The damping power of the VSM represents the damping effect of the traditional
synchronous generator, which is well-defined in Eq. (18.3) and the governor model
of the SG including with the all above equation becomes Eq. (18.4) as shown below
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PD ¼ kD xvsm � x�
vsm

� � ð18:3Þ

By including the droop controller, the swing Eq. (18.1) changes as follows:

dxvsm

dt
¼ 1

sa
Pr� � P� KD xvsm � x�

vsm

� �� KW xvsm � x�
vsm

� �� � ð18:4Þ

Here, KD is the damping constant and KW is the droop constant of the VSM. The
above equation is incorporated in the controller of the inverter. From Eq. (18.4), we
can calculate the xvsm. The obtained hvsm is used for controlling the real power by
inverter. Finally, the real power is controlled by proper control of load angle of
voltage at the output of the inverter. Load angle is controlled by the PWM tech-
nique with the help of the hvsm.

18.3.3 Current Control in the VSM

In the d-q setting, the active power and the imaginary power of the system as shown
in Fig. 18.3 are explained as follows:

Ps tð Þ ¼ 3
2

Vsd tð Þid tð ÞþVsq tð Þiq tð Þ� � ð18:5Þ

Qs tð Þ ¼ 3
2

�Vsd tð Þiq tð ÞþVsq tð Þid tð Þ� � ð18:6Þ

Fig. 18.3 Block diagram of grid-tied VSC
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Ps tð Þ and Qs tð Þ are the real and the reactive power, respectively, which are
varying to the time. Vsd and Vsq are the AC voltage component of the d-q frame. To
synchronize the voltage source converter (VSC) with the grid, phase-locked loop
can be used, and for such cases, Vsq component should be zero. Equations 18.5 and
18.6 can be modified as follows:

Ps tð Þ ¼ 3
2
Vsd tð Þid tð Þ ð18:7Þ

Qs tð Þ ¼ � 3
2
Vsd tð Þiq tð Þ ð18:8Þ

From the above equation, it is clear that with the control of the current com-
ponent of the d-q frame, one can control real and reactive power.

After application of the KVL in Fig. 18.3, we obtained the following equation:

Lf
dId tð Þ
dt

þ Rf þ ron
� �

Id tð Þ ¼ Vtd tð Þ � Vsd tð ÞþxLf Iq tð Þ ð18:9Þ

Lf
dIq tð Þ
dt

þ Rf þ ron
� �

Iq tð Þ ¼ Vtq tð Þ � Vsq tð ÞþxLf Id tð Þ ð18:10Þ

where, Lf—filter inductance, Rf—internal resistance of filter inductance, ron—
ON-state resistance of the switch. Vtd , Vsd and Vtq, Vsq are the inverter output and
the grid voltages in the d-q reference frame, respectively. The relationship between
inverter output voltages in the d-q frame is represented as follows:

Vtd tð Þ ¼ VDC

2
m1d tð Þ ð18:11Þ

Vtq tð Þ ¼ VDC

2
m1q tð Þ ð18:12Þ

Here, m1d and m1q are the modulation index in the d-q frame. Dependence
between the states, one can say that there is a coupling between the dynamics of the
Id and Iq for the decoupling of the dynamics the modulation indices are introduced,
i.e., m1d and m1q as follows

m1d ¼ 2
VDC

U1d � xLf Iq þVsd
� � ð18:13Þ

m1q ¼ 2
VDC

U1q � xLf Id þVsq
� � ð18:14Þ
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Here, U1d and U1q are the two new control inputs. The modulation indices are
m1d and m1q obtained to decouple Eqs. (18.9), (18.10), and replacing them in Eqs.
(18.11) and (18.12), for the Vtd and Vtq, we obtained the following equations:

Lf
dId
dt

¼ � Rþ ronð ÞId þU1d ð18:15Þ

Lf
dIq
dt

¼ � Rþ ronð ÞIq þU1q ð18:16Þ

Equations (18.15) and (18.16) state that Id and Iq can be controlled by using U1d

and U1q, correspondingly. Figure 18.4 demonstrates the illustration of the d-axis
and the q-axis current controllers of VSC systems where U1d and U1q are the output
of the two corresponding compensators [33]. The d-axis compensator proceeds like
ed ¼ idref � id and gives U1d . Then, based on Eq. (18.13), U1d has been contributed
to the m1d . Similarly, the q-axis compensator proceeds like eq ¼ iqref � iq and gives
U1q, which is based on Eq. (18.14) which is contributed to m1q. Further, the VSC
amplifies the m1d and m1q by the factor VDC/2 which further generates the Vtd and
Vtq, that controls the Id and Iq based on Eqs. (18.9) and (18.10). Based on the
above-discussed control process, one can draw the simplified control block diagram
which is shown in Fig. 18.4, which is equivalent to the control process of Figs. 18.3
and 18.5 shows the control plants in both d, as well as q-axis current control loops,
are similar. Therefore, the corresponding components can be similar. Now, consider
the d-axis control loop; Kd can be a PI compensator for enabling the tracking of the
DC reference command.

The compensators are shown in Eq. (18.17), where Kd sð Þ;Kq sð Þ are P-I
compensators
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Fig. 18.4 Implementation of the current controller for the inverter system
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Kd sð Þ ¼ Kq sð Þ ¼ KPc

sþ zc
s

� �
¼ KPc þ

KIc

s
ð18:17Þ

The open-loop gain of the closed-loop system is shown in Eq. (18.18) and the
closed-loop transfer functions are as shown in Eq. (18.19).

lc sð Þ ¼ KPc þ
KIc

s

� 	
1

sLf þ Rf þ ron
� �

 !
¼ KPc

sLf

� 	 sþ KIc
KPc

sþ Rf þ ron
Lf

� �
0
@

1
A ð18:18Þ

Id sð Þ
Idref sð Þ
� 	

¼ Iq sð Þ
Iqref sð Þ
� 	

¼ lc sð Þ
1þ lc sð Þ
� 	

¼ 1

1þ Lf
KPc

� �
s
¼ 1

1þ sis
ð18:19Þ

where si is the desired time constant for the closed-loop system, and it can be
represented in Eq. (18.20). The choice of the time constant si is the part which is
important. The time constant is kept small for the quick current control response. It
is selected in the range (0.5–5 ms).

si ¼ Lf
KPc

ð18:20Þ
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Fig. 18.5 Individual current controller loops in the d-q-axis
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The following are the final expressions for the parameters of the P-I
compensator:

KPc ¼
Lf
si
; KIc ¼

Rf þ ron
si

ð18:21Þ

18.3.4 VSM Control Implementation

VSG control realized in a single inverter is as shown in Fig. 18.6. The power
measurement block can measure the average real power and imaginary power from
the bus voltage and the output current. From Eq. (18.4), one can generate the
reference angular displacement. The reference voltage signal is generated from the
voltage-reactive power droop law. Finally, using the reference angular displacement
signal and the output from the voltage control droop law, the pulses to the inverter
are generated. The output of the inverter is joined to the load via an LCL filter,
which eliminates/removes harmonics and regulates the shape of the output
waveforms.
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18.4 VSM in Grid-Tied Mode

The main challenges in the grid-connected system are to integrate the inverters to
the grid and control the real and imaginary power of the inverters. The investigated
VSM control arrangement for the VSC differs from the traditional control
arrangement for the VSC. In the VSM control arrangement, the inverter will act as a
conventional SM. This control structure is mainly founded on the swing equation as
well as the damping of a traditional synchronous machine.

18.4.1 Case Studies

Figure 18.7 shows the architecture of the simulation of grid-tied VSM. This con-
sists of a DC source as the input to the inverter, a filter connecting the output of the
inverter to the grid. The filter used here is the LCL filter which is used to eliminate
the harmonics. The controlling of VSM is done here to track the real and imaginary
power changes due to unpredictable load variations. The controller implementation
is showed in Fig. 18.6.

The grid voltage (phase to phase) is set as the desired voltage, Fig. 18.8 shows
the inverter output voltage in the grid-tied mode of operation when the inverter is
controlled by the VSM control strategy. Figure 18.9 shows that the current fed to
the grid from the inverter with various reference powers with the VSM control
strategy. From Fig. 18.10, one can observe that the reference real power is changing
from 0 to 500 W at the instant of 2 s and from 500 to −300 W at 4 s and
from −300 to 500 W at 6 s. The inverter output power is trying to meet the load
power demand. For the changes in the reference power, corresponding changes in
current can be seen in Fig. 18.9. Also, Fig. 18.11 shows that imaginary power
output of the inverter; here, the reference reactive power is zero, but the actual
imaginary power is disturbed due to the load change. The variation in the imaginary
power change during the disturbance is shown in Fig. 18.11.
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Fig. 18.8 Output voltage of the grid-tied inverter with VSM control strategy

Fig. 18.9 Inverter output current with VSM control strategy for various reference powers in the
grid-tied mode

Fig. 18.10 Active power tracking with VSM
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18.5 VSM in Stand-alone Mode

In this section, one can understand the performance of the VSG control structure in
islanding mode. In the islanding mode, the main challenge is to synchronize the
inverters which are connected in parallel. For proper synchronization of the
inverters, we need to maintain the output voltage magnitude of each inverter should
be the same and the frequency of each inverter kept constant.

18.5.1 Case Studies

Figure 18.12 shows the simulation model of the VSM in islanding mode. This
consists of a DC source as the input to the inverter and an LCL filter connecting the
output of the inverter which is used to eliminate the harmonics. VSM control
strategy is implemented here to control the output voltage and frequency of the
inverter with the sudden change in load change. Here two inverters are connected in
parallel to share the load according to their power ratings. The controller imple-
mentation is showed in Fig. 18.6.

When the extra load is added for 0.4–0.6 s, the changes occur in power as well
as current with unchanged voltage. The output voltage of the inverters is syn-
chronized, and the output voltage of the inverter is shown in Fig. 18.13a. The load
current is the sum of the individual inverter currents which are participating in
parallel operation in which the current sharing of the inverts depends upon load.
The load current of the inverters operated in parallel is shown in Fig. 18.13b.

The current sharing depends on the droop coefficients in VSM controllers. The
dynamic current sharing is very good in VSM compared to the well-known droop
control. The main advantage of the VSM is a good dynamic performance compared
to droop control. The current sharing in the system using VSM is shown in
Fig. 18.14. In stand-alone mode, the real power is changing from time to time;
accordingly, the actual power also tries to meet the load power. The output power

Fig. 18.11 Imaginary power tracking of the inverter with the VSM control strategy

348 G. Vikash et al.



of the inverters follows the load changes from time to time. If one can change the
inertia of the system, the performance of the inverter is also changed. The active
power and imaginary power of the load are shown in Figs. 18.15 and 18.16
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Fig. 18.13 a Load voltage and b load current of the inverter
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exclusively. The main advantage of the VSM control scheme is ROCOF in the
system is decreased due to the virtual inertia of the inverters. The frequency of the
inverters is shown in Figs. 18.17 and 18.18, respectively.

Fig. 18.14 Current sharing in the inverters with VSM control strategy

Fig. 18.15 Output real power of load

Fig. 18.16 Output reactive power of load
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18.6 Conclusion

A simulation of the control of the power inverter with VSM control strategy,
operating in the grid-tied as well as islanding mode, has been developed. Without
rotating inertia, these inverters based systems cause instability issues. The VSM
control structure is applied to the inverter of the DG unit which is operating in both
grid-connected as well as islanding mode for supporting the system stability by
giving the similar behavior of the SM. The VSM combines the swing equation of
the SM to express the term VI. By using this VSM controller, the system stability
increases because of the inertia of the system increased. Since the generated power
from RESs/DGs is not suitable for the direct grid connection due to the absence of
VI, if we incorporate the VI into the power inverters, then one can easily integrate
the DGs into MG. There is no such confirmation of the proper satisfactory operation
of a grid for supporting inverter operates as both grid forming and the grid feeding
inverter when both real and reactive loads are considered. The VSM idea connected
with inverter-based DGs is the solution to such problems. In the VSM, the inverter

Fig. 18.17 Inverter 1 output frequency

Fig. 18.18 Inverter 2 output frequency
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is controlled in such a way so that it can easily emulate the behavior similar to the
SM efficiently to obtain stability and controllability. The VSM control strategy is
efficiently working for active and reactive power tracking in grid-tied mode and also
capable to work in stand-alone mode. The simulation results corroborate that VSM
gives a superior performance.
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Chapter 19
A DC–DC Converter for Green Energy
Applications

M. Nandhini Gayathri

19.1 Introduction

Electrical loads are energized from the renewable energy sources instead of the
utility line, known as a stand-alone system [1–3]. As the stochastic nature of energy
sources, batteries are used to assure the reliability of the power supply as shown in
Fig. 19.1.

The renewable sources can be solar, wind or the combination of multiple
renewable sources [4, 5]. The combination of two or more sources is known as
hybrid sources [6–8]. Hybrid sources are preferred in stand-alone applications to
increase the system efficiency and balance the supply–demand. In a stand-alone
system, the electrical load is fixed or bounded. So, there is a need for maintaining
supply–demand balance [9, 10]. It is achieved with the help of an energy storage
system made up of battery [11–13]. The maximum power delivery and maximum
power consumption are fixed for renewable sources and electrical loads, respec-
tively [14, 15]. But, the change in weather conditions causes a change in maximum
power delivery from the renewables sources [16–18]. The characteristic waveform
represents the variation in the power delivery in terms of voltage for different
weather conditions as shown in Fig. 19.2 for a typical PV module 1Soltech
STH-215-P [19]. Similarly, the random use of electrical loads also results in
variation in electrical power consumption.

In this condition, to transfer maximum power from the source and to supply the
loads with constant voltage, battery and DC–DC converters are employed with
maximum power point tracking (MPPT) technique.

The battery charging condition is represented by the term ‘state of
charge’ (SOC). It denotes the present capacity as a function of the rated capacity.
The SOC value ranging from 0 to 100% represents no charge to full charge,
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respectively. In practical applications, SOC would be equivalent to a 75–80% SOC
of a new one. The battery charging cycle involves constant current (CC) and
voltage source (CV). The constant current, constant voltage and SOC of a typical
battery [16] are shown in Fig. 19.3. In the constant current stage, the battery is
connected to a current-limited power supply. The current is set to 50–70% of the
nominal battery capacity, and it is enabled until the battery charge is about 80%.

Fig. 19.1 Generalized block diagram of a PV stand-alone system

a b

c d

Fig. 19.2 IV and PV characteristics of 1Soltech 1STH-215-P module, a IV characteristics for
different solar irradiance, b IV characteristics for different temperature, c PV characteristics for
different solar irradiance and d IV characteristics for different
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Then, the CV mode is enabled and in this mode, the charger acts as a
voltage-controlled power supply. The charging current lies in between 3 and 10%
of the rated capacity. Now, the battery is treated as fully charged.

Based on the battery SOC and power supply–demand the charging, discharging
takes place. If the renewable sources power output is equal to load demand, then
there is no charging or discharging takes place on the battery. Mostly, the renewable
sources power output is always different from the loads. Hence, there is a power
difference between these two always. If excess power output available from the
source, then that can be used to charge the battery.

In case of a fully charged battery, the excess power available from the renewable
sources cannot be utilized completely. Similarly, when there is a need for additional
power to drive the load apart from renewable sources, then battery power can be
used to supply. If there is no battery power, then the loads are operated with
reduced power rating, i.e., the reduced number of electrical appliances.

19.2 Power Conversion for Renewable Systems: State
of the Art

A comprehensive review of step-up/boost DC–DC converter is reported in the
literature survey (1) with voltage boosting technique. The DC–DC converters are
categorized into four types based on the different aspect as shown in Fig. 19.4.
Some of them are high-voltage transfer ratio DC–DC converters, but some others
are medium and high-power transfer ratio DC–DC converters. Based on the power

Fig. 19.3 Battery charging curve
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rating, the corresponding topologies are preferred. Irrespective of output load either
grid line or stand-alone systems, all the topologies are used in common. In this
section, a different type of step-up DC–DC converters and voltage boosting tech-
niques are listed and some dominant topologies are described for renewable sys-
tems dealing with photovoltaic and wind systems.

The non-isolated DC–DC voltage converter is made up of energy storage ele-
ment like an inductor, capacitor with power semiconductor switch. The major
advantage of this type is its size and weight. Single-stage energy conversion results
in good power conversion efficiency. But the absence of galvanic isolation between
input and output limits its voltage and power transfer ratio. In isolated DC–DC
converter circuit, an isolation transformer used to provide the galvanic isolation. It
serves the step-up operation also. To use the transformer, AC-link is used in
between DC input and DC output. So, the number of stages involved in the con-
version becomes two. High-frequency AC-link is preferred to keep the transformer
size minimum. The two-stage conversion provides good voltage gain and power
gain when compared with non-isolated converters. The voltage transfer ratio can be
increased by adding voltage boosting circuits like voltage multiplier.

Unidirectional power converters allow power flow in one direction, i.e., from
load to source. In this converter type, the unidirectional controllable switch is used.
It will not allow the power flow in the reverse direction. It is simple in construction
and control and suitable for the power sources that cannot receive the power back
like grid and battery, whereas the bidirectional DC–DC power converter allows
bidirectional power flow control. It allows the power flow in both directions. So, the
excess power from the load can be returned to grid; similarly power from the
renewable sources can be stored in the battery, and it can be utilized back using the
same converter. It supports regenerative braking in electric drives. It increases the
utilization of available sources more effectively. Various control techniques are
used to perform the bidirectional power flow. The only drawback of the bidirec-
tional power converter is an increase in cost, size and control complexity.

The bulky capacitor and inductor are connected to the sources, and the sources
are known as a voltage source and current source, respectively. So, based on the
input circuitry, the converters are classified into voltage-fed and current-fed con-
verters. Voltage-fed converters can be used to supply constant output voltage, and
current-fed converters are used to supply constant current output, respectively.

Fig. 19.4 Classification of step-up DC–DC voltage converter topologies
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For low-power PV applications, current-fed DC–DC converters are recommended
to supply ripple-free current at the input side. Current-fed DC–DC converters
overcome the shoot-through problem of VSI. The major features of different types
of DC–DC converter are summarized in Table 19.1.

To inject the power to the grid, the voltage level of the renewable sources should
be increased. It can be achieved by either a step-up transformer or voltage boost/
step-up converters. The energy storage elements like inductor and capacitor are the
key elements used to increase the voltage/current magnitude. Inductors and or
capacitors used with active devices like diode and power transistor. The active
power semiconductor switches are operated in such a way to boost the input
voltage. These methods eliminate the need for transformers and high-frequency
AC-link. The different switching topologies used in practice are shown in Fig. 19.5.

Table 19.1 Features of various DC–DC voltage converter circuits

DC-DC converter type Features

Non-isolated • Uncomplicated structure and low price
• Good enough for low and medium power levels
• No galvanic isolation

Isolated • Low noise and EMI problems
• Good enough for high-power and grid-connected applications
• Galvanic isolation
• Complex design

Unidirectional • Unidirectional power flow
• Uncomplicated construction and control
• Low price compared to bidirectional

Bidirectional • Bidirectional power flow
• Good enough for regenerative and energy storage application
• Complex driver and control circuitry

Voltage fed • Ripple current input (often discontinues)
• Built-in buck characteristics
• Good dynamic response

Current fed • Low ripple
• Built-in boost characteristics
• Poor dynamic response

Hard switched • Large switching less and high EMI
• Finite switching frequency
• Poor power density and efficiency

Soft-switched • Negligible switching loss (ZVS and ZCS)
• Partly complex
• High operating frequency
• Enhanced power density and efficiency

Non-minimum phase • Poor dynamic response
• Small stability margins
• Complex control

Minimum phase • Good dynamic response
• Large stability margins
• Uncomplicated design
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Fig. 19.5 Voltage boosting techniques

Table 19.2 Features of various DC–DC voltage converter topologies

Voltage boosting
techniques

Advantages Limitations

Switched
capacitors
(Charge pump)

• Small size, lightweight and
low cost

• Higher power density and
good dynamic response

• Inrush start-up current
• Sensitive to the ESR

Voltage multiplier • Higher voltage transfer ratio
• Modular structure
• Easy to integrate with
various structure

• High voltage (dv/dt) stress on
components

• More components and bulky
structure

Switched inductor
and voltage lift

• High voltage transfer ratio
• Easy to use in many
converters

• Increase in passive components
count

• Low power handling capability

Magnetic coupling • High design freedom
• Versatile to boost the ability
• Reduced conduction loss
• High efficiency

• Large voltage spike due to leakage
inductance

• Complex design
• Bulky structure

Multi-stage/-level • Modular structure
• High voltage and power
capability

• Bulky structure and expensive
• The trade-off between efficiency and
the number of stages/levels
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The voltage and power transfer ratio varies for different techniques available,
and it determines the suitable application. The advantages, limitations and the
suitable renewable energy applications are listed in Table 19.2.

19.2.1 Grid-Connected PV Systems

Gird-connected systems provide the required power to the AC mains obtained from
the photovoltaic (PV) and/or wind system (2). Different control techniques are
employed to transfer maximum power from the renewables sources. Some of them
are improved perturbation and observation method (3), sliding mode observer
technique (4), others (5). The system efficiency is increased by operating the solar
cell array (6) and also some wind systems on its maximum power delivery point.
Figure 19.6a, b shows the topology of the grid-tied inverter with the two-stage
conversion. The front-end is DC–DC step-up converter, and the back-end is the
DC–AC inverter. The first stage step-up converter adjusts the input in such a way to
extract the maximum power by running the MPPT algorithm.

The second stage is the grid-tied DC–AC inverter and is operated by grid
parameters to control the active and reactive power flow. In Fig. 19.6a, basic
inverter is presented, and in Fig. 19.6b, multilevel inverter is presented with an
isolation transformer. The multilevel inverter produces output voltage with reduced
harmonic content when compared with basic inverter topology.

Multi-input converters (8) are the most recommended topology for combining
multiple renewable sources and or battery energy storage system. It combines the
available power from the multiple sources and provides uninterruptable/sustainable
power output. Figure 19.7a, b shows multiple input DC/DC converters of
non-isolated (9) and isolated (10) type, respectively. Both types have step-up/
step-down capability and allow the two input sources at different voltage levels.

19.2.2 Stand-alone Systems

For stand-alone systems, there is a need for battery energy storage to provide
uninterruptable power supply from renewable energy sources. The power available
from the source, power supply demand and battery SOC determine the charging/
discharging condition of the battery.

Figure 19.8a–c shows the multi-input DC–DC converter (11) for stand-alone
systems with bidirectional power flow. It supports bidirectional power flow control
for the battery so that the battery can be charged through the converter from the
renewables sources and at the same time the charged battery power can be trans-
ferred to the load using the same converter in the absence of renewable energy
source. In Fig. 19.8a, b, the battery is continuously charged and results in deteri-
oration of its useful life. But in Fig. 19.8c, topology supports the power transfer
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from the sources independently. The switching combination determines the selec-
tion of power source, whether renewable source or battery. The PWM signal is used
to regulate the output voltage and power transfer.

19.3 MATLAB Simulation of a DC–DC Converter
for Renewable Energy System

In MATLAB demo, the functionality of the DC–DC step-up converter and
grid-connected 100 kW PV array is simulated mathematically. Both the simulation
circuits are discussed below.

a

b

Fig. 19.6 Grid-connected DC–DC converter topologies, a DC–DC converter and inverter and
b multiple DC–DC converters and multilevel inverter
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19.3.1 Solar PV System with MPPT Using a Boost
Converter [4]

Figure 19.9 a represents the MATLAB/Simulink model of the solar PV system with
MPPT using a boost converter. The basic step-up converter topology is used in PV
energy conversion, and it is operated with MPPT control. As the PV belongs to a
semiconductor device, it is designed with the help of Simscape components. The
solar panel and boost converter of MATLAB model are shown in Fig. 19.9b, c,
respectively. The solar PV plant parameters are given in Table 19.3.

Figure 19.10 shows the input and output waveforms of the proposed converter
simulation circuit. Results are obtained for two different solar irradiation profiles.
The four results are output voltage, PV current, PV voltage and PV power output.

a

b

Fig. 19.7 Multi-input converters and a buck converter and buck-boost converter and b isolated
converter
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Solar irradiance varies from the minimum value to the maximum. The DC bus
voltage is kept constant at 400 V. Solar current and voltage profile vary and result
in a variation of solar power output. The maximum power 2 kW is extracted when
maximum solar irradiation available.

a

b

c

Fig. 19.8 Converter for stand-alone systems, a isolated converter, b integrated converter and
c multi-input converter
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a

b

c

Fig. 19.9 a MATLAB/Simulink model [19] of the solar PV system with MPPT using a boost
converter, b solar panel construction using simscape, c DC-DC boost converter
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19.3.2 MATLAB Model of a 100-KW Grid-Connected PV
Array [5]

Figure 19.11 shows a detailed model of a 100-kW array connected to a 25-kV grid
via a DC-DC boost converter and a three-phase three-level VSC (Table 19.4).

Table 19.3 PV plant parameters

Parameters Rating

Input power rating 2.00 kW

Minimum and maximum number of panel per string 8/10

Solar PV plant 1.80/2.25 kW

Fig. 19.10 Simulation output: DC bus voltage, PV current, PV voltage and PV power output
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Figure 19.12 shows the PV power delivery to change in solar irradiation profile.
From top to bottom, solar irradiation profile, temperature variation, average power
output from solar, boost converter output voltage and duty ratio variation are dis-
played in the waveform.

Fig. 19.11 100-kW grid-connected PV array

Table 19.4 Simulation parameters

Parameters Rating

Solar PV plant power 100 kW

Grid voltage 25 kV

Switching frequency of the DC–DC converter 5 kHz

Inverter switching frequency 1980 Hz

Capacitor bank 10-kvar

Coupling transformer 100-kVA (260 V/25 kV)

Distribution feeder 120 kV

PV String 66

Series connected PV modules 5

Number of cells connected in series 96

Open-circuit voltage (Voc) 64.2 V

Short-circuit current (Isc) 5.96A
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19.4 Conclusion

The current research in the high-voltage step-up DC–DC converter for green energy
conversion has the following targets: high efficiency, high power density, low cost,
low complexity and high reliability. There is always a trade-off among the
above-mentioned points, and there is a need for compromise also. A comparative
summary of dominant topologies used in renewable energy conversion with grid
and stand-alone system is provided. Each topology has its unique features and
serves specific applications, and there is no common solution for all. The advent

Fig. 19.12 Solar irradiation profile, temperature variation, average power output from solar, boost
converter output voltage and duty ratio variation
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growth of power semiconductor devices, artificial control method and advanced
design and manufacturing enables more powerful power converter solutions for
renewable energy conversion.
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Chapter 20
An Internet of Things-Inspired
Dual-Level Boost Converter
for BLDC-Driven Photovoltaic Water
Pumping Applications

Neeraj Priyadarshi, Farooque Azam, P. Sanjeevikumar,
and Jens Bo Holm-Nielsen

20.1 Internet of Things-Based PV Water Pumping System

The photovoltaic (PV) system is the most promising renewable energy technology
from last decades because of significant economical operation [1, 2]. It is noted that
the monitored platform is required for fault detection, monitoring and control of
photovoltaic power system [3, 4]. Internet of things allows the communication
between devices through Internet without person’s interface which provides con-
nections of entire equipment for data sharing [5, 6]. The Internet of things provides
data sensing and remote control using wireless network which interface real-time
world to computerize system and has high accuracy, enhanced efficiency and
economical operation with minimized person’s interaction [7, 8]. Figure 20.1
depicts the IoT inspired PV system emulator, IoT based MPPT operation, IoT
gateway and wireless-based integration for energy management system [9, 10].

The IoT based technology employed to observe status of plant. Safety, opti-
mization and energy efficiency are the major issues of wireless architecture [11, 12].
Moreover, for water pumping application in remote places, the wireless sensors are
employed where sensor nodes work for less battery requirement and large duration
[13, 14]. Figure 20.2 depicts the structure of Internet of things-based PV water
pumping control [15, 16].

The proposed architecture comprises soil moisture, color, light and temperature
sensors [17, 18]. The moisture and temperature sensor processed data is passed to
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Fig. 20.1 IoT inspired PV system emulator

Fig. 20.2 Structure of Internet of things-based PV water pumping control
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central processing server which is equated to threshold parameters which will decide
starting and ending operation of water pumping system [19, 20]. Moreover, color and
light sensors also measured the data which can be processed using central processing
server and equated through threshold values for required decision [21, 22].

The IoT based system provides interface of applications and devices using single
port and acts as communicating platform among cloud and energy management
module [23, 24]. IoT based gateway acts as handling interface of application and
devices [25, 26]. The Internet of things-based system comprises ARM design-based
processors which are used for collecting and computing data through application as
well as communication through cloud [27–29].

For practical implementation of Internet of things-based water pumping appli-
cations, Arduino based ATmega 2560, voltage|current sensor, and ESP8266 Wi-Fi
model are the major used components [30, 31]. Figure 20.3 presents the block
diagram of IoT based PV monitoring system [32, 33].

20.2 Mathematical Modeling of Photovoltaic Generator

Using photoelectric effect phenomena, the solar energy is converted to electrical
power [29, 30]. Figure 20.4 describes a basic PV cell equivalent circuit and
V/I relations which are expressed mathematically as:

IPVG ¼ IPH � IOD exp
QE

NDKBTA
VPVG þRSLIPVGð Þ

� �
� 1

� �
� VPVG þRSLIPVG

RPL

ð20:1Þ

where

IPVG, VPVG = Output current and output voltage of PVG, respectively
IPH = Photon current
IOD = Diode reverse saturation current
ND = Number of PV cells in series

Fig. 20.3 Block diagram of
IoT based PV monitoring
system
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KB = Boltzman constant
TA = Ambient temperature
RSL = Series resistance
RPL = Parallel resistance.

It is noted that Eq. (20.1) represents transcendental equation in which entire
coefficients are not measurable and has direct correlation with V/I characteristics.
Hence, following points are needed to consider as:

a. Since, VPVG þRSLIPVG
RPL

� IPH which is very large and may be neglected
b. RSL � RPL and IPH is treated as short-circuited current.

Here, assuming GB = 1000 W/m2 and TB = 25 °C as standard test condition, the
PV generator modeling can be expressed through environmental correction tech-
nique as:

IPVG ¼ Ishort 1� K1 exp
VPVG

K2Vopen

� �� �� �
ð20:2Þ

where

K1 ¼ 1� Imax

Ishort

� �
exp

�Vmax

K2Vopen

� �

K2 ¼
Vmax

�
Vopen

� 1

ln 1� Imax
Ishort

	 


DG ¼ G
GB

� 1 ð20:3Þ

DTt ¼ Tt � TB ð20:4Þ

Fig. 20.4 Basic PV cell equivalent circuit
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V 0
open ¼ Vopen 1� rDTtð Þ 1þ qDGð Þ ð20:5Þ

I 0short ¼ Ishort � G
GB

1þ pDTtð Þ ð20:6Þ

I 0max ¼ Imax � G
GB

1þ pDTtð Þ ð20:7Þ

V 0
max ¼ Vmax 1� rDTtð Þ 1þ qDGð Þ ð20:8Þ

where

Ishort; Vopen � Short-circuit current and open-circuit voltage, respectively
Imax; Vmax � Current and voltage at MPP, respectively
V 0
open; I

0
short; I

0
maxV

0
max � Instantaneous correlative variable

P = 25 � 10–4 °C
q = 5 � 10–1

r = 288 � 10–5 °C−1.

20.3 Mathematical Modeling of BLDC Motor

Dynamic BLDC motor model can be expressed as a function of current, speed and
positions derivative with respect to time. Also, phase voltages are derived mathe-
matically as:

VA

VB

VC

2
4

3
5 ¼

RPh 0 0
0 RPh 0
0 0 RPh

2
4

3
5 IA

IB
IC

2
4

3
5þ

Ls Mu Mu

Mu Ls Mu

Mu Mu Ls

2
4

3
5 d
dt

IA
IB
IC

2
4

3
5þ

EA

EB

EC

2
4

3
5

ð20:9Þ

where

VA, VB, VC � Phase voltage
IA, IB, IC � Phase currents
EA, EB, EC � Back EMFs
RPh � Phase resistance
LS � Self-inductance of BLDC stator winding
Mu � Mutual inductance of BLDC stator winding.
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Also, it is noted that for star connection of BLDC motor

IA þ IB þ IC ¼ 0 ð20:10Þ

And, inductance matrix is simplified as:

MIB þMIC ¼ �MIA ð20:11Þ

From Eqs. (20.9) and (20.11)

VA

VB

VC

2
64

3
75 ¼

RPh 0 0

0 RPh 0

0 0 RPh

2
64

3
75

IA
IB
IC

2
64

3
75þ

Ls �Mu 0 0

0 Ls �Mu 0

0 0 Ls �Mu

2
64

3
75

d
dt

IA
IB
IC

2
64

3
75þ

EA

EB

EC

2
64

3
75

9>>>>>>>>=
>>>>>>>>;

ð20:12Þ

Then,

d
dt

IA
IB
IC

2
64

3
75 ¼

1=Ls �Mu
0 0

0 1=Ls �Mu
0

0 0 1=Ls �Mu

2
664

3
775
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0 RPh 0

0 0 RPh

2
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3
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IA
IB
IC

2
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3
75�
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EC

2
64

3
75

9>>>>>>>>>>=
>>>>>>>>>>;

ð20:13Þ

Additionally, electromagnetic torque is expressed mathematically as:

TEM ¼ EAIA þEBIB þECIC
xRt

ð20:14Þ

Also, back EMF is expressed mathematically as:

EX ¼ FX Qsð ÞkXxRt ð20:15Þ
where

kX � Flux
FX(QS) � Shape of back EMF
X � Phases A, B, and C.
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From Eqs. (20.14) and (20.15)

TEM ¼ kAFA QSð ÞIA þ kBFB QSð ÞIB þ kCFC QSð ÞIC ð20:16Þ

Moreover, mathematically, the motion equation is expressed as:

dxRt

dt
¼ TEM � TM � BfxRt

JI
ð20:17Þ

where

TM = Load torque
JI = Moment of inertia of motor
Bf = Frictional constant.

dQRt

dt
¼ xRt:

20.4 Mathematical Modeling of Centrifugal Water
Pumping

The PV-driven BLDC motor-based water pumping provides rated capacity under
changing weather situation, so that entire water can be processed. Mathematically,
the Torque/Speed behavior of centrifugal pump is expressed as:

TM ¼ K1x
2
s þ sign xsð Þ: K2:e

�K3 xsj j þK4
� � ð20:18Þ

Also,

PM ¼ C1x
3
s � C2x

2
s þC3xs � C1x

3
s

where

C1;C2;C3 are dependent of discharge valve setting. And under high speed, the
lower order factors can be omitted.
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20.5 Mathematical Modeling of Dual-Level Boost
Converter

Figure 20.5 illustrates the power circuit of dual-level boost converter employed to
achieve high output voltage. Compared to traditional boost converter, the proposed
dual-level boost converter has higher efficiency transformation which has no req-
uisite of isolation transformer with economical operation. It is noted that the voltage
level is enhanced using addition of capacitors and diodes equated with classical
boost converter.

The DC-link capacitors CA and CB produces voltage because of varying duty
ratio of power switch.

VCA ¼ VCB ¼ VPVG

1� Dduty
� � ð20:19Þ

Therefore,

VDC ¼ VCA ¼ 2VPVG

1� Dduty
� � ð20:20Þ

Equation 20.20 represents the dual-level DC-link output voltage, where Dduty is
duty ratio of switch.

Fig. 20.5 Power circuit of dual-level boost converter
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20.6 Conclusion

This research paper explained the Internet of things inspired BLDC motor-driven
PV water pumping applications. The detailed mathematical modeling of photo-
voltaic generator and brushless DC motor has been presented in this research work.
The Internet of things based maximum power point tracker has been proposed
which provides optimal PV power tracking with high accuracy and efficiency.
Equated with conventional DC–DC boost converter, the employed dual-level boost
converter gives better efficiency conversion, high output voltage, and there is no
requirement of isolation transformer. The proposed IoT based MPPT delivers data
sensing and remote control using wireless network system.
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Chapter 21
Switched Mode Fourth-Order
Buck–Boost Converter Using Type II
and Type III Controllers in DC Grid
Applications

S. Saurav and Arnab Ghosh

21.1 Introduction

The power electronic components play a wide variety of role in conversion and
control of electric power [1, 2]. These components also play a vital role in
renewable energy power generation as well especially solar power [3–5]. According
to the data as population is increasing so is the need for electrical energy and its
quality is also improving day by day [6, 7]. Nowadays, the maximum utilization of
solar power to create sufficient electricity is being targeted by majority of the
countries to achieve a renewable green energy as a replacement for non-renewable
energy source [8–10]. The main reason to target the solar energy is because of the
immense supply of light from the sun which can be adequately harnessed through
photovoltaic systems [11, 12]. These photovoltaics provide a renewable source of
electricity which can be recharged during the day and replenished during the night
in case of household applications. Photovoltaics are also called as solar panels [13–
15]. It is one of the most widely used green energy system [16, 17]. Therefore,
high-performing electrical and electronic components are needed for the maximum
utilization of the power from these sources [18–20]. The current/voltage output of
the solar energy generation is DC based [21, 22]. In order to convert this DC output
to be able to use it in a variety of application we require the use of power converters
to make the output voltage follow desired value [23–25]. Thus, the DC–DC power
converters are vital in improving the quality of the generated electric power [26].
Such devices are not always functioning according to the desired value we need,
and we require an algorithm to control these devices.

To match the voltage requirement and the load to which the power is used,
voltage converters are used. The most commonly used is buck–boost converter
which can be used to increase or decrease the amount of voltage extracted from the
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photovoltaic cells. The photovoltaic cells are arranged in series like manner and the
voltages extracted are stored via a capacitor, and it acts as an input to the converter.
This is similar to connecting a battery as input to the converter. The circuit
arrangement is described in Fig. 21.1. Here the buck–boost converter topology used
is Fourth order. The output voltage from the two converters is sent to a dc bus.
From this DC bus, the voltage is extracted and given to DC grids through a
converter depending on the load criteria. Again, the converter used here is the same
as above. It is used for either bucking or boosting operation according to the
convenience and requirement of the load used.

There are several literatures in existence which deal with the renewable source of
energy especially solar power. We can manage to find several topological con-
verters used in the industry as well as current research topics. There are several
power converter topologies used in the industry, and we can understand the power
electronic applications in a variety of application. Discussions related to the dif-
ferent technological advancements have been made with regards to the power usage
and the newly developed topologies related to boost and buck–boost converters
[10]. A control algorithm to achieve the maximum power that is generated from the
existing systems can be done with the use of real and reactive power reference
selection process [11]. This area helps in the better understanding of how the solar
power is utilized. Load regulation and line regulation are two most important
criteria to understand these different power converters can be utilized in an effective
manner in different applications [12]. Novel ideas related to maximum power uti-
lizations in renewable power generation are cascading of buck and boost converters
[12]. The proposed control algorithm of cascaded systems has a synchronization
loop (voltage tracking). This voltage tracking is done with the help of two nested
current and voltage loops along with virtual control loop. These cascaded com-
ponents provide us with robustness in the converter system with parametric
uncertainties. Modeling of a fourth-order system is huge task and one such

Photovoltaic 
array cells FOBBC

Ba ery FOBBC

FOBBC DC Grid system

DC BUS

Fig. 21.1 Overall representation of a dual supply bus with solar and battery.
(FOBBC-fourth-order buck–boost converter)
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approach which helps us to get a dynamic behavior close to second-order converter
which helps us to simplify the voltage compensation design is the principal com-
ponent analysis [12].

Many power converter topologies are discussed, and one such topology is the
tri-state boost converter [7]. Here the introduction of an extra degree of freedom is
done using a freewheeling interval which has proven to remove the right half plane
zero. In a similar way, several discussions have been made on the better controller
implementation for the second-order boost converter [7]. The controller which
yields better performance according to the load variation as well as source ripple is
Type II and Type III converters rather than classical PID controllers [7, 8]. From
these literatures, we can conclude that the Type II and Type III are the better
classical controllers regarding this application. A more profound is due to the fact
that the source ripple/inductor ripple current intervenes and causes disturbances in
maintaining a constant output voltage in different converters. A solution can be
achieved for this problem by increasing the order of the circuit elements, and this
topology can be controlled using the classical converters (Type II and Type III)
which yield a better result when compared with the famous PID controller. There
are several techniques used to determine the closed loop performance. Transient
response using time domain analysis can be implemented by connecting the buck–
boost converter in a closed-loop system with the controller.

In this chapter, we have considered the Fourth-Order Buck–Boost converter. It is
usually known for its non-minimum phase. So similar to the second-order con-
verter, the fourth-order converter also has a pole in the right half of s-plane. The
characteristics of this non minimum phase behavior are shown in [1–3]. Here in this
paper we have modeled the fourth-order buck–boost converter using the state space
averaging techniques which are more convenient, and it is derived in Sect. 21.2.
After modeling is done, various controllers suited for the fourth-order buck–boost
converters are discussed in Sect. 21.3. The steady-state analysis and the transient
response are also analyzed in the result Sect. 21.4, and the result obtained from the
experimentation is compared for the two types of controllers designed. Section 21.5
is conclusion derived from this experiment we have conducted.

21.2 State Space Modeling of the Converter

21.2.1 Topology

The topology which is to be used for the converter is shown in Fig. 21.2. This
buck–Boost converter comprises of two controllable switches S1 and S2 and two
uncontrollable switches D1 and D2. It consists of an inductor L1 and a capacitor C1.
Its function is to switch the voltage, and it is placed in the center of a switch bridge.
This bridge also consists of diodes D1 and D2. The capacitor connects either to the
source voltage Vg or to the inductor L2 depending on the mode of operation. So,
during on time it connects to the source voltage, and during off time it connects to
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the inductor L2 supplying power. So, the energy is transferred from the source to the
load due to the capacitor connection changeover. This topology also reduces the
ripple current due to the interconnection of C1 and L1 which maintains the source
current continuity. This source current directly affects the output voltage in the
circuit, and hence, maintaining the ripple current to a minimum is important for the
design of this converter. The lower ripple current is achieved with the help of
the controllable (S1 and S2) and uncontrollable switches (D1 and D2). This has been
extensively discussed in the literature by Veerachary [1–3].

21.2.2 Modeling of Fourth-Order Buck–Boost Converter

The first step in designing any converter is modeling. Here state space averaging
technique is used. In this technique, two modes of operation are involved depending
on the switch states. In mode I, switch S1 and switch S2 are both On and the diode
D1 and diode D2 are turned off. In mode II, the reverse operation is carried out
(D1 and D2 are on and S1 and S2 are off).

21.2.2.1 Mode I Operation of Fourth-Order Buck–Boost Converter

By applying Kvl and Kcl in Fig. 21.3, we get

VL1 ¼ Vg � iL1r1 ð21:1Þ

VL2 ¼ VC1 � VC2 � iL2r2 � iL2rC1 � iC2 ð21:2Þ

Vg

VC2,rC2

D1 S2

S1 D2 V0
VC1,rC1

iL2,r2

iL1,r1

Fig. 21.2 Fourth-order buck–boost converter (general configuration)
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iC1 ¼ �iL2 ð21:3Þ

iC2 ¼ iL2 �
V0

R
ð21:4Þ

The state space equations in mode I are given from the above equations as

i _L1 ¼
Vg

L1
� iL1r1

L1
ð21:5Þ

i _L2 ¼ � iL2 rC2r2 þ rC2rC1 þ r2Rþ rC1Rþ rC2Rð Þ
L2

þ VC1

L2
� VC2R
L2 Rþ rC2ð Þ ð21:6Þ

V _C1
¼ � iL2

C1
ð21:7Þ

V _C2
¼ RiL2

Rþ rC2ð ÞC2
� VC2

Rþ rC2ð ÞC2
ð21:8Þ

The state space modeling during ON time is given below:

_x ¼ A1xþB1Vg

y ¼ C1xþD1Vg

Vg

VC2,rC2

D1 S2
On

S1
On

D2 V0
VC1,rC1

iL2,r2

iL1,r1

Fig. 21.3 Mode I operation of fourth-order buck–boost converter
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where

x ¼ iL1 iL2 vc1 vc2½ � and y ¼ v0

A1 ¼

�r1
L1

0 0 0

0
� rC2 r2 þ rC2 rC1 þ r2Rþ rC1Rþ rC2Rð Þ

L2 Rþ rC2ð Þ
1
L2

�R
L2 Rþ rC2ð Þ

0 �1
C1

0 0
0 R

Rþ rC2ð ÞC2
0 �1

Rþ rC2ð ÞC2

2
666664

3
777775

B1 ¼ 1
L1

rC2
Rþ rC2ð ÞL2 0 �1

Rþ rC2ð ÞC2

h i

C1 ¼ 0
RrC2

Rþ rC2ð ÞL2 0 R
Rþ rC2ð Þ

h i

D1 ¼ R
Rþ rC2ð Þ

� �

21.2.2.2 Mode II Operation of Fourth-Order Buck–Boost Converter

By applying kvl and kcl to the loops in Fig. 21.4, we get the following

VL1 ¼ Vg � VC1 � iL1r1 � iL1 þ iL2ð ÞrC1 ð21:9Þ

VL2 ¼ �iL2r2 � VC1 � iL1 þ iL2ð ÞrC1 � VC2 � iC2rC2 ð21:10Þ

iC1 ¼ iC1 þ iC2 ð21:11Þ

iC2 ¼ iL2 �
V0

R
ð21:12Þ

The state space equations during the off mode (mode II) are given by

i _L1 ¼
Vg

L1
� iL1r1

L1
ð21:13Þ

i _L2 ¼ � iL2 rC2r2 þ rC2rC1 þ r2Rþ rC1Rþ rC2Rð Þ
L2

� VC1

L2
� VC2R
L2 Rþ rC2ð Þ ð21:14Þ

V _C1
¼ iL1

C1
þ iL2

C1
ð21:15Þ
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V _C2
¼ RiL2

Rþ rC2ð ÞC2
� VC2

Rþ rC2ð ÞC2
ð21:16Þ

The steady-state model during Off Time is given by

_x ¼ A2xþB2Vg

y ¼ C2xþD2Vg

where

A2 ¼

�ðr1 þ rC1 Þ
L1

�rC1
L1

�1
L1

0
�rC1
L2

� rC2 r2 þ rC2 rC1 þ r2Rþ rC1Rþ rC2Rð Þ
L2 Rþ rC2ð Þ

�1
L2

�R
L2 Rþ rC2ð Þ

1
C1

1
C1

0 0
0 R

Rþ rC2ð ÞC2
0 �1

Rþ rC2ð ÞC2

2
666664

3
777775

B2 ¼ 1
L1

rC2
Rþ rC2ð ÞL2 0 �1

Rþ rC2ð ÞC2

h i

C2 ¼ 0
RrC2

Rþ rC2ð ÞL2 0 R
Rþ rC2ð Þ

h i

D2 ¼ R
Rþ rC2ð Þ

� �

Vg

VC2,rC2

D1 
On

S2

S1
D2 
On

V0
VC1,rC1

iL2,r2

iL1,r1

Fig. 21.4 Mode II operation of fourth-order buck–boost converter
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The state space averaging for this plant is represented as below

_x ¼ AxþBVg

y ¼ CxþDVg

where the matrices are given by

A ¼ A1dþA2d
0; B ¼ B1dþB2d

0; C ¼ C1dþC2d
0; D ¼ D1dþD2d

0 and d0

¼ 1� d

A ¼

�ðr1 þ rC1d
0Þ

L1

�rC1d
0

L1
�d0
L1

0
�rC1d

0

L2

� rC2 r2 þ rC2 rC1 þ r2Rþ rC1Rþ rC2Rð Þ
L2 Rþ rC2ð Þ

d�d0
L2

�R
L2 Rþ rC2ð Þ

d0
C1

�dþ d0
C1

0 0
0 R

Rþ rC2ð ÞC2
0 �1

Rþ rC2ð ÞC2

2
6666664

3
7777775

B1 ¼ B2 ¼ B ¼ 1
L1

rC2
Rþ rC2ð ÞL2 0 �1

Rþ rC2ð ÞC2

h i

C1 ¼ C2 ¼ C ¼ 0
RrC2

Rþ rC2ð ÞL2 0 R
Rþ rC2ð Þ

h i

D1 ¼ D2 ¼ D ¼ R
Rþ rC2ð Þ

� �

21.2.3 Small Signal Analysis

This representation of the averaged model is done by splitting the instantaneous
value into steady-state value and perturbed value. The final form of the small signal
analysis after considering the perturbation and simplifying is given by

_̂x ¼ Ax̂þBûþ A1 � A2ð Þxþ B1 � B2ð Þu½ �d̂ ð21:17Þ

ŷ ¼ Cx̂þDûþ C1 � C2ð Þxþ D1 � D2ð Þu½ �d̂ ð21:18Þ

The final expression of output represented in Laplace domain is given by

ŷ sð Þ ¼ C sI � Að Þ�1BþD û sð Þþ� ½C sI � Að Þ�1PþQ
h i

d̂ sð Þ
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where

P ¼ A1 � A2ð Þxþ B1 � B2ð Þu and Q ¼ C1 � C2ð Þxþ B1 � B2ð Þu ð21:19Þ

The transfer function in control to output format is obtained as follows

ŷ Sð Þ
d̂ Sð Þ ¼ C sI � Að Þ�1PþQ when û sð Þ ¼ 0 ð21:20Þ

The audio susceptibility is given by

ŷ Sð Þ
d̂ Sð Þ ¼ C sI � Að Þ�1BþD when d̂ sð Þ ¼ 0 ð21:21Þ

A 24 V–15/36 V converter is designed, and the parameters for deriving the
transfer functions are listed in Table 21.1 to demonstrate the controller design. The
transfer functions Gvd and Gvg both in continuous and discrete models are given in
the next section.

Transfer functions of the converter discussed:

Transfer function (Control to output) (Figs. 21.5, 21.6 and 21.7):

GVd sð Þ ¼ 0:99s4 � 867:7s3 � 5:09 � 108s2 � 4:75 � 1011s� 4:86 � 1015
s4 þ 2928s3 þ 4:611 � 107s2 þ 4:87 � 1010sþ 3:604 � 1014

Audio susceptibility (Input to output):

GVg sð Þ ¼ 0:99s4 þ 2079s3 þ 4:425 � 107s2 þ 3:275 � 1010sþ 2:32 � 1014
s4 þ 2928s3 þ 4:611 � 107s2 þ 4:87 � 1010sþ 3:604 � 1014

Table 21.1 Converter
parameter for transfer
function design

Parameter Value

Vg (source voltage) 24 V

V0 (output voltage) 15 V/36 V

L1, L2 (inductors) 800 µH

C1, C2 (capacitors) 40 µF

R (load resistor) 30 Ω

fs (switching frequency) 50 kHz

21 Switched Mode Fourth-Order Buck–Boost Converter … 391



Fig. 21.5 Bode plot of the transfer function

Fig. 21.6 Root locus of Gvd function
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21.3 Controller Design

The main objective of the controller deign is to maintain the output to the desired
value depending whether the operation is bucking or boosting. Several challenges
are faced while maintaining the output voltage constant irrespective of changes in
load as well as external disturbance. It should also be capable of isolating the input
from the output. The block diagram (Fig. 21.8.) represents the function of the

Fig. 21.7 Root locus of Gvg function

Fourth Order 
Buck-Boost 
converter

Output Voltage

Controller

Reference 
Voltage

Pulse Width 
Modula on

Input Voltage

Fig. 21.8 Block diagram of controller implementation
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controller in closed loop. It continuously calculates the error between desired and
measured values and applies the correction.

21.3.1 Type II Controller

It is a combination of a phase lead circuit and an inductor. It provides a maximum
phase boost of 90°. Even though the discussed converter exhibits non minimum
phase, this type of controller exhibits better performance compared to PID con-
troller and reduces the steady-state error.

Let us optimize it into a Type II controller by using the SISOTOOL in
MATLAB. Its transfer function is represented as:

CðsÞ ¼ ð1þ s=wzÞ
s=wp0ð1þ s=wpÞ

where wz and wp are the respective zero and pole of Type II controller.
With proper tuning and optimization, we have arrived at the Type II controller’s

transfer function which can be used for this plant.

21.3.1.1 Design Procedure for Type II Controller

The first step in the design is the derivation of ‘k’. Here ‘k’ in Type II controller is
defined as the pole frequency (wp) to zero frequency (wz) ratio. The pole zero
combination provides an adjustable phase boost (;) from 0 to 90° at crossover
frequency (fc). The relation between k and phase boost provided by the controller is
given by

k ¼ tan
;
2
þ 45�

� �

as k ¼ fp
fz
, the location of the pole frequency will be given by

fp ¼ k � fc ¼ tan
;
2
þ 45�

� �
� fc

Now the phase boost is calculated from the frequency-phase plot of the Type II
controller. The corresponding frequency is the cross-over frequency. The frequency
at which maximum boost occurs is calculated from the geometric mean of pole
location frequency and zero location frequency.
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f;max ¼
ffiffiffiffiffiffiffiffiffiffiffi
fp � fz

p

Now the zero frequency is given by

fz ¼ fp
tan ;

2 þ 45�
� �

After substituting the required design value, we can get the following transfer
function:

GC sð Þ ¼ �58:42 1þ 0:0043sð Þ
s 1þ 0:033sð Þ

21.3.2 Type III Controller

It is capable of giving a maximum phase boost of 180°. When compared with the
transfer function in 3.1, this has an extra pair of a pole and a zero [4]. Even though
the plant exhibits non minimum phase behavior, this type of controller exhibits
better performance compared to Type III controller and reduces the steady state
error.

Let us try to optimize the Type II controller into a Type III controller by using
the SISOTOOL in MATLAB. Its transfer function is represented as:

CðsÞ ¼ ð1þ s=wzÞ
s=wp0ð1þ s=wpÞ

where wz1 ;wz2 and wp0 ;wp1 ;wp2 are the respective zero and pole of Type II
controller.

With proper tuning and optimization, we have arrived at the Type II controller’s
transfer function which can be used for this plant.

21.3.2.1 Design Procedure for the Controller

The design procedure is similar to the procedure followed in 3.1.1. Like the Type II
controller, the first step is to design the value of ‘k’. Here ‘k’ is the double
pole frequency (wp1 ;wp2 ) to double zero frequency (wz1 ;wz2 ) ratio. The maximum
phase boost (;) obtained from this pole zero combination is 180° at cross-over
frequency (fc).
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ffiffiffi
k

p
¼ tan

;
2
þ 45�

� �

Now the pole location is given by

fp1ðfp2Þ ¼
ffiffiffi
k

p
� fc ¼ tan

;
2
þ 45�

� �
� fc

Now the phase boost is calculated from the bode graph of the controller. The
corresponding frequency is the cross-over frequency. The frequency at which
maximum boost occurs is calculated from the geometric mean of both the pole
location frequency and the zero location frequency.

f;max ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fp1 fp2
� � � fz1 fz2ð Þ

q

Now the zero frequency is given by

fz1 fz2ð Þ ¼ fp1 fp2
� �

tan ;
2 þ 45�
� �

After substituting the required design value, we can get the following transfer
function:

GC sð Þ ¼ �101:18 1þ 6:9 � 10�5s
� �

1þ 0:0023 sð Þ
s 1þ 0:00047 sð Þ 1þ 0:0033 sð Þ

21.4 Result and Discussions

The closed-loop system performance of this converter is realized with two different
controllers, and their results are shown below. The results are based on simulation
performed in MATLAB, and we have achieved satisfied performance. The Type II
controller performed very well in terms of the bode response and step response of
the uncompensated system. The Type III controller was optimized based on the
Type II controller as a base for construction. Although we have achieved very good
system response when compared with Type II controller, the order of the controller
increases (Figs. 21.9, 21.10 and 21.11).

The step response of the fourth-order buck–boost converter involving Type II
controller is given in Fig. 21.11. The transient response gives us the conclusion that
this controller performs well in terms of the overshoot as well as the rise time
(0.002 s) and settling time (0.01 s). The steepness in the magnitude plot which
disturbed the system is also improved (Figs. 21.12, 21.13 and 21.14).
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Fig. 21.9 Bode diagram of system response with Type II controller (closed-loop system)

Fig. 21.10 Root locus of system response with Type II controller (closed loop)
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Fig. 21.11 Step response with Type II controller

Fig. 21.12 Bode diagram of system response with Type III controller (closed-loop system)
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Fig. 21.13 Root locus of the system response with Type III controller (closed-loop system)

Fig. 21.14 Step response with Type III controller
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As we can see from the above plots, the settling time (less than 0.005 s) and the
rise time (<0.002 s) have very much been reduced and hence we can achieve a
faster response when compared with the Type III controller. So, we can conclude
from our observation that Type III controllers yield a far better result when com-
pared with other controller (Type II) discussed in this paper. We can also observe
from Figs. 21.11 and 21.14 that certain small amount of fluctuations present in
Fig. 21.11 has been considerably reduced. Thus, Type II and Type III provide a
more optimized design when compared with PID controllers.

From Table. 21.2, we can infer that the Type III controller performs well when
compared with the Type II controller. The overshoot decreases considerably well in
the second case. There is a large possible margin of phase correction that can be
done in the case of implementation with Type III controller but in case of the other
controller, the gain margin is comparatively higher. The steady-state error is almost
same in both the cases of implementation. The difference lies in the settling time
which is slower in the case of Type II controller. Hence, the rise time is also quickly
achieved according to the desired value in Type III controller minimizing the
possible case of fluctuations in output voltage.

21.5 Conclusion

It is observed that the discussed converter is stable and agrees with the reference
voltage. It is clear from the graphs in Fig. 21.15 that converter is underdamped
initially and after approximately 6.9 ms it settles down in the case of Type II
controller and in approximately 4 ms for a Type III controller. The tolerance of duty
ratio for a load of 30 Ω is from 0.4 to 0.7. The output voltage in this fourth-order
buck-boost converter changes like any other buck–boost converter. When the value
of duty ratio is less than 0.5, the output voltage is observed to be 15 V and 36 V
when the duty ratio is greater than 0.5. The former is bucking operation while the
latter is boosting operation. The maximum peak overshoot in the converter in the
transient analysis is also greatly reduced using the Type II controller which is also
considerably reduced when operated with Type III controller. The step response of

Table 21.2 Comparison of the two converters

Parameter Type II controller Type III controller

Peak time 0.0173 s 0.00242 s

Rise time 0.0073 s 0.00126 s

Settling time 0.0502 s 0.00326 s

Maximum peak overshoot 29% 10%

Gain margin 24.2 dB 8.86 dB

Phase margin 46° 62.5°

Steady-state error 0.0 0.0
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Fig. 21.15 Bode plot comparison with the two controllers

Fig. 21.16 Comparison of step response with the two controllers
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the closed-loop converter involving the two controllers is shown in Fig. 21.16. The
simulation results are according to the desired value and is improved in terms of
quicker response and source fluctuations.
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Chapter 22
Fractional-Order PI-Lead Controller
Design of DC–DC Power Converter
for Renewable Energy Applications

Saurav Prajapati and Man Mohan Garg

22.1 Introduction

In the present world of modernization and industrialization, the increase in emis-
sion, continuous depletion of old natural resources and rapid hike in demand are the
major concern for energy consumption. Research toward solving these issues has
given an idea to incorporate renewable sources such as wind energy using wind
turbine, photovoltaic cell (PV), hydropower, etc., as alternate resources [1–15].
Integration of these renewable sources in power system can be done using
microgrid concept that may vary depending upon our requirements and constraints.
The microgrid concept has advantages like reduction of transmission losses, power
quality improvement, reliability, etc. However, undesired fluctuations in voltages
generated from renewable sources give an idea to incorporate power electronics
converters for steady flow of power. The DC–DC converter used in DC microgrid
[1, 2] is mainly responsible for interfacing of various renewable resources to the DC
grid. Therefore, the field of various DC–DC power converters topologies and its
precise control have become a very interesting research area.

Figure 22.1 depicts a typical DC microgrid concept. For sake of simplicity, only
specific resources connection is shown. In this chapter, we will mainly be dis-
cussing about control of power converter for interfacing of solar PV energy sources
to DC microgrid. Though, there are different power converter topologies existing in
the literature, but depending upon PV array voltage and DC grid voltage, a specific
topology may be chosen. In this chapter, we have assumed that PV output voltage is
greater than DC grid voltage. Therefore, buck topology has been used, and its
controller design will be studied.
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In the present world of modernization, the field of control system has become a
very promising research area. Recently, a new control strategy called
fractional-order control system [3] has been reported by the researchers. With the
advent of fractional calculus [4] and its application in control system, the mathe-
matical modeling of the real-time physical system became quite simpler and pop-
ular. This control strategy has been found to be more robust [5], accurate and
precise as compared to existing control strategies. Though fractional-order calculus
has received popularity, it also creates a need for new developments in the stability
analysis [6] and controller design for the system.

Though many fractional-order controller techniques are present in the literature,
they are either applied to a specific type of system or mathematically very complex
and tedious [7–10]. The basic controllers conventionally used in control systems are
proportional, derivative, integral, lead, lag or combination of these. These con-
ventional controllers have certain limitations. For example, to speed up the
response, proportional controller is generally used, but it affects the steady-state
accuracy as well as relative stability. Similarly, integral control action is used to
reduce the closed-loop steady-state error (SSE), but it decreases the relative sta-
bility. Derivative is used to improve the transient response, but it is sensitive to
noise at high frequency. Lag compensator is used to improve SSE like integral
controller, but it adds negative phase at desired gain cross-over frequency (GCF).
Lead controller adds positive phase at desired GCF as well as improves phase
margin (PM) but does not help in improving steady-state error. Therefore, a new
generalized technique based on frequency-domain specification has been imple-
mented which is mathematically simpler and gives improved results in comparison
with the existing techniques.

Fig. 22.1 DC microgrid
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The main control objective in our case is to remove the closed-loop SSE and to
have the specified gain and phase at a specific cross-over frequency xc (kHz) with
the help of compensator. For this purpose, we used fractional-order PI-Lead
compensator (FOPIL), which is nothing but cascade form of fractional-order PI and
Lead controllers.

FOPIL controller can be divided into two parts, i.e., PI controller part and FO
lead controller part. To remove the SSE of closed-loop system, PI controller is used
whose parameters calculation is discussed in this paper, and to improve the transient
performance as well as achieve desired phase margin at given GCF, FO lead
controller is used. The great flexibility in fractional-order PI-Lead controller makes
it possible to attain the required frequency-domain performance indices.

Section 28.1 gives the basic introduction about importance of power electronics
converters in DC microgrid application and different types of controllers which
exist in the literature, its limitation and further importance of FOPIL controller over
conventional one. The transfer function models for non-ideal DC–DC buck con-
verter are presented in Sect. 28.2. In this section, an effort has been made to include
all types of non-idealises present in electrical components, i.e., ESRs of capacitors,
inductor, etc. Sections 28.3 and 28.4 describe the closed-loop control strategy for
tuning fractional-order PI-Lead controller parameters. The. FOPI-Lead controller
parameters calculation for non-ideal buck converter is discussed in Sect. 28.5 fol-
lowed by its simulation results and conclusion in Sects. 28.6 and 28.7.

22.2 Mathematical Modeling of Non-ideal Buck Converter

Before designing any closed-loop control, the mathematical model is necessary. It
does not only help in designing a closed-loop controller but also helps in stability
analysis. In the literature, there are several techniques present for mathematical
modeling of DC–DC converters like circuit averaging, current-injected approach,
state space averaging (SSA), etc. [11, 12]. The simplest and most frequently used
technique is SSA technique. In this chapter, SSA technique is used for determining
the duty cycle to output voltage transfer function of a practical buck converter.

Circuit configuration of a buck converter having non-idealises is presented in
Fig. 22.2. The converter’s input voltage is taken as PV array voltage, i.e., VPV = Vg.
The circuit consists of MOSFETS, diode Dd, charge storing element capacitor C,
inductor L and load resistor R. Apart from that to study the real case scenario of
converter’s behavior, we have included non-idealises, i.e., ESRs of inductor and
capacitor be rL and rC, diode resistance rD and switch resistance rSW. The operating
frequency of converter is taken as f and duty cycle be D. The converter’s two
operating modes in continuous conduction mode (CCM) are discussed below.

Mode-1: On Duration
In this case, the diode is reversed biased, so it acts as open circuited. The

inductor (L) stores energy from input voltage Vg, and the current through it (iL)
increases linearly till it reaches maximum value.
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The state space equations for this period are

L
diL tð Þ
dt

¼ � rSW þ rL þ rCR
Rþ rC

� �
iL tð Þ � R

Rþ rC
vc tð Þþ vg tð Þ ð22:1Þ

C
dvC tð Þ
dt

¼ R
Rþ rC

iL tð Þ � 1
Rþ rC

vC tð Þ ð22:2Þ

v0 tð Þ ¼ rCR
Rþ rC

iL tð Þþ R
Rþ rC

vC tð Þ ð22:3Þ

In matrix form,

A1 ¼
�1
L rSW þ rL þ rCR

Rþ rC

� �
� R

L Rþ rCð Þ
R

C Rþ rCð Þ
�1

C Rþ rCð Þ

 !
; B1 ¼

1
L
0

� �
;

C1 ¼ rCR
Rþ rC

R
Rþ rC

� � ð22:4Þ

Mode-2: OFF Duration
In this case, the switch is off, and diode is on having forward voltage drop. The

stored charge of inductor is now discharged via path Dd, C and R.

L
diL tð Þ
dt

¼ � rd þ rL þ rCR
Rþ rC

� �
iL tð Þ � R

Rþ rC
vc tð Þ ð22:5Þ

C
dvC tð Þ
dt

¼ R
Rþ rC

iL tð Þ � 1
Rþ rC

vC tð Þ ð22:6Þ

iL

VoR

rSW
S

Vg

rD

rL

rC

Dd C

L iC i0

Fig. 22.2 Non-ideal DC–DC buck converter
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In matrix form

A2 ¼
�1
L rSW þ rL þ rCR

Rþ rC

� �
� R

L Rþ rCð Þ
R

C Rþ rCð Þ
�1

C Rþ rCð Þ

 !
; B2 ¼ 0

0

� �
;

C2 ¼ rCR
Rþ rC

R
Rþ rC

� � ð22:7Þ

The duty cycle to output voltage transfer function is given as [13]:

v0 sð Þ
d sð Þ ¼ CðsI � AÞ�1Bd ð22:8Þ

where

A ¼ A1DþA2 1� Dð Þ; C ¼ C1DþC2 1� Dð Þ;

Bd ¼ A1 � A2ð Þ IL
Vo

 !
� B1 � B2ð ÞVg

ð22:9Þ

Here, D, Vo and IL are the steady-state values.
After solving

A ¼
�1
L ra þ rL þ rCR

Rþ rC

� �
� R

L Rþ rCð Þ
R

C Rþ rCð Þ
�1

C Rþ rCð Þ

0
@

1
A; Bd ¼

1
L rd � rSWð ÞIL þ vg
� �

0

� �
;

C ¼ rCR
Rþ rC

R
Rþ rC

� �
; ra ¼ DrSW þ 1� Dð Þrd

ð22:10Þ

Placing the matrices A, Bd, C in (22.8), the required transfer function is derived as

G sð Þ ¼ R rd � rSWð ÞIL þ vg
� �

rCCsþ 1ð Þ
Rþ rCð ÞLCs2 þ ½LþC rCRþ ra þ rLð Þ Rþ rCð Þð Þ�sþ Rþ ra þ rLð Þ

ð22:11Þ

22.3 Closed-Loop Control Analysis for PV System

This section gives an overview of closed-loop control analysis for PV array-fed
buck converter using FOPI-lead controller. Figure 22.3 shows that the output
voltage Vo is compared with desired reference DC bus voltage and calculated error
signal is given to the controller. The controller gives controlled output voltage
which in turn compared with high-frequency repeating signal (sawtooth waveform)
to generate PWM signal that will control the switching operation of switch S. For
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simplicity, the magnitude of repeating reference signal, i.e., sawtooth signal is taken
as 1 V, and frequency is taken as 20 kHz. In order to check the output voltage
regulation of the converter in the presence of any disturbance, i.e., load variation,
input voltage variation, etc., the parameter of FOPI-Lead compensator should be
tuned properly. In the next section of this chapter, we will discuss the designing of
controller parameters in detail.

22.4 FOPI-Lead Controller Design

This section describes a control technique for calculating the fractional-order
PI-Lead controller parameters to achieve desired frequency performance-based
specification [13]. In the next section, this control technique is applied for a given
non-ideal buck converter.

The FOPIL controller is cascaded form of PI and FO lead compensator. The
transfer function for FOPI-Lead controller is given as

Glead sð Þ ¼ Klead sk þ a
� �

sk þ bð Þ � KpsþKi

s
; a\b ð22:12Þ

Fig. 22.3 a Closed-loop control of FOPI-Lead controlled PV system. b Block diagram

410 S. Prajapati and M. M. Garg



Glead sð Þ ¼
Klead � Ki

s
Ki=Kp

þ 1
� �

sk þ a
� �

sk þ bð Þ ð22:13Þ

Glead sð Þ ¼
K s

xz
þ 1

� �
sk þ a
� �

sk þ bð Þ ð22:14Þ

where xz ¼ Ki
Kp

andK ¼ Klead:Ki.

Therefore, K, a, b, k are unknown quantities which have to be determined. The
procedure for finding unknown quantities is as follows.

22.4.1 Fractional-Order PI (FOPI) Controller Design

Let the generalized transfer function for non-ideal uncompensated buck converter
be

G sð Þ ¼ a1sþ a0
b2s2 þ b1sþ b0

ð22:15Þ

The main control objective in our case is to eliminate the closed-loop
steady-state error and to provide the required gain and phase at a desired
cross-over frequency xc (kHz) with the help of compensator. For this purpose, we
used fractional-order PI-Lead compensator, which can be divided into two sections
(a) PI section and (b) Fractional lead section. Also, this transfer function has type
zero with poor gain at lower frequencies.

The role of PI compensator in our case is to improve the gain at lower fre-
quencies. Let the PI controller as

GPI sð Þ ¼
s
xz

þ 1

s
ð22:16Þ

where xz is the cutoff frequency of PI controller. The value of xz is chosen suffi-
ciently low (1/10th of gain cross-over frequency) to increase low-frequency gain.

The transfer function of compensated system, i.e., with PI controller is

G1 sð Þ ¼ GPI sð Þ � G sð Þ ¼
a1
xz
s2 þ a1 þ a0

xz

� �
sþ a0

b2s3 þ b1s2 þ b0s
ð22:17Þ

PI controller eliminates the closed-loop SSE. Now, FO-Lead controller is
designed to improve transient response.
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Let the desired PM and GCF of overall compensated system be /margin (deg) and
xgc (rad/s). Also, the magnitude and phase of compensated system G1(s) (i.e., with
PI controller) at gain cross-over frequency xgc are K1 and /1, respectively, i.e.,

/1 ¼ \G1 jxgc
� �

; K1 ¼ G1 jxgc
� ��� �� ð22:18Þ

To achieve the desired PM and GCF exactly, the FO-Lead compensator is to, be
designed such that it must contribute magnitude Kreq and phase angle /req at
frequency xgc.

Kreq ¼ 1=K1

/req ¼ �180� /1 þ/desired
ð22:19Þ

22.4.2 Fractional-Order PI-Lead Controller Design

Let the fractional-order lead compensator [13–15] be

Glead sð Þ ¼ K
sk þ a
� �
sk þ bð Þ ð22:20Þ

The magnitude and phase of above transfer function are given below:

Glead jxð Þ ¼ K
jxð Þk þ a

jxð Þk þ b
¼ K

xk cos kp2 þ j sin kp
2

� �þ a

xk cos kp2 þ j sin kp
2

� �þ b
ð22:21Þ

The magnitude part:

G jxð Þj j ¼ K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk cos kp2 þ a
� �2 þ xk sin kp

2

� �2q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk cos kp2 þ a
� �2 þ xk sin kp

2

� �2q ð22:22Þ

and the real part:

/lead sð Þ ¼ tan�1 xk sin kp
2

� �� �
aþxk cos kp

2

� �� �� tan�1 xk sin kp
2

� �� �
bþxk cos kp

2

� �� � ð22:23Þ

Solving above equation

/lead sð Þ ¼ tan�1 b� að Þxk sin kp
2

1þ x2k sin2kp2
aþxk coskp2ð Þ bþxk sinkp2ð Þ

� � ð22:24Þ
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/lead sð Þ ¼ tan�1 b� að Þxk sin kp
2

abþx2k þ aþ bð Þxk cos kp2
� � ð22:25Þ

Let

c ¼ abþx2k þ aþ bð Þxk cos
kp
2

� �
ð22:26Þ

For finding optimum (x), i.e., the frequency at which fractional-order lead
controller gives maximum phase angle, take derivate of (22.25) with respect to ‘x’,

ckxk�1 sin
kp
2

b� að Þ ¼ xk sin
kp
2

b� að Þ 2kx2k�1 þ kxk�1 aþ bð Þ cos kp
2

� �
ð22:27Þ

Substituting the value of ‘c’ in (22.27), we get

ab ¼ x2k

xk ¼
ffiffiffiffiffiffi
ab

p ð22:28Þ

The magnitude and phase value at maximum phase angle frequency are

/lead sð Þ ¼ tan�1

ffiffiffiffiffiffi
ab

p
sin kp

2 b� að Þ� �
2abþ aþ bð Þ ffiffiffiffiffiffi

ab
p

cos kp2
� � ð22:29Þ

After solving,

/lead sð Þ ¼ tan�1 sin kp
2 b� að Þ� �

2
ffiffiffiffiffiffi
ab

p þ aþ bð Þ cos kp2
� � ð22:30Þ

In terms of sinulead, above equation can be expressed as

sin/lead sð Þ ¼ sin kp
2 b� að Þ� �

2
ffiffiffiffiffiffi
ab

p
cos kp2 þ aþ bð Þ� � ð22:31Þ

Similarly, above equation can be expressed in terms of tanulead, which will give

tan/lead sð Þ ¼ sin kp
2 b� að Þ� �

2
ffiffiffiffiffiffi
ab

p þ aþ bð Þ cos kp2
� � ð22:32Þ
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22.4.3 Calculation of b

For finding the value of b, substitute the value of a from Eq. (22.28) into (22.32),
and we get

tan/lead sð Þ ¼
sin kp

2 b� x2k

b

� �� �
2xk þ x2k

b þ b
� �

cos kp2

� � ð22:33Þ

Solving the above equation for the b, we will get quadratic equation in terms of
b which can be solved as follows:

2xkb tan/lead þ b2 cos
kp
2
tan/lead þx2k cos

kp
2
tan/lead ¼ b2 sin

kp
2

� x2k sin
kp
2

ð22:34Þ

b2 cos
kp
2
tan/lead � sin

kp
2

� �
þ b 2xk tan/lead

� �þx2k cos
kp
2
tan/lead þ sin

kp
2

� �
¼ 0:

ð22:35Þ

On simplification of the quadratic equation,

a ¼ cos
kp
2
tan/lead � sin

kp
2

� �
; b ¼ 2xk tan/lead

� �
;

c ¼ x2k cos
kp
2
tan/lead þ sin

kp
2

� � ð22:36Þ

The value of b can be expressed as

b ¼ �b�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4ac

p

2a

22.4.4 Calculation of a

Similarly, for finding the value of a, substitute the value of b from Eq. (22.28) into
(22.32), and we get

tan/lead sð Þ ¼
sin kp

2
x2k

a � a
� �� �

2xk þ x2k

a þ a
� �

cos kp2
� � ð22:37Þ
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Solving the above equation, we get

2xka tan/lead þ a2 cos
kp
2
tan/lead þx2k cos

kp
2
tan/lead ¼ x2k sin

kp
2

� a2 sin
kp
2

ð22:38Þ

On simplification of the quadratic equation,

a2 cos
kp
2
tan/lead þ sin

kp
2

� �
þ a 2xk tan/lead

� �þx2k cos
kp
2
tan/lead � sin

kp
2

� �
¼ 0

ð22:39Þ

Substituting below values:

a1 ¼ cos
kp
2
tan/lead þ sin

kp
2

� �
;

b1 ¼ 2xk tan/lead

� �
;

c1 ¼ x2k cos
kp
2
tan/lead � sin

kp
2

� � ð22:40Þ

The value of a can be expressed as

a ¼ �b1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b21 � 4a1c1

p
2a1

22.4.5 Calculation of Km

The magnitude of the FO lead compensator transfer function is

G jxð Þj j ¼ K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk cos kp2 þ a
� �2 þ xk sin kp

2

� �2q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xk cos kp2 þ a
� �2 þ xk sin kp

2

� �2q ð22:41Þ

Substituting the value of x from (22.28), we get

Km ¼ K
ffiffiffi
a
b

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b

p
cos pk2 þ ffiffiffi

a
p� �2 þ ffiffiffi

b
p

sin kp
2

� �2
ffiffiffi
a

p
sin pk

2 þ ffiffiffi
b

p� �2 þ ffiffiffi
a

p
sin kp

2

� �2
vuut ð22:42Þ

Kreq: ¼ Km ¼ K
ffiffiffi
a
b

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b

p
cos pk2 þ ffiffiffi

a
p� �2 þ ffiffiffi

b
p

sin kp
2

� �2
ffiffiffi
a

p
sin pk

2 þ ffiffiffi
b

p� �2 þ ffiffiffi
a

p
sin kp

2

� �2
vuut ð22:43Þ
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Summary
FOPI-lead controller has mainly two sections, i.e., PI controller and

fractional-order lead controller, whose parameters can be decided as follows:

1. Determine the transfer function of uncompensated open-loop converter and
specify the corresponding desired PM (/margin) and GCF (xgc in rad/s).

2. For designing FOPI controller parameters, first thing that we require is place-
ment of open-loop zero (xz) for uncompensated transfer function. In general, we
keep its value as low as possible (1/10th of gain cross-over frequency).

3. For a mentioned desired PM (/margin) and GCF (xgc in rad/s), determine the
Kreq and /req for obtaining lead parameters.

4. Calculate the value of a, b, Kusing (22.28) and (22.32), and finally, substitute all
the calculated parameters in (22.20) to get lead section of the controller.

22.5 Controller Parameters Design for DC–DC Buck
Converter

The component values of buck converter under test are given in Table 22.1 [16].
The calculation of PI-Lead compensator parameters is given below, and corre-
sponding performance analysis of closed-loop compensated system for fz = 40 Hz,
fgc = 2 kHz with PM = 30°, 45°and 75° is as follows. By varying the value of k,
we can achieve any desired PM (/margin) and GCF (xgc in rad/s). The performance
analysis of compensated buck converter system by varying controller parameters is
mentioned below:

Substituting the xz ¼ 2� p� 40 into Eq. (22.16), the transfer function of PI
section is

GPI sð Þjfz¼40Hz
¼ 0:003979sþ 1

s
ð22:44Þ

and corresponding lead parameters for k ¼ 1:0; PM ¼ 30� are

K ¼ 235:36; a ¼ 11278; b ¼ 1:4� 104 ð22:45Þ

Table 22.1 Parameters of
buck converter

Parameters Value

Input voltage (Vg) 16–24 V

Inductance (L), rL 1.1 mH, 0.18 X

Capacitance (C), rC 84 µF, 0.3 X

Switching frequency (f), rSW 10 kHz, 0.044 X

Load resistance (R) 11–22 X

Output voltage (Vo) 12 V

Duty cycle (D), rD 0.5, 0.024 X
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The detailed analysis of closed-loop system for different phase margin is given in
Tables 22.2, 22.3 and 22.4.

22.6 Simulation Results

The bode plot and step response of compensated system by varying the value of k
from 0.9 to 1.2 for PM = 30°, PM = 45°, PM = 75° are portrayed in Figs. 22.4 and
22.5, respectively. From the bode plot, it is clear that as k value is increasing from
0.9 to 1.2, PM is also changing at desired cutoff frequency. For desired PM of 30°,
just by varying the value of k from 0.9 to 1.2, PM of 35.4° can be obtained at 2 kHz
desired cutoff frequency. Similarly, for desired PM of 45° and 75° cases, by varying
the value k from 0.9 to 1.2, PM of 62.5° and 107° is obtained, respectively. So,
stability margins also increase.

Table 22.2 Performance analysis of closed-loop buck converter system fz = 40 Hz, fgc = 2 kHz
and PM = 30°

Lambda
(k)

PM
(deg.)

GM
(dB)

Rise time tr
(ms)

Settling time
ts (ms)

Overshoot
(%Mp)

S.S error
(%)

0.9 28.3 Inf 98.1 4.6 40.58 0.8418

1.0 30.0 Inf 97.41 4.05 39.0 0.7981

1.1 32.28 Inf 97.08 4.44 36.9 0.7543

1.2 35.41 Inf 96.8 4.41 34.40 0.7354

Table 22.3 Performance analysis of closed-loop buck converter system fz = 40 Hz, fgc = 2 kHz
and PM = 45°

Lambda
(k)

PM
(deg.)

GM
(dB)

Rise time tr
(ms)

Settling time
ts (ms)

Overshoot
(%Mp)

S.S error
(%)

0.9 39.34 Inf 109.38 5.87 29.54 1.3676

1.0 45.0 Inf 104.5 5.48 24.84 1.1498

1.1 52.56 Inf 102.1 5.26 19.07 1.0305

1.2 62.53 Inf 100.6 5.13 11.81 0.9732

Table 22.4 Performance analysis of closed-loop buck converter system fz = 40 Hz, fgc = 2 kHz
and PM = 75°

Lambda
(k)

PM
(deg.)

GM
(dB)

Rise time tr
(ms)

Settling time
ts (ms)

Overshoot
(%Mp)

S.S error
(%)

0.9 62.28 Inf 4*103 18.4 10.9 6.2980

1.0 75.0 Inf 167.97 17.57 3.84 3.2230

1.1 90.33 Inf 129.07 17.0 0 2.2905

1.2 107.25 Inf 115.19 16.7 0 1.9746
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Fig. 22.4 Bode plot of compensated system by varying the value of k from 0.9 to 1.2 for
a PM = 30°, b PM = 45°, c PM = 75°
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(b) 

(a) 

Fig. 22.5 Step response of compensated system by varying the value of k from 0.9 to 1.2 for
a PM = 30°, b PM = 45°, c PM = 75°
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The step response of compensated system for different PM by varying the value
of k is shown below. From the step plot, it is clear that as the value of k is
increasing from 0.9 to 1.2, corresponding steady-state error and overshoot values
are decreasing. For desired P.M of 30°, just by varying the value of k from 0.9 to
1.2, steady-state error is changing from 0.8418 to 0.7354%, and overshoot is
changing from 40.58 to 34.4% which is a significant change. Similarly, for desired
PM of 45° and 75° cases, steady-state error and overshoot are decreased by varying
the value of k from 0.9 to 1.2. This indicates that by the varying the value of k,
stability region can be increased.

22.7 Conclusion

In this chapter, an effort has been made to introduce easy and efficient technique of
controller design for DC–DC power converter interfacing with PV array and
microgrid application. The importance of FOPIL controller has been illustrated
from modeling perspective. The design of FOPIL parameters for non-ideal power

(c) 

Fig. 22.5 (continued)
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converters has been discussed. Using the simulation results, it is clear that the
desired frequency-domain performance parameters can be achieved using
FOPI-Lead controller-based technique. Though this chapter gives an idea about
controller design for PV array-fed DC–DC buck converter in microgrid for low
power application, same control design technique can be used for other application
where various DC–DC converter topologies are key ingredients.
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Chapter 23
Power Management of Battery
Integrated PV System
with SMC-Controlled
Bidirectional Converter

Shruti Pandey, Neeraj Priyadarshi, and Sanjeevikumar Padmanaban

23.1 Introduction

Non-renewable resources such as fossil fuels are depleting fast, and maximum
electricity consumed in India is generated by thermal power plants [1, 2]. Though
the power production is cheap, it comes at the cost of lower efficiency and major
negative environmental impacts [3, 4]. Renewable energy sources like solar, wind,
etc., have emerged as an effective solution to handle the energy crisis of the future
electrical power generation [5, 6]. The main features of these resources include low
maintenance, natural availability and environmental friendliness [7, 8]. The prob-
lem with their integration is due to their variable nature that poses challenges in
continuous power supply [9, 10].

The intermittency of renewable resources and fast load changes are circum-
vented to a great extent by incorporating storage devices along with them [11, 12].
Energy storage devices, therefore, are necessarily needed with the renewable
resources to accommodate the variations of available power generation and
demand, thus improving the reliability of the system [13, 14]. In the low-voltage
low-power DC distribution systems (LVDDS), the energy storage devices are
implemented with the help of a bidirectional converter which charges and dis-
charges the battery to maintain the DC bus voltage, to smoothen the transients and
to provide backup power to critical loads [15, 16]. The bidirectional converter
operates in buck mode and helps the battery to store the energy whenever there is a
surplus supply of energy from the renewable energy sources [17, 18]. It helps to
deliver the energy whenever renewable energy resources deliver insufficient power
and are incapable of satisfying the load [19, 20].
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The control capability is the most important and the decisive features of a
distributed system [21, 22]. The main objectives of the control are voltage regu-
lation that is required to guarantee the proper operation of the loads connected
[23, 24]. The other one is the battery management that can take care of intermit-
tency of renewable resources and can help to prevent overburdening of any source
within a system [25, 26]. The presence of renewable energy source and tightly
regulated DC–DC converters also termed as CPLs makes the system highly non-
linear [27, 28]. Therefore, the selection of an appropriate nonlinear controller is
desired for the proper functioning of the LVDDS. Sliding mode control
(SMC) which is a part of variable structure control scheme is found to be a suitable
controller for DC–DC converters [29, 30]. This nonlinear technique of control is
supercilious when it comes to stability, simplicity, regulation and robustness under
wide range of operating conditions. SMC is developed for the control of variable
structure systems, and it is comparatively easier to implement [31, 32].

This paper consists of an MPPT interfaced photovoltaic (PV) source, in com-
bination with a battery whose charging and discharging are regulated by sliding
mode-controlled bidirectional converter. This parallel combination is connected to a
common DC bus [33, 34]. The DC bus delivers power to the load connected to it.
Whenever there is variation in solar irradiation or load, this parallel combination
effectively manages this variation and regulates the DC bus voltage [35, 36]. The
controlled bidirectional converter steps down and steps up the bus and battery
voltage, respectively, and the flow of power is realized in a bidirectional way [37].
Here a modified battery algorithm is presented considering the difference of solar
and load power along with SOC to decide the control modes of charging and
discharging of the battery. A comparative analysis of SMC and proportional–in-
tegral (PI)-controlled bidirectional converter is presented to demonstrate that robust
charging/discharging of the battery along with grid voltage regulation can be
achieved by SMC [38].

23.2 SMC Control for Two Switch Bidirectional
Converter in DC Microgrid

The structure of a DC microgrids is shown in Fig. 23.1. The SMC control has been
formulated taking the non-ideal model of bidirectional converter which gives more
accurate values of sliding gains.

23.2.1 Modeling of Two Switch Bidirectional Converter

The state space average equations of bidirectional converter shown in Fig. 23.1 in
charging or buck mode are

424 S. Pandey et al.



_x1 ¼ l1
L

Ebus þ 2Vd � iLRd½ � � 1
L
Vd þV0 þ iLRbatt½ �

_x2 ¼ 1
C

iL � V0

Rload

� � ð23:1Þ

Similarly, the state space average equations of bidirectional converter in dis-
charging or boost mode are

_x1 ¼ l2
L

�iLRon þV0½ � þ 1
L
Ebatt � iLRLbatt � Vd � V0½ �

_x2 ¼ 1
C

iL � V0

Rload
� iLl2

� � ð23:2Þ

Here iL and Vc are state variables. RLbatt is internal resistance of inductor. Ron is
resistance of diode of the switch. Vd is forward voltage drop, and Rd is resistance of
diode. L and C are values of inductor and capacitor. Ebatt is the battery voltage, and
Ebus is the bus voltage.
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Fig. 23.1 SMC bidirectional converter in DC microgrid
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23.2.2 Design of Sliding Mode Control for Bidirectional
Converter

Initially, switching functions rcc, rcv, rboost for each mode of control are selected
that are obtained through state space equations of bidirectional converter.

For constant current charging of battery, it is given by

rcc ¼ cðx1 � x1rÞ ð23:3Þ

For constant voltage charging of battery

rcv ¼ x1x2batt � x1rx2rbatt þ abuckðx2batt � x2rbattÞ ð23:4Þ

For discharging of battery

rboost ¼ x1x2bus � x1rx2rbus þ aboostðx2bus � x2rbusÞ ð23:5Þ

Here c; abuck and aboost are the sliding mode control parameters which are
obtained from Eqs. (23.1) to (23.5). x1r, x2rbus and x2rbatt are the reference values of
inductor current, bus voltage and battery voltage, respectively.

Next, a control law is formulated which helps the trajectory to reach the sliding
surface and retain it on the surface. The time taken by the trajectory to reach from
any initial state to equilibrium of sliding surface can be easily obtained in reaching
coordinates. Therefore, Eq. (23.6) represents the reaching dynamics in reaching
coordinated rather than original coordinates.

_r ¼ �ks� KsgnðsÞ ð23:6Þ

Here k and K are reaching phase acceleration parameters.
The control laws (ucc, ucv, uboost) where cc and cv control laws are for charging

of battery and boost control law is for discharging of battery which are given in
Eqs. (23.7)–(23.9):

ucc ¼ �krscc � ksgnrsccð ÞLþ vd þEbatt þ iLRLbattð Þ � 2vdcþ iLrdc
cEbus

ð23:7Þ

ucv ¼
�krscv � ksgnrscvð Þ � abuck

C iL � Ebatt
Rldbu

� �
� iL

C iL � Ebatt
Rldbu

� �
þ Vc

L vd þEbatt þ iLRLbattð Þ � 1
L 2vdVcabuck þ iLrdabuckð Þ

abuckEbus
Vc
L

� �
ð23:8Þ

uboost ¼
�krboost � ksgnrboostð Þ � aboost

C ðiL � Ebus
Rldbst

Þ � Vc
L Ebatt � iLRbatt � vd � Ebusð Þ � iL

C iL � Ebus
Rldbst

� �
Þ

i2L
C þ VcEbus

L � VciLRON
L � aboostiL

C

� � ð23:9Þ

Here Rldbu and Rldbst are the respective load resistances in buck and boost modes.
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23.3 Implementation of Power Management

Figure 23.2 represents the algorithm to the control modes of operation. It takes
difference of power (PV power and load power) and SOC as input. It switches ON
the respective modes according to the given conditions. For example, boost dis-
charging will take place when power difference will be negative, and SOC of
battery will be greater than 60%.

23.4 Results and Discussion

MATLAB simulation is done for DC microgrid having a PV panel giving a
maximum power (Pmp) of 180 W, Vmp of 24 V and Imp of 7.6 Amp at 1000 W/
m2. The irradiation is decreased to 800 W/m2 between t = 0.44 and t = 0.84 s, due
to which the power is reduced to 145 W. The load connected to the system is of
153 W. The bidirectional converter which is used to control charging and dis-
charging of battery is controlled through SMC and PI controller, respectively. The
results are obtained to validate the robustness of SMC over PI in Figs. 23.3, 23.4
and 23.5. Figure 23.3a represents the difference in source and load power which
becomes negative with decrease in irradiation. Figure 23.3b shows the DC bus
voltage where a small dip of 1.5 V approx. can be seen between t = 0.44 and
t = 0.6 s, and the voltage attains constant value of 48 V thereafter. Figure 23.3c
shows that the battery current is positive, i.e., battery is discharging with decrease in
source power. With the reduction in irradiation, the duty also gets reduced to 0.7

BOOST MODE BUCK MODE

START

Ppv-Pload>0

DISCHARGING

CV mode

SOC >=60%

Shut Down C-Boost

60%<SOC<=70%

CHARGING

CC-Mode

70%<SOC<=80%

STOP

NO YES

Fig. 23.2 Algorithm to control modes of charging and discharging of battery
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from 0.73 which can be seen in Fig. 23.3d. Figure 23.3e shows the SOC during
discharging mode which according to the algorithm should be greater than 60%.

Figure 23.4a shows the ability of sliding mode control during charging of bat-
tery. It helps to charge the battery with desired constant current of 2.2 Amp, and the

Fig. 23.3 Output waveforms in discharge mode

Fig. 23.4 Output waveform in charging mode
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SOC during this duration is increasing from 67 to 70%. Figure 23.4b represents the
battery voltage which gets constant when the SOC is raised over 70% at t = 1.3 s.
Figure 23.4c shows the SOC during charging mode.

Figure 23.5 shows the DC bus voltage waveform of PI-controlled bidirectional
converter. Here the voltage is significantly reduced (around 5 V) throughout the
duration when there is decrease in source irradiation. Therefore, the superiority of
SMC-controlled bidirectional converter over PI in tracking the DC bus voltage can
be seen from Figs. 23.3b and 23.5.

23.5 Conclusion

An approach which comprises of the incorporation of LVVDS deploying
MPPT-controlled PV source, PI and SMC-controlled bidirectional converter with
CPLs and CVL has been carried out in this paper. The performance analysis shows
that the SMC control is efficiently able to charge/discharge the battery and regulate
DC bus voltage maintaining the robustness under wide operating range with the
help of a control algorithm. The steady-state error in DC bus voltage is approxi-
mately 70% more with PI-controlled converter in comparison with that of
SMC-controlled converter during varying irradiation. Therefore, it is interesting to
note that SMC controller can satisfactorily charge and discharge the battery to
balance the intermittency of photovoltaic source and can be a better choice for
fitting it to the microgrid systems.
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Chapter 24
Overview of Bidirectional DC–DC
Converters Topologies for Electric
Vehicle and Renewable Energy System

S. Saravanan, P. Pandiyan, T. Chinnadurai, Ramji Tiwari,
and N. Prabaharan

24.1 Introduction

Development in electric mobility has been increasing exponentially due to
advanced technologies, noiseless operation and pollution-free property. The
charging and discharging of the battery management especially gets attention for
extending the life span of the batteries. Significant research has been carried out for
power converters in the field of power electronics. The power flow in conventional
converters is in a unidirectional way, whereas in bidirectional converters, power
flow occurs in both the directions, i.e., forward and reverse directions. The appli-
cations of these converters are found in renewable energy harvesting applications
like solar photovoltaic arrays, wind turbines, and fuel cells and smart grids, electric
vehicles, uninterrupted power supplies and aerospace applications. The bidirec-
tional configuration-based converters act as interfacing element between energy
storage devices and power sources which shrink the size of the converter and
enhance the performance of the overall system because the requirement of two
individual converters is not required to perform the forward and reverse directions
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of power flow. The buck or boost converter is used based on the energy storage
system location, and the corresponding control strategy is employed to adjust the
current or voltage according to the system requirement [1].

A bidirectional DC-to-DC converter is employed in many applications where the
direction of current in both the ways depending upon the mode of operation owing
to its inherent features. With the purpose of starting and accelerating the vehicle to
drive in an uphill location, an additional power is required in order to boost up the
high-voltage DC bus. The required higher power can be achieved through sec-
ondary batteries installed in electric vehicles in which bidirectional DC-to-DC
converter that provides the maximum amount of current from the batteries during
motor starting stage. In contrast to unidirectional converter configurations, it can
reverse the direction of the current and power flow to be precise, and the supple-
mentary battery present in the BOEVs takes up regenerative energy returned from
the motor in deceleration condition [2].

Smart grid and PHEVs charging station uses the bidirectional DC–DC converter.
In this situation, bidirectional DC–DC converter is employed to charge the electric
vehicle batteries from the connected grid side and fed back to the batteries of
PHEVs to the grid side subject to energy demands. For this reason, the bidirectional
DC–DC converters are needed with high reliability, higher efficiency and low-cost
features to utilize in the charging station.

This converter is classified into two major groups, such as non-isolated con-
figuration and isolated configuration. The transfer of power taking place without
using magnetic isolation is known as non-isolated topology. Therefore, this
topology does not have a transformer and is in need of galvanic isolation features
like a high step-up voltage gain which is simple in construction and of lesser
weight. The non-isolated topology is the best choice when weight and size are the
key factors in specific applications. As opposed to the non-isolated converter, the
isolated converter topology converts DC-to-AC voltage, and it is given to the higher
frequency transformer. The output of the transformer is given to the rectifier to get
the DC output voltage. Generally, the voltage transfer ratio of the isolated converter
configurations is higher compared to the non-isolated converter topologies [3].

The control technique employed in a bidirectional converter is based on the
topology and the issues occurred in the controller part in real-time scenario. The
applications which do not need isolated configuration topology, non-isolated con-
verter topology are preferred due to low cost and simple in construction and also
possible to implement without using a transformer. The isolation between sources
and load is needed in case of high-power applications. As a result, an isolated
converter configuration is a more suitable choice. The unique features of this iso-
lated converter topology are electrical isolation, high reliability, simple to imple-
ment the soft-switching control technique, safe operation and equipment protection.
Despite choosing the specific configuration for the bidirectional DC-to-DC con-
verters [4], higher efficiency as well as hybrid control techniques is needed to
implement these converters.

The board categories of bidirectional DC-to-DC converter topology along with
control strategies are discussed in this chapter. This review is useful for the
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researchers pursuing the field of bidirectional converter topology in diverse
applications.

24.2 Non-isolated Bidirectional DC-to-DC Converters

Non-isolated bidirectional DC-to-DC converter is generally constructed using an
anti-parallel diode with the switch and including a controllable switch with diode
present in the unidirectional DC-to-DC converter. This non-isolated converter is
categorized into boost, buck, cuk buck–boost and so on depending upon the
operation and output requirement. In addition, interleaved multilevel and switched
capacitor configurations are dedicated only for voltage boosting technique.
Therefore, the non-isolated bidirectional configuration-based converters are divided
further into eight clusters as follows.

24.2.1 Buck and Boost Derived Converter

The basic non-isolated bidirectional buck and boost DC-to-DC converter was
reported depending upon on the unique boost and buck configuration [5].
Figure 24.1 shows the bidirectional configuration which is deduced from the uni-
directional buck and boost configuration. On the other hand, bidirectional boost and
buck converter can be formed by substituting the bidirectional switches with uni-
directional switches available in the unidirectional converter. The converter which
performs the conversion operation from low voltage (LV) level to high voltage
(HV) level is known as boost converter, whereas buck converter performs the
operation in converse way.

24.2.2 Buck–Boost Derived Converter

The technique adopted previously is applicable for designing bidirectional buck–
boost converter by replacing bidirectional switches instead of unidirectional
switches present in the unidirectional buck–boost converter configuration which is
illustrated in Fig. 24.2. In conventional buck–boost converter topology, the voltage
level can be decreased or increased as per the requirement [6]. In case of bidirec-
tional buck–boost DC-to-DC converter gets benefited from the unique features of
providing negative voltage output and power flow in both the directions.
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24.2.3 Ćuk Derived Converter

Figure 24.3 illustrates the Cuk converter which has characteristics of continuous
input and output current flow in both the directions by means of employing pair of
bidirectional power switches in place of the diode and power switch combination of
the regular circuit configuration. Some modifications have been implemented in the
bidirectional non-isolated Cuk converter. In general, unidirectional Cuk converter
with coupled inductor proposed to reduce the ripple content in the input and output
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R0 VH

Fig. 24.1 Buck and boost derived bidirectional converter
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Fig. 24.2 Buck and boost derived bidirectional converter
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current [7]. This method may be utilized to the bidirectional non-isolated Cuk
converter configuration which has the potential features for advance analysis in the
area of bidirectional Cuk converter with coupled inductor configuration.

24.2.4 Zeta and SEPIC Derived Converter

Zeta as well as Single-Ended Primary-Inductor (SEPIC) is the next level of
DC-to-DC converter configuration that is constructed by means of reconfiguring the
elements of Cuk converter topology to get positive output voltage. The SEPIC/
ZETA bidirectional converter shown in Fig. 24.4 operates like a SEPIC converter
when power flow takes place form low level to high level, whereas change in power
flow direction (i.e., high level to low level) occurs the same converter works as
ZETA converter. The highlighted auxiliary branch in the converter design proposed
in [8] provides a power delivery path to the output from the input directly and
mitigates the ripples in the current waveform.

24.2.5 Cascaded Converter

To enhance the voltage boosting capability as well as current stress of the converter,
more than one converter is connected in cascade fashion depending on the
requirement. The fundamental cascaded non-isolated bidirectional DC-to-DC
converter is depicted in Fig. 24.5 which is dedicatedly meant for Electric Vehicle
application. By closely observing this converter, it is formed by cascading the
couple of two buck–boost bidirectional DC-to-DC converters [9]. However, to
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Fig. 24.3 Cuk derived bidirectional converter
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realize the fundamental buck–boost converter with more amount of components
compared, this cascaded topology gets benefited with feature of high voltage
transfer ratio along with the similar duty cycle of the switch. In addition, current
stress on the switches, ripples and current stress on the capacitor, inductor and
uncontrolled switches have been diminished which leads to operate this converters
in higher power ratings.

24.2.6 Switched Capacitor Converter

The switched capacitor model can also be applied for improving the voltage boost
capability of the converter. A bidirectional converter implemented with switched
capacitor model to increase the voltage transfer ratio is depicted in Fig. 24.6. The
research work presented in [10] evolved the bidirectional DC–DC converter
topology implemented using unidirectional switched capacitor model. The absence
of inductor in switched capacitor model gives the platform to reduce the weight in
prototype design and also provides continuous current input by shunting same type
of two strings realized by switched capacitor models and working together in
anti-parallel manner. This can further be enlarged by incorporating the switched
capacitor model.
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24.2.7 Interleaved Converter

The interleaved bidirectional DC-to-DC converter is depicted in Fig. 24.7 which
has capability of reducing current ripple and switching frequency. Due to these
advantages, it behaves as smaller electromagnetic interference filter. The research
presented [11] a interleaved configuration-based bidirectional converter for auto-
motive applications that consists of several stages which dominantly focused on
filter size reduction, thermal management and better dynamic response. The
interleaved converter is reported in [12] with coupled inductors in either reverse or
direct manner to enhance the dynamic response of the converter and decreases the
current ripple.

24.2.8 Multilevel Converter

The multilevel bidirectional DC-to-DC converter is illustrated in Fig. 24.8.
A switching unit is employed at the same time as recurring pattern in every level in
order to give high voltage transfer ratio. The proposed system in [13] implemented
for dual-voltage automotive systems. The size and weight of this converter are
significantly reduced due to the absence of the inductor.

VL

C out VH

S1

L1

S3

S4
S2

L2Cin

M

Fig. 24.7 Interleaved bidirectional converter

440 S. Saravanan et al.



24.3 Isolated Bidirectional DC-to-DC Converters

Galvanic isolation is the most significant technique to establish a higher voltage
gain boost capability by means of including an additional gain to the converter
through the winding turns ratio in order to satisfy the output and input regulation
[14]. This topology provides the prospects for realizing the multi-input and
multi-output system and is also useful for the susceptible loads which are sensitive
to faults as well as noisy signal. Furthermore, the safety is also considered. The
isolated bidirectional DC-to-DC converter hit upon its usefulness in the area of
BOEVs, PHEVs, aircraft and renewable energy resources.

24.3.1 Bidirectional Flyback Converter

The varieties of methods are available to improve the voltage boost-up capability in
buck–boost converter to accomplish a higher voltage transfer ratio exclusive of
isolation. On the other hand, magnetic isolation-based DC–DC converter specifi-
cally the flyback converter is constructed using transformer in place of inductor of
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Fig. 24.8 Multilevel bidirectional converter

24 Overview of Bidirectional DC–DC Converters … 441



the buck–boost DC–DC converter. A bidirectional isolated buck–boost DC–DC
converter can be realized through non-isolated bidirectional converter depicted in
Fig. 24.9. The forward gain of the bidirectional DC–DC converter power flow is
calculated using volt-sec and charge sec balance equations which are similar to
flyback converter voltage gain ratio. The design procedure for the transformer is to
be considered, and snubber circuit is needed for suppressing the flyback transformer
leakage current. Authors [15] proposed additional changes in this topology to
increase the voltage gain.

24.3.2 Ćuk & SEPIC/Zeta Converter

By introducing themagnetic isolation in the non-isolated-based bidirectional DC–DC
Cuk converter, the isolated bidirectional DC–DC Cuk converter is realized as shown
in Fig. 24.10. In order to provide isolation among output and input parts with higher
voltage transfer ratio which includes the transformer turns ratio and also supplies
continuous input and output current [16], the coupling inductor linking the input and
output directs toward the removal of ripple content in the input and output waveform
which is significantly needed in renewable-based energy systems. Bidirectional
SEPIC/ZETA converters were also realized in the similar way of approach.

24.3.3 Push–Pull Converter

Bidirectional push–pull converter is obtained from the unidirectional push–pull
converter by incorporating the features of power flow takes place in both ways as
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Fig. 24.9 Bidirectional flyback converter
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shown in Fig. 24.11. In this converter, multiwinding transformer was used as in
unidirectional push–pull converter. The authors [17] reported 3-ф bidirectional
push–pull DC–DC converter applicable to high-power applications.

24.3.4 Forward Converter

The forward bidirectional DC–DC converter reported in [18] by considering the
unidirectional forward converter is depicted in Fig. 24.12. The zero-voltage
switching in this converter topology is accomplished using a clamped circuit. In
addition, forward bidirectional DC–DC converter was proposed in [19] in which the
leakage inductance of the transformer is utilized for creating a resonance in order to
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realize the resonant converter topology. Hybrid converter topology has been real-
ized in literature using the converters discussed in the isolated configuration
depending upon the specific features and applications such as flyback push–pull
converter, push–pull forward converter and forward-flyback converter. The trans-
former primary side is deduced from one of the pointed configurations, and the
transformer secondary side is deduced from alternate one either voltage fed or
current fed in these hybrid topologies.

24.3.5 Dual-Active Bridge (DAB) Converter

DAB converter is the well-known converter configuration that uses end-to-end
bidirectional configurations which are isolated by means of a transformer with
high-frequency feature. This DAB converter may be either full bridge or half bridge
and voltage fed or current fed. The fundamental design for DAB converter consists
of two full-bridge configurations and placed in both sides of the transformer. The
number of switches employed in the converter is directly proportional to the power
flow of this converter. The researcher reported [20] a work that has eight power
switches with galvanic isolation which is most suitable configuration for automo-
tive system realized with high voltage transfer ratio and also applicable for appli-
cations involving high power requirement. The control scheme employed converter
gives highly efficient optimization. The basic circuit diagram of the derived DAB
converter in Fig. 24.13 which consists of two stages. In the first stages, the DC–AC
conversion takes place depending upon the desired specifications either a
current-fed or voltage-fed full-bridge converter. A high-frequency step-up trans-
former amplifies the AC voltage level with galvanic isolation taken place in the
second stage. A resonant circuit utilized in the converter along with the transformer
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assembly helps in achieving either zero current switching or zero-voltage switching
and consequently the efficiency gets improved [21]. Depending upon the specific
requirement, either a current or a voltage-fed full-bridge converter does the
AC-to-DC alteration in the third phase.

24.3.6 Dual Half-Bridge Converter

Half-bridge DAB consists of only four switches, and it is dedicated for low-power
applications. Dual half-bridge DC-to-DC bidirectional converters along with
voltage-fed configuration presented in [22] are depicted in Fig. 24.14. There is no
inductor in the converter topology leads to no zeros in the right half of the s-plane.
This makes the converter with minimum phase behavior and very easy to design the
controller. Researchers reported the dual half-bridge bidirectional DC–DC con-
verter which is developed with current-fed half-bridge configuration in primary side
of the transformer as well as a voltage-fed half-bridge configuration in secondary
side of the transformer. Another work in the dual half-bridge converter reported in
[23] is exactly reverse configuration (i.e.) a voltage-fed configuration in primary
side of the transformer and a current-fed configuration in the secondary side of the
transformer. Current-fed configuration-based converter generates continuous cur-
rent waveform which is suitable for electric vehicle applications. Authors imple-
mented [24] interleaved bidirectional dual half-bridge configuration to enhance the
voltage boost-up capability in their study to decrease the transformer ratio and
current stress.
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24.3.7 Half-Bridge-Full-Bridge Converter

In uninterrupted power supply (UPS) design, an isolated bidirectional converter
used the voltage-fed half-bridge configuration in primary side of the transformer
and voltage-fed full-bridge configuration in secondary side of the transformer
shown in Fig. 24.15. This design makes converter with a smaller number of
switches in comparison with DAB, and it leads to less complication in designing the
controller for the same. This topology is very much preferable for combining pair of
switch buck–boost converters in the half-bridge part to realize a whole UPS design.
The authors [25] reported the full-bridge-half-bridge bidirectional DC–DC con-
verter with impedance circuit which makes the system give better performance.

24.3.8 Multiport DAB Converter

The applications such as renewable energy integration system and electric vehicles
require multi-input converters as reported in [26]. DAB-based isolated bidirectional
multi-input bidirectional DC–DC converter implemented by means of multiwinding
transformer configuration with decoupled power flow architecture is depicted in
Fig. 24.16. The best usage of duty cycle as well as power flow control to maximize
the system behavior is one of the significant research areas in multiport converters
topology which is reported in [27].
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24.4 Control Strategies

The selection of right control strategies for bidirectional converter configurations is
based on the types and control issues arise in real-time scenario. The variety of
control strategies employed in isolated and non-isolated converter configuration are
discussed in the section.

24.4.1 Proportional–Integral–Derivative (PID) Control

A PID controller is a very simple controller shown in Fig. 24.17 which makes most
of the researchers to select it as first choice for designing a control strategy.
This PID controller is utilized in most of the converter configurations as well as
variety of control problems and also used in combination along with another control
strategy too. The major problem encountered in non-isolated bidirectional converter
is power flow control in both directions.

Authors proposed [28] the technique in which real and reactive powers are
controlled separately through controlling the real and reactive powers corre-
spondingly; then only the real and reactive powers in AC side are controlled with
the help of inverter. Further, the inverter is controlled by means of PWM and
reference values. In similar way, the voltage in DC bus is controlled through a
proportional integral controller and given to the power boosting circuit.

The transition stage for the bidirectional converter is generally classified into two
categories. The stages are low voltage (LV) level to high voltage (HV) level and
vice versa. The LV and HV are the key control input variables for the system. The
traditional control schemes exploit low and high voltages for battery charging and
discharging and so that this controller does not have capability to hold off the large
transient at the time of transition from LV level control to HV level control. In order
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to reduce these problems, a PI control regulator is employed depending upon the
pulse width modulation (PWM) technique which gives continuous power to the
loads and diminishes the transition time as well as size of the capacitor present in
the DC bus.

Multiple converter topologies provide high power efficiency with optimal inte-
grated solution and low cost. To design a suitable control strategy for a non-isolated
MIMO (Multi-input & Multi-output), multilevel bidirectional DC–DC converter is
a challenging task which gives random number of voltage controllable nodes and
power flow in both the directions. The job of the control strategy is to adjust the
capacitor voltages of every module depending upon the specified reference values
assigned for every nodal voltage. In view of that every row in the converter con-
figuration operated along with an outside loop of PI regulator for regulating the
voltage across the capacitor of the respective row path and likewise every unit of
the bidirectional converter configuration operated with a higher bandwidth inside
the loop of PI regulator. The inductor current is regulated by means of current
controller employed in the corresponding module and set the duty cycle value for
the required operation. The suitable way of inductor current regulation is used to
protect the switching devices from the over current.

The procedure for stability analysis of step-down and step-up topology is sim-
ilar. The local stabilization analysis performs the task by using eigenvalues of the
linear system. On the other hand, the dynamics of the converter and control
strategies proposed are nonlinear and to do stability analysis, the closed-loop
control system ought to be linearized about the equilibrium point. The bode plot
technique is used for stability analysis of transition of power flow takes place
among the pair of step-down and step-up stages of the bidirectional converter.
Therefore, required transfer function should be linear for analysis which can be
implemented through state space averaging technique (SSA). The suitable control
strategy must be designed with the help of stability analysis data obtained from
bode plot.

24.4.2 Sliding Mode Control

The bidirectional converter consists of nonlinear elements which enable converter
dynamic equation in nonlinear. One of the best ways to develop a control scheme
dedicatedly for a nonlinear equation is that linearize the nonlinear equation about
the optimum point by means of existing methods of linearization. Nevertheless, the
estimation algorithm along with these techniques represents the improper system
model. In linear model, the disturbance and perturbation are ignored. Hence, to
achieve the desirable results as well as the system including the perturbation and
disturbance existence, the controller should be designed with nonlinear strategies.
Sliding Mode Controller (SMC) employed converter is illustrated in Fig. 24.18.

SMC falls under nonlinear control scheme which is more familiar for its unique
features like fast, finite-time response, robust, insensitive to external perturbation
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and parameter variation. This control strategy is applicable for both linear and
nonlinear systems. The variable structure sliding mode controller to manage the
bidirectional converter is employed for controlling the DC motor through rotor
angular position.

Small-signal analysis depending upon the SSA model cannot forecast the reg-
ulator characteristics whenever a large signal present in the converter along with
external perturbations. In order to overcome this issue, SMC is preferred due to its
less sensitive to external perturbation and finite time convergence. However, this
control strategy requires accurate parameter data as well as state information which
makes the controller more complexity. Researchers reported [29] three variety of
sliding surfaces to analyze the three particular switching states in a bidirectional
DC-to-DC Cuk converter topology. This performance analysis reveals that whether
the discontinuity surface is in linear grouping of the output voltage and current as
well as negative magnetic coupling among the inductors; henceforth, the converter
system will be less sensitive to the voltage output changes in steady-state condition.

Researchers in their work [30] proposed the applications of SMC for the bidi-
rectional converter used in storage system for microgrid applications. The SMC is
preferred due to energy resources as well as load demand fluctuations over a period
of time. The SSA model based on microgrid systems is nonlinear; therefore, the
equivalent load would also be nonlinear in nature. Sometimes, single control
strategy is not sufficient enough to solve the problem. In that case, researchers go
for hybrid versions to utilize the advantages of changing control strategy tech-
niques. For example, the traditional method of cascade control technique uses pair
of PI controllers in which outer loop controls the higher voltage side of the
capacitor voltage with inner loop regulates the current flowing through inductor. In
the view of such circumstances, some problems like severe variations occur in load
as well as line, PID control strategy may not be the suitable for achieve the required
performance. Therefore, PI controller in combination with a nonlinear
fixed-frequency SMC to attain the required dynamic response and improve the
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system performance. In fuzzy-based sliding mode controller is developed for
reproducing the energy for an ultra-capacitor in order to decrease the chattering
problems occur in normal SMC. The combination of these two control strategies
directs to robust controller even if the external perturbation is present and also
diminishes the variations of the real-time response about the expected results.

24.4.3 Dynamic Evolution Control

In case of electric vehicle application, frequent acceleration and decelerations are
required. In this view, a fastest dynamic response is the ultimate prerequisite for this
type of applications. The fuel-cell-powered electric vehicle may not have tendency
to offer a fastest dynamic response that is sorted out through ultra-capacitor usage as
an additional power source [31]. The bidirectional converter is used to connect the
ultra-capacitor to the fuel-cell-based electric vehicle. In this system, voltage drop is
considerably minimized once the instant variation occurs in the load current. This
type of nonlinear system prefers dynamic evolution control strategy as shown in
Fig. 24.19. The fundamental idea behind this control strategy is to mitigate the
dynamic steady-state error as well as forcing to chase the progress path in spite of
disturbance present.

This type of control strategy and the dynamic characteristics pertaining to the
control system work mainly depending upon the target equation with respect to
time. The control strategy law related to this technique does not need accurate level
of knowledge about the model parameters; therefore, it can balance the entire
changes in the output and input voltages as well as variation in current flowing
though the inductor which is an additional benefit of this control strategy which
leads to produce enhanced system performance. From the obtained results, the
developed controller is capable of responding to the fast-varying load conditions
and returns to charge in the nominal level of voltage while power incurred due to
fuel cell is larger compared to the load requirement or else vehicle is in braking
mode of operation.

State-Error Function 
Following Evolution 

Path (Y = Ce
-mt)

Obtaining
Duty Cycle

Converter+-

Desired
Output Error Output

Dynamic Evolution Controller

Fig. 24.19 Dynamic evolution controller

24 Overview of Bidirectional DC–DC Converters … 451



24.4.4 Model Predictive Control (MPC)

MPC strategy is derived from the predictive control scheme that utilizes the pre-
defined function to build a system in which system parameters follow the set point
values as illustrated in Fig. 24.20. This control strategy has its significant features
like reference tracking characteristics, fast dynamic response and easy to implement
using microprocessor. Researchers [32] proved that this control strategy is appli-
cable for bidirectional converter used in battery-operated electric vehicles.

This control scheme requires exact discrete-time system model; then, only the
forecasting and optimization stages are to be developed. In prediction block of the
system, to implement the control strategy method, the measurement data is fetched
from the preceding discrete-time block and the forecasted data is specified as a
function of concurrent control variables in every converter switching conditions. In
last, all predicted values are transferred into the optimization block. An optimiza-
tion problem is solved in an online depending upon the predefined cost functions in
the optimization stage and predicted values in each time step which guides to the
optimal control action.

The linear-type MPC scheme needs a linear input–output equation to indicate the
process flow. The main drawbacks in model predictive controller strategy are to
produce good performance only when algorithm present inside the dynamic model
should completely in linear or act liner according to the operational area. In order to
eliminate this issue, the multi-MPC strategies were reported which employs mul-
timodel control system to linearize the nonlinear model process of every model in
local environment at various operating points. However, multiple MPC cannot be
useful to carry out the nonlinear dynamic characteristics. The comprehensive
dynamic control matrix utilizes the nonlinear system model to attain the accurate
linear system model locally at each sampling time period. This method ensures that
the linear system model to be changed in every optimization time interval to acquire
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the nonlinearity effects to be considered in every sampling step. Furthermore, the
deviation occurs between nonlinear system model, and linear system model will be
drastically reduced with the help of alternate algorithm. This method easily reduces
the limitations caused by multiple MPC.

24.4.5 Fuzzy Logic Control (FLC)

FLC is preferred when the system is nonlinear, insensitive with parameter variation,
inaccurate model, uncertainty and load disturbance. The time-variant and nonlinear
behavior of converter switches creates a platform to model the single-stage con-
verter dynamics in very tough manner. Furthermore, the charging and discharging
circuits in a single-stage converter have a broad span of variation. FLC-based
bidirectional converter is illustrated in Fig. 24.21.

Authors reported [33] two control strategies such as FLC and SMC for con-
trolling the charging and discharging of battery of a DAB converter. In comparison
with SMC, FLC can be implemented without enough knowledge about the system
parameters, and less measurement is needed to design a controller. An artificial
neural network (ANN) is an another variant of intelligent control strategy which is
applicable for any systems owing to its learning behavior; therefore, it is well suited
for nonlinear system. The major benefits are no need of thorough knowledge
pertaining to the system, learning by training the large and complex earlier data
enables to resolve the difficult problems in the easiest way. Authors implemented
[34] an artificial neural network (ANN)-based controller to control the boost con-
verter output voltage and enhance the system performance at the end of transient
operating condition. The results obtained from the simulation in this control scheme
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are similar to the working of a PI controller with a fastest dynamic response that
reduces the overshoot.

Design of FLC requires skilled knowledge to derive the control strategy law;
otherwise, it has influence on the system performance. In order to minimize the
error, precise knowledge is highly appreciable. ANFIS (Adaptive-Network based
Fuzzy Inference system) is employed to mitigate the expected error and adjust the
controller parameters by means of gradient descent method and least square error
estimation at the time of learning stage.

24.4.6 Digital Control (DC)

DC strategy-based controller produces on output which will be processed by the
computer directly from the continuous-time error input signal. Once the data is
processed, the discrete time signal is given to the digital controller. Then the output
of the controller is sent to the bidirectional converter topology. The general block
diagram of the digital control strategy is illustrated in Fig. 24.22. The digital control
strategy is well-known controller scheme because of the existence of microcon-
trollers which process the inputs within microseconds. The authors reported [35] the
bidirectional flyback converter using microcontroller. In this control scheme, the
converter is utilized for mitigating the electromagnetic interference and switching
loss occur in the capacitor without taking the sensor input from high-voltage side in
charging/discharging phases of the load capacitance based on valley switching
technique. The input voltage and VDS(LV) of the MOSFET are compared in this
technique by means of high-speed comparator, and then it is given the high-speed
microcontroller to identify the output coming from the comparator which charges
and gives a fixed Ton (on-time) pulse which drives the specific actuator. The
proposed control strategy provides fast charge/discharge speed and also higher
efficiency.

In order to implement a precise small-signal model in DAB converter, the skills
on modulation method are essential as well as the electromagnetic interference
(EMI) filters need to be incorporated for considering their relation with respect to
DAB. Nowadays, digital signal processors (DSPs) are widely used due to its high
computational performance with least cost. The benefits of using digital controller
are higher flexibility in comparison with analog electronics, immunity to EMI,
improve the fault and process monitoring by means of external interface/network
connection. Hence, a digital control strategy is utilized for controlling the DAB
reported in [35], further, to obtain the transfer function in discrete time with
modeling which will be utilized immediately for the design of controller.
Researchers proposed the intelligent controller strategy like soft-start control and
dead-band switch to modify the directions of power flow smoothly in the bidi-
rectional converter and also keep the converter safe from the inrush current at the
starting condition. This variant of controller gives a platform to control the power
flow in both directions and enhance the conversion of power in efficient way in
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low-voltage side distribution systems. This configuration can work with
Zero-voltage switching in the primary side and soft commutation technique in the
output rectifier side. Furthermore, this converter does not need any snubber and
clamp circuits for mitigating the voltage stresses in the power semiconductor
switches. The DSP processor was used for implementing all control algorithms
related to commercial applications.

In addition, distribution system and power management need the integration of
different load types, renewable energy resources as well as energy storage devices.
The Field Programmable Gate Array (FPGA)-based DC strategy proposed in [36],
in which a greater number of sources and loads are integrated by means of software
reconfigurable-based power modules in connection with the DC bus. This technique
gives more flexibility, enhanced reliability, simple to use with better probable
energy usage by software reconfiguration done in each module. The concept of
indistinguishable modules drastically diminishes the cost incurred for development
as well as time and simplifies the system operation.

24.4.7 Boundary Control (DC)

A switching surface is defined depending upon the converter large-signal trajec-
tories to intimate the control actions to the switches. The ideal switching surface has
the features such as global stability, fast dynamics and better large-signal operation.
In the boundary control strategy, time-varying topology-based switching converters
are more preferable. Hysteresis control and SMC are the most employed boundary
control method compared to other methods for the applications in power converters.
These techniques give better stability and large-signal performance even though it
fails to optimize effectively. A boundary control strategy in buck converters by
means of second-order switching surfaces which can attain nearby optimum
large-signal output and improve the velocity of the trajectory path along with the
sliding switching surface.
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Boundary control turns out to be more interesting because of its attempt to attain
the response in very less time; ideal optimal-time control is more sensitive to
parameter variations and very difficult to achieve accurate modeling. As a result, the
idea of proximate optimal-time control reported to achieve nearby the optimal-time
response in large-signal disturbance. Researchers reported [37] a proximate
optimal-time digital control strategy depending upon the mixture of nonlinear or
linear switching surface with PID controller which deems subjective load distur-
bances and component tolerances in reasonable way. This approach was imple-
mented in the voltage regulation of synchronous bidirectional buck converter.

Bidirectional DC-to-DC converters are generally controlled by means of PWM
signal in which switch control signals are found out depending upon the sensing the
state variable and by inserting the compensators using frequency domain techniques
and small-signal average models. Different types of large-signal-based techniques
have been reported [38] to enhance the robustness and transient responses of
converters; however, SMC strategy is the best method to characterize both large-
and small-signal system conditions as well as provide robust output responses
against disturbances and uncertainties. In addition, ripple specifications and tran-
sient performance can be modified easily and, in some applications voltage, and
current overshoots may be removed.

24.5 Conclusion

This study gives the overview about bidirectional DC-to-DC converters starting
from the topological arrangement as well as discussed in detail about the control
strategy. The bidirectional DC–DC converters are basically non-isolated configu-
ration in which unidirectional switches are replaced with the bidirectional switches
in the fundamental converter. The different types of techniques are employed to
obtain the objectives like enhancing the voltage boost capability of the converter by
incorporating the multicell configurations and also utilizing advanced power
semiconductor materials like GaN. In addition, the control strategies and switching
schemes are also investigated for non-isolated and isolated configurations of bidi-
rectional DC-to-DC converters.
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Chapter 25
Comparative Analysis of MPPT
Techniques Using DC–DC Converter
Topologies for PV Systems

S. Ravindra, A. Naveen Reddy, K. N. V. Sai Tejaswi,
and K. Baby Shamili

25.1 Introduction

From the last decade, researchers are moving toward clean energy sources like solar
and wind in order to reduce the environment pollution. However, the extraction of
power from PV system is still a difficult task due to the poor conversion ratio of PV
cells. Solar to electrical energy transformation is accomplished by photovoltaic
system. Basic unit of PV system consists photovoltaic cell. Group of PV cells in
parallel and series leads to solar modules, and again these modules are considered to
be grouped in parallel or series to form solar arrays. Combination of solar cells in
parallel enhances output-current and in series enhances output voltage.

The main parts of PV arrangement are PV array, converter and controller to
control function of converter. So, the effective PV arrangement relies on array,
inverter and MPPT. Also, reliability of PV panel is measured by the selection of
material which depends upon the mechanized technology. Further effectiveness of
converter is enhanced by considering appropriate control method. On account of
nonlinear current–voltage characteristic (I-V), function of PV system keeps oper-
ating point on curve (I-V) where maximum power is shaped. The factors affecting
the MPP are irradiance and temperature of cell. Irradiation can change quickly
because of changing environmental conditions, for example, mists/stormy meet-
ings. It is very necessary to tune the MPPT precisely under different environmental
conditions to attain MPP.

DC–DC converter combined with MPPT allows PV network to attain maximum
uninterruptable power, despite environmental conditions of temperature, solar
radiation. There are different algorithms of MPPT control to enforce or to gain the
performance.
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In this paper, describing many classical MPPT techniques, together with P&O
[1] I&C [2] and FOCV [3], are investigated and explored. Modeling is considered
through coding and simulating in MATLAB/Simulink. The exhibition of a PV
framework relies upon in operating conditions of the solar cell comparably as array
design. Solar irradiation level, temperature and load determine output voltage,
current and power of PV array. The impacts of three factors must be accounted in
design of PV array. Temperature variations and solar irradiation illumination levels
should not unfavorably influence PV array output power to load. Moreover, these
types of methods are not suggested for different operating conditions. For instance,
mismatched PV modules because of aging where there are different local maxima in
P–V module. These traditional algorithm experiences from tack in nearby maxima.

To improvise effectiveness of MPPT under different operative conditions,
numerous endeavors have been finished to create MPPT strategies equipped for
following Global MPP, for example, distributed MPPT strategy [4] and two-stage
techniques [5]. Soft computing techniques such as artificial fish swarm [6], particle
swarm (PSO) [7], gray wolf (GWO) [8] and cuckoo search [9] are explored. There
are different DC–DC converter topologies that were established concerning to
higher efficiencies, switching and control strategies and fault-tolerant designs and
widely on renewable energy-based applications [10–16].

This paper proposes a meta-heuristic optimization algorithm dependent on social
conduct of crow and named CSA to follow MPP for PV framework. The possibility
of CSA is inspired from storing process of extra food in hiding places and restores it
at required time. When distinguished with PSO, gray wolf, artificial fish warm and
cuckoo search, the CSA likewise does not have algorithm explicit controlling
boundaries.

The execution of CSA within tracking speed and efficacy is going to be esti-
mated by PSO-MPPT validation of simulation results. The effective and efficient
performance by CSA-MPPT methodology proves its viability of addressing MPPT.

25.2 Modeling of DC–DC Converters with DC Source

25.2.1 Modeling of Boost Converter with DC Source

Boost converter mainly consists of an inductor for storing energy temporarily, an
electronic switch which has high switching frequency, a capacitor for reducing
voltage ripple in output side and a diode. All these elements are connected as shown
in Fig. 25.1.

The switch in converter should have to handle unidirectional current and voltage
capability, and so mostly IGBT/MOSFET is used. Thus, for duty cycle ‘d’, average
output voltage can be computed using Eq. (25.1)
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Vo

Vin
¼ 1

1� d
ð25:1Þ

From the above equation, it seems that output voltage can be boosted to any
value but due to practical considerations like diode drop, internal resistance of
inductor and parasitic effects leads to limited boosting factor. In ideal network,
output power is equal to input power of converter which yields.

Po ¼ Pin

i.e., VoIo ¼ VinIin.

25.2.1.1 Inductor Design

The inductance value for boost converter for continuous current can be decided by
using Eq. (25.2), unlike buck converter the input current in boost converter is
continuous because inductor is connected in series with source.

L ¼ RLd 1� dð Þ2
2fs

ð25:2Þ

25.2.1.2 Capacitor Design

In order to surge output voltage, the duty ratio of converter needs to be high means
the device has to in on condition for most of time, so output will be disconnected
from input. So, the chances of discontinuous operation will be high and to maintain
less voltage ripple in output a large size might be required. The capacitor has to
provide the current to load when switch is turned on. The filter capacitance that
obtained is given by (25.3),

RLCout   S

DL

Vdc

+ - Io

IcIs

VL

IL

+

-

Vo

ID

Fig. 25.1 Circuit diagram of boost converter
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Cout ¼ dV0

VrRLfs
ð25:3Þ

25.2.2 Modeling of IBC with DC Source

Interleavingmeans parallel operation, the drawbacks of CBC such as low-voltage gain,
discontinuous operation, large size inductor and capacitor can be overcome by using
IBC. Due to current sharing between inductor and switches, IBC has less complexity
due to lower ratings of devices and passive components. The phase shift between the
alternate circuits of IBC is given by 360

n , where ‘n’ is number of parallel phases [10].
Figure 25.2 shows two-level IBC. L1 and L2 are inductors, S1 and S2 are two

switches, D1 and D2 are two diodes, Cout is output filter capacitance.
The switches of IBC are working in continuous conduction mode with 180° out

of phase. The two switching states are as follows:

i. When any one of the switches S1 or S2 ON, the corresponding inductor will
store the energy via source which makes the diode to turn off.

ii. When the switch OFF, the stored energy in the inductor has to be dissipated so
forces the corresponding diode to conduct and discharge through load.

25.2.3 Simulation Results of Conventional and IBC

The DC–DC boost converters are designed at d = 0.5, Vr/V0 = 1%, RL = 10 Ω and
fs = 100 kHz. The CBC and IBC component values are given away in Table 25.1.

RLCout   S2

D2L2

Vdc

Io

Ic +

-

Vo

ID2

L1 D1

   S1

ID1IL1

IL2

IS1IS2

Fig. 25.2 Circuit diagram of two-phase IBC
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Figure 25.3 shows the input and output voltages of CBC and IBC, and Fig. 25.4
shows the current in inductor, diode, capacitor and load of boost converter.

The currents in inductor, diode, capacitor and load currents of conventional
boost convertor for this input are given Fig. 25.4.

The above results show that current flowing through inductor within 0 to +10A
during switch ON and OFF position. The load current is almost constant after
0.001 s. The current in capacitor varies within –4A to +6A limits, and the output
voltage of CBC is stable at 23.44 V after 0.001 s.

Similarly, the output voltage of IBC is stable at 30.44 V after 0.0005 s, which is
shown in Fig. 25.5.

25.3 MPPT Techniques Used in Solar PV System

A solar system is interconnection of many PV modules, which are linked in series,
parallel and grouping of series and parallel depends on power requirements.
Imported one PV module such as Sun Power SPR-305E-WHT-D [11] and simu-
lated in MATLAB. The specifications of such PV module are shown in Table 25.2.

Table 25.1 CBC and IBC components

CBC components Values IBC components Values

Capacitor Cout 50 µF Capacitor Cout 50 µF

Inductor L 6.25 µH Inductor L1 6.25 µH

Commutation frequency f 100 kHz Inductor L2 6.25 µH

Commutation frequency f 100 kHz

Fig. 25.3 Input and output voltages of CBC and IBC
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Fig. 25.4 Inductor, diode, capacitor and load currents of CBC
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Under normal conditions (1000 W/m2 irradiation and temperature of 25 °C), it can
yield a maximal power of 305 W.

The variations of current–voltage and power–voltage under at different irradi-
ance and temperature are shown in Fig. 25.6. It is observable that there are
increasing current and power levels as increasing irradiation value, which is shown
in Fig. 25.6a, and similarly increasing voltage and power levels as increasing
temperature values as shown in Fig. 25.6b. Finally, it identified that only one MPP
under uniform irradiance.

The block diagram consists of PV modules, power interface and load which is
shown in Fig. 25.7. Here power interface is DC–DC converter; it is controlled by
using MPPT controllers. It is simulated in MATLAB environment.

Several MPPT controllers are available to control DC–DC converter by extract
MPP from PV module. Some of the MPPT controllers are listed below.

a. P&O MPPT controller method.
b. ICMPPT controller method.
c. FOCV method.
d. Crow search optimization algorithm.

25.3.1 P&O MPPT Controller

It is simple method to determine MPP on P–V curve. It requires majorly voltage
and current of PV module. The operating on P–V curve is obtained from product of
voltage and current of PV module and comparing with previous operating power. If

Fig. 25.4 (continued)
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Fig. 25.5 Switching pulses and inductors current of IBC
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the obtained operating point is more than previous power then move in this
directions (dP/dV > 0), otherwise operating point is moved in backward direction.
In this way, determine maximum operating point of PV module [12]. The following
flowchart explained step by step procedure of P&O method, which is shown in
Fig. 25.8.

A Simulink model is developed based on behavior of P&O MPPT controller
from which observed input and output voltages of conventional as well as IBC at
different irradiations and temperatures are shown in Table 25.3.

Fig. 25.6 I-V and P–V characteristics of PV module. a Variation levels of current and power at
different irradiations. b Variation levels of voltage and power at different temperatures

Table 25.2 PV system parameters under standard condition

Parameters Values

Maximum power (W) 305

Open-circuit voltage Voc (V) 64.2

Short-circuit current Isc (A) 5.96

Voltage at maximum power point Vmp (V) 54.7

Current at maximum power point Imp (A) 5.58

Cells per module (Ncell) 96

Temperature coefficient of Voc (%/deg.C) −0.27269

Temperature coefficient of Isc (%/deg.C) 0.0617
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Fig. 25.7 Model of PV system with MPPT Controller
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Fig. 25.8 Flowchart of P&O MPPT technique
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25.3.1.1 Simulation Results

P & O simulation model is designed at particular irradiation [1000 W/m2] and
temperature [25 °C]. From designed model, the input and output voltages of CBC
and IBC waves are shown in Fig. 25.9.

P&O is widely used method for tracking MPP on P–V curve. The main problem
with P&O approach is that PV module terminal voltage is perturbed every cycle.
Therefore, when MPP is attained, output power toggles around maximum,
follow-on in power loss in PV system. The time intricacy of this technique is very
less for computing maximum power but on reaching very close to MPP. But it does
not stop at MPP and keeps on perturbing on both directions. For this reason, it has
multiple local maxima at same point.

25.3.2 Incremental Conductance (IC) Method

The IC method [13] is superior algorithm of P&O. In this method, it tracks MPP on
P–V curve even fast changes of atmospheric conditions. This method can be used to
act directly on duty cycle of power interface. The MPP can be tracked by com-
paring the ICdI/dV to instantaneous one as described as follows (25.4).

Table 25.3 Input and output voltages at different irradiation and temperatures

S. No Irradiance
(W/m2)

Temperature
(Degrees)

CBC IBC

Input
voltage

Output
voltage

Input
voltage

Output
voltage

1 2000 25 29.66 58.539 31.56 60.54

2 2000 35 29.74 58.59 31.84 60.99

3 2000 45 29.84 58.81 32.15 61.812

4 2000 50 30.11 59.41 32.17 61.99

5 1500 25 22.46 44.11 24.16 46.14

6 1500 35 22.59 44.39 24.591 46.41

7 1500 45 22.73 44.66 24.732 46.68

8 1500 50 22.8 44.81 24.79 46.811

9 1000 25 15.18 29.56 17.19 31.58

10 1000 35 15.267 29.75 17.27 31.76

11 1000 45 15.33 29.94 17.36 31.95

12 1000 50 15.401 30 17.41 32.03

13 500 25 7.827 14.85 9.828 16.87

14 500 35 7.872 14.94 9.873 16.96

15 500 45 7.9189 15.031 9.919 17.05

16 500 50 7.9419 15.072 9.942 17.09
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dI=dV ¼ 0 at MPP
dI/dV [ � I=V at left hand of MPP
dI/dV\� I=V at right hand of MPP

8
<

:
ð25:4Þ

The MPPT controller is controlled by duty cycle. The required duty cycle is
calculated based on PV module output voltage. The new duty ratio value is changed
in the system as per the controller sampling time.

The tracking accuracy of MPP depends on incremented or decremented step
size. If incremented or decremented step sizes are large, reach MPP fast which
means tracing accuracy is good, otherwise tracking accuracy will be less and
searching MPP slowly occurs around MPP. Though, step size is smaller, increases
accuracy tracking but at increase of searching time response.

The main drawback of this controller is more complex than P&O controller.

25.3.2.1 Flowchart of (IC) Method MPPT Algorithm

The following flowchart explained step-by-step procedure of IN method, which is
shown in Fig. 25.10.

Fig. 25.9 Input and output voltages of P&O-based MPPT
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A simulation model is developed based on behavior of ICMPPT controller from
which observed input and output voltages of conventional as well as IBC at dif-
ferent irradiations and temperatures are shown in Table 25.4.

25.3.2.2 Simulation Results

IC simulation model is designed at particular irradiation [1000 W/m2] and tem-
perature [25 °C]. From designed model, input and output voltages of CBC and IBC
waves are shown in Fig. 25.11.

Start

Sense V (t) and I (t)

Calculate 
dI=I(t)-I(t-1)

dV=V(t)-V(t-1)

Update
V(t-1)=V(t)
I(t-1)=I(t)

t=t+1

Determine  dI/dV  +  I/V

D = D - dD D = D + dD

> 0 = 0 < 0 

Fig. 25.10 Flowchart of ICMPPT algorithm
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25.3.3 Fractional Open-Circuit Voltage (FOCV) Controller

The FOCV MPPT controller utilizes fact that PV module voltage corresponding to
MPP exhibits a linear dependence with respect to module open-circuit voltage for
different irradiation and temperature levels. The linear relation between VOC and
VMPPT under various operating conditions is represented in the following way for
FOCV [14, 15].

VMPPT tð Þ ¼ K1 � VOC tð Þ ð25:5Þ

where K1 is propositional constant, and it depends on linear characteristics of PV
module. The flowchart of the FOCV represents step-by-step procedure, which is
shown in Fig. 25.12. The FOCVMPPT controller controlled by duty cycle. The value
of duty cycle is increased or decreased based onVMPPT computed fromVOC and actual
voltageVAct. The proportional constantK1 is various between 0.7101 and 0.7802 [16].

25.3.3.1 Flowchart of FOCV

To know, behavior of FOCV MPPT flowchart, a simulation model is developed.
The input and output voltages at different irradiations and temperatures are shown
in Table 25.5.

Table 25.4 Input and output voltages at different irradiation and temperatures

S. No Irradiance
(W/m2)

Temperature
(degrees)

CBC IBC

Input
voltage

Output
voltage

Input
voltage

Output
voltage

1 2000 25 29.65 58.549 31.66 60.55

2 2000 35 29.82 58.72 31.84 60.91

3 2000 45 30.01 58.99 32.01 61.27

4 2000 50 30.11 59.44 32.1 61.45

5 1500 25 22.45 44.14 24.46 46.149

6 1500 35 22.589 44.41 24.59 46.401

7 1500 45 22.729 44.67 24.73 46.68

8 1500 50 22.789 44.812 24.79 46.82

9 1000 25 15.178 29.57 17.18 31.58

10 1000 35 15.26 29.76 17.27 31.77

11 1000 45 15.35 29.939 17.36 31.94

12 1000 50 15.411 30.01 17.41 32.03

13 500 25 7.827 14.86 9.828 16.87

14 500 35 7.873 14.95 9.874 16.96

15 500 45 7.92 15.04 9.919 17.05

16 500 50 7.9419 15.08 9.942 17.09
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25.3.3.2 Simulation Results

Fast open-circuit voltage simulation model is designed at particular irradiation
[1000 W/m2] and temperature [25 °C]. From designed model, input and output
voltages of CBC and IBC waves from observed are shown in Fig. 25.13.

25.3.4 Crow Search Algorithm

CSA is one of the most recent population-based evolutionary algorithms based on
its activities in searching their food. A crow searching the places while others birds

Fig. 25.11 Input and output voltages of IN-based MPPT
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hide their foods and crow tries to pinch them when owner leaves its place. The
performance of the CSA is assessed in terms of searching speed and efficiency
against the PSO-based MPPT controller under different temperatures and
irradiations.

Start

Sense VAct(t) and Voc(t)

Calculate VMPPT(t)= K1*Voc(t)

VAct(t) < VMPPT(t)

D = D - DD = D + D

No Yes

Fig. 25.12 Flowchart of FOCV MPPT algorithm

Table 25.5 Input and output voltages at different irradiation and temperatures

S. No Irradiance
(W/m2)

Temperature
(Degrees)

CBC IBC

Input
voltage

Output
voltage

Input
voltage

Output
voltage

1 2000 25 29.66 58.567 31.68 60.57

2 2000 35 29.84 58.92 31.86 60.94

3 2000 45 30.01 59.11 32.03 61.29

4 2000 50 30.1 59.456 32.12 61.46

5 1500 25 22.42 44.19 24.48 46.18

6 1500 35 22.56 44.45 24.6 46.47

7 1500 45 22.69 44.73 24.77 46.69

8 1500 50 22.76 44.86 24.79 46.85

9 1000 25 15.18 29.58 17.19 31.59

10 1000 35 15.27 29.77 17.29 31.78

11 1000 45 15.36 29.94 17.38 31.96

12 1000 50 15.41 30.03 17.43 32.07

13 500 25 7.828 14.87 9.83 16.89

14 500 35 7.874 14.96 9.88 16.99

15 500 45 7.919 15.05 9.92 17.09

16 500 50 7.942 15.09 9.96 17.19
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25.3.4.1 Crow-Based MPPT Controller

Crow-based MPPT controller determines the MPP on P–V curve. In this approach,
consider ‘NC’ crow flocks and i number of crows has position at iteration (iter) is
xi
iter. Crows hide their food at different places and are memorized. Crow moves to

find the best food place in search which is defined as mi
iter. The step-by-step

procedure of CSA-based MPPT algorithm is explained through flowchart as shown
in Fig. 25.14.

25.3.4.2 Simulation Results

The simulation results obtained for the adapted CSA-based MPPT controller at
different irradiations and temperatures are listed in Table 25.6. From this table, it is
identified that by increasing the irradiation and ambient temperature, both input and

Fig. 25.13 Input and output voltages of FOCV-based MPPT
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Fig. 25.14 Searching approach in CSA-based MPPT algorithm flowchart
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output voltages increase. In addition, IBC has given higher voltages when com-
pared to CBC in all conditions. The CSA-based MPPT algorithm shows its supe-
riority in obtaining the voltages when compared to the classical methods.

CSA-based MPPT simulation model is designed at particular irradiation
[1000 W/m2] and temperature [25 °C]. From designed model, input and output
voltages of CBC and IBC waves from observed are shown in Fig. 25.15.

25.3.5 Comparative Analysis of MPPT Techniques

The comparison of the adapted CSA-MPPT in terms of steady-state value, settling
time, overshoot, rise time and peak value with classical methods is presented in
Table 25.7. From this table, it is observed that when compared to CBC with
CSA-MPPT and other methods, IBC with CSA-MPPT has given highest peak value
with small overshoot and the highest steady-state value in small settling time
(Fig. 25.16).

Table 25.6 Input and output voltages at different irradiation and temperatures

S. No Irradiance
(W/m2)

Temperature
(Degrees)

CBC IBC

Input
voltage

Output
voltage

Input
voltage

Output
voltage

1 2000 25 29.68 58.65 31.69 60.59

2 2000 35 29.88 58.99 31.88 60.99

3 2000 45 30.12 59.21 32.05 61.32

4 2000 50 30.14 59.471 32.15 61.47

5 1500 25 22.44 44.2 24.49 46.21

6 1500 35 22.58 44.47 24.61 46.5

7 1500 45 22.71 44.75 24.79 46.71

8 1500 50 22.77 44.86 24.81 46.88

9 1000 25 15.22 29.6 17.21 31.61

10 1000 35 15.28 29.79 17.31 31.8

11 1000 45 15.389 29.96 17.39 31.99

12 1000 50 15.43 30.06 17.45 32.09

13 500 25 7.838 14.89 9.88 16.92

14 500 35 7.876 14.99 9.91 17.01

15 500 45 7.921 15.09 9.95 17.11

16 500 50 7.945 15.13 9.99 17.22
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Fig. 25.15 Input voltage and output voltage of crow-based MPPT

Table 25.7 Comparison between conventional and interleaved boost convert

S. No Parameters CBC IBC

P&O IC FOCV CSA P&O IC FOCV CSA

1 Steady-state
value (Watts)

86.92 87.62 87.73 87.85 88.57 88.59 88.65 89.01

2 Settling time,
(10−2 s)

3.937 3.860 3.721 3.669 7.495 6.708 6.70 5.272

3 Overshoot
(%)

4.505 4.150 3.981 3.505 5.851 3.646 3.251 2.577

4 Rise time
(10−2 s)

2.4680 2.512 2.646 2.680 1.623 1.921 1.995 2.2

5 Peak value
(Watts)

87.78 88.31 88.42 88.51 89.16 89.19 89.22 90.71
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25.4 Conclusion

Conventional and interleaved boost converters are modeled at the beginning of this
paper with DC and PV source to obtain maximum voltage. The input and output
voltages are determined at different irradiance and temperature conditions from the
two converters. The maximum power from the PV system is extracted by using
adopted crow search algorithm in addition to the classical methods such as P&O, IC
and FOCA. Later, the comparative results obtained from the two converters with
CSA and other classical methods are presented. From this analysis, it is observed
that the IBC has given better results than CBC with CSA and other classical
approaches in obtaining input–output voltages under the weather changing and
variable temperature conditions. The maximum power obtained from IBC with

Fig. 25.16 Output voltage and output power of MPPT techniques
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CSA is 2.5% more than the CBC. Further, CSA is outperformed in obtaining lesser
settling time, overshoot, rise time and required a smaller number of iterations
compared with other evolutionary-based MPPT controllers and classical methods.

References

1. Devi, V.K., Premkumar, K., Beevi, A.B., Ramaiyer, S.: A modified perturb & observe MPPT
technique to tackle steady state and rapidly varying atmospheric conditions. Sol. Energy 157,
419–426 (2017)

2. Farayola, A.M., Hasan, A.N., Ali, A.: Implementation of modified incremental conductance
and fuzzy logic MPPT techniques using MCUK converter under various environmental
conditions. Appl. Solar Energy 53, 173–184 (2017)

3. Bharath, K., Suresh, E.: Design and implementation of improved fractional open circuit
voltage based maximum power point tracking algorithm for photovoltaic applications. Int.
J. Renew. Energy Res. 7, 1108–1113 (2017)

4. Harish, D., Rao, G.V., Chowdary, D.: Three phase modular multilevel PV inverter with
distributed MPPT for grid-connected applications. 5, 118–124 (2017).

5. da Rocha, M.V., Sampaio, L.P., da Silva, S.A.O.: Comparative analysis of MPPT algorithms
based on Bat algorithm for PV systems under partial shading condition. Sustain. Energy
Technol. Assess.S. 40, 100761 (2020).

6. Mao, M., Duan, Q., Duan, P., Hu, B.: Comprehensive improvement of artificial fish swarm
algorithm for global MPPT in PV system under partial shading conditions. Trans. Inst. Meas.
Control. (2017).

7. Yang, Z., Duan, Q., Zhong, J., Mao, M., Xun, Z.: Analysis of improved PSO and perturb &
observe global MPPT algorithm for PV array under partial shading condition. In: Proceedings
Control and Decision Conference (CCDC). 29th Chinese, pp. 549–553 (2017).

8. Rayapudi, S.R.: Enhanced grey wolf optimizer based MPPT algorithm of PV system under
partial shaded condition. Int. J. Renew. Energy Dev. 1, (2017).

9. Ahmed, J., Salam, Z.: A Maximum power point tracking (MPPT) for PV system using cuckoo
search with partial shading capability. Applied Energy. 119, 118–130 (2017)

10. Chandran, A., Reshmi, V., Mathew, B.K.: Comparative analysis of P&O and FLC based
SEPIC boost converter for solar PV application. Third International Conference on Smart
Systems and Inventive Technology (ICSSIT). Tirunelveli, India. pp. 616–621 (2020).

11. Bhattacharjee, S., Saharia, B.J.: A comparative study on converter topologies for maximum
power point tracking application in photovoltaic generation. J. Renew. Sustain. Energy.
(2014).

12. Alajmi, B.N., Marei, M.I., Abdelsalam, I.: A multiport DC–DC converter based on
two-quadrant inverter topology for PV systems. IEEE Trans. Power Electron. 36(1), 522–532
(2021).

13. Ribeiro, E., Cardoso, A.J.M., Boccaletti, C.: Fault-tolerant strategy for a photovoltaic DC–DC
converter. IEEE Trans. Power Electron. 28, 3008–3018 (2013).

14. Panigrahi, R., Mishra, S.K., Joshi, A.: Synthesizing a comprehensive set of converter
topologies for a specified voltage gain. Energy Conversion Congress and Exposition (ECCE).
IEEE, pp. 955–961 (2020).

15. Raghavendra, K.V.G., Zeb, K., Muthusamy, A., Krishna, T.N.V., Kumar, S.V.S., Kim, D.H.,
Kim, M.S., Cho, H.G., Kim, H.J.: A comprehensive review of DC–DC converter topologies
and modulation strategies with recent advances in solar photovoltaic systems. Electronics. 9,
1: 31 (2020).

16. Sayed, K., Gronfula, M.G., Ziedan, H.A.: Novel soft-switching integrated boost DC-DC
converter for PV power system. Energies. 13, 3:749 (2020).

480 S. Ravindra et al.


	Preface
	Contents
	About the Editors
	1 Design and Control of DC–DC Converters in a PV-Based LVDC Microgrid
	1.1 Introduction
	1.2 Scientific Background and Motivation
	1.3 Architecture of PV-Based LVDC Microgrid with HESS
	1.4 Accurate Mathematical Modeling of PV Array, Battery and Supercapacitor
	1.4.1 Equivalent Mathematical Model of PV Panel
	1.4.2 Modeling of Battery
	1.4.3 Modeling of Supercapacitor

	1.5 Design Considerations
	1.5.1 Design of DC–DC Boost Converter for MPPT Control
	1.5.2 Design of Bidirectional Converter

	1.6 Control Strategy of PV-Based LVDC Microgrid with Parallel Active HESS Configuration
	1.7 Simulation Results and Discussions
	1.7.1 Step Increment in Irradiation
	1.7.2 Step Decrement in Irradiation
	1.7.3 Step Increment in Load Demand
	1.7.4 Step Decrement in Load Demand

	1.8 Conclusion
	References

	2 High Gain Buck–Boost Converter for Solar Photovoltaic (PV) System
	2.1 Introduction
	2.2 Proposed Improved High Gain Buck–Boost Converter (IHGBBC)
	2.2.1 Circuit Topology and Working Principle
	2.2.2 Voltage Gain
	2.2.3 Parameters Design
	2.2.3.1 Inductors (L1 & L2)
	2.2.3.2 Capacitors (C1 & C2)


	2.3 Small-Signal Modeling of IHGBBC
	2.4 Results and Discussions
	2.5 Summary
	References

	3 Developed Boost Converter with Generalized Quadratic Boosting Cell to Minimize Capacitor Voltage Stresses and Reduce the Cost of Utilized Capacitors
	3.1 Introduction
	3.2 Proposed Topology
	3.2.1 Quadratic Boosting Cell and Converter

	3.3 Generalized Quadratic Boosting Cell Structure
	3.4 Proposed Converter and Operating Modes
	3.4.1 Mode1
	3.4.2 Mode 2
	3.4.3 Voltage Equation
	3.4.3.1 Mode 1
	3.4.3.2 Mode 2

	3.4.4 Current Equations
	3.4.5 Inductance Equations

	3.5 Theoretical Comparison
	3.6 Capacitor Stress Voltage Comparison
	3.7 Simulation Study
	3.8 Capacitor Stress Voltage Comparison Results
	3.9 Conclusion
	References

	4 Comparative Analysis of Nonlinear SMC Controller with Linear PID Controller for Flyback Converter
	4.1 Introduction
	4.2 Buck–Boost Converter
	4.2.1 Working

	4.3 Flyback Converter
	4.4 Dynamics and Modeling of Flyback Converter
	4.5 Proportional Plus Integral Plus Derivative Controller
	4.6 Sliding Mode Controller
	4.6.1 Principle of Sliding Mode Controller
	4.6.2 Sliding Mode Control of Flyback Converter

	4.7 Simulation Model and Result
	4.7.1 Effect of Linear PID Controller
	4.7.2 Effect of SMC Controller

	4.8 Conclusion
	Acknowledgements
	References

	5 Effect of Irradiance on THD of Neutral Point Clamped Inverter Fed from PV Cell
	5.1 Introduction
	5.2 Modelling of PV Cell
	5.2.1 MPPT Algorithm
	5.2.1.1 Constants Used in PV Model


	5.3 Multilevel NPC Inverter with PV Integration and SPWM Switching Schemes
	5.3.1 Three-Phase Three-level NPC Inverters
	5.3.1.1 Switching Patterns

	5.3.2 Switching Scheme for Three-level NPC MLI
	5.3.3 Five-level Neutral Point Clamped Inverter
	5.3.3.1 Various States of Switching for the Above MLIs Along with Outputs Voltage

	5.3.4 Switching Scheme for Five-level NPC Inverter

	5.4 Simulation and FFT Results:
	5.4.1 Results Without PV Integration
	5.4.2 Comparison of Inverters With PV and Without PV
	5.4.3 Comparison of Three-level and Five-level NPC With Without and With PV Cell

	5.5 Effect of Change of Irradiance on NPC Inverter Keeping Load Parameters Same
	5.5.1 Three-level Load Current of NPC MLI with PV
	5.5.2 Five-level Load Current of NPC MLI with PV

	5.6 Conclusion
	References

	6 Bidirectional Interleaved Switched Capacitor DC–DC Converter for Renewable Energy Applications
	6.1 Introduction
	6.2 Topology of Bidirectional Interleaved Switched Capacitor DC–DC Converter
	6.3 Modes of Operation
	6.3.1 Step-Up (Boost) Modes of Operation
	6.3.1.1 Mode 1
	6.3.1.2 Mode 2
	6.3.1.3 Mode 3
	6.3.1.4 Mode 4

	6.3.2 Step-Down Mode
	6.3.2.1 Mode 1
	6.3.2.2 Mode 2
	6.3.2.3 Mode 3
	6.3.2.4 Mode 4


	6.4 Operation of Bidirectional Interleaved Switched Capacitor DC–DC Converter with Solar Microgrid
	6.4.1 Solar System
	6.4.2 Energy Storage Devices
	6.4.3 Load

	6.5 Simulation Results and Discussion
	6.6 Efficiency
	6.7 Conclusion
	References

	7 LUO Converters for Renewable Energy Applications
	7.1 Introduction
	7.2 VL LUO Converters
	7.2.1 Positive Output LUO (POL) Converters
	7.2.2 Negative Output LUO (NOL) Converters
	7.2.3 Modified Positive Output LUO (MPOL) Converters

	7.3 Two-Quadrant LUO (TQL) Converter
	7.4 Four-Quadrant Switched Inductor LUO (FQSIL) Converter
	7.5 Conclusion
	References

	8 Efficacy of Super-Lift Converter Over Fundamental Converters in Induction Motor Drive Using Solar Energy
	8.1 Introduction
	8.2 Mathematical Modeling of Proposed PV
	8.3 Superiority of SLLC Among DC/DC Converters
	8.4 Correlation of Different Drive Parameters with SECS
	8.5 Results and Discussion
	8.6 Conclusion
	References

	9 Quadratic Boost Converter for Green Energy Applications
	9.1 Introduction
	9.2 Quadratic Boost Converters
	9.2.1 Operation and Derivation of Steady-State Equations
	9.2.2 Design of Passive Elements
	9.2.3 Power Loss Calculations
	9.2.4 Impact of Inductor Resistance on Voltage Gain
	9.2.5 Conversion to Single-Switch Topology Using Graft Scheme
	9.2.6 Features of Quadratic Boost Converters

	9.3 Quadratic Buck–Boost Converters
	9.3.1 Operation and Derivation of Steady-State Equations
	9.3.2 Design of Passive Elements
	9.3.3 Power Loss Calculations
	9.3.4 Impact of Inductor Resistance on Voltage Gain
	9.3.5 Conversion to Single-Switch Topology Using Graft Scheme
	9.3.6 Quadratic Buck–Boost Converters with Gain {{\varvec M}} = \frac{{{{\varvec D}}^{2} }}{{\left( {1 - {{\varvec D}}} \right)^{2} }}

	9.4 Hybrid Quadratic Boost Converters
	9.5 Conclusion
	References

	10 Design and Implementation of Low-Cost Solar Photovoltaic Emulator Utilizing Arduino Controller and DC–DC Buck Converter Topology
	10.1 Introduction
	10.2 Literature Review
	10.3 Methodology
	10.3.1 PV Panel Model
	10.3.2 DC–DC Buck Converter
	10.3.3 PI Controller Tuning
	10.3.4 PV Emulator Controller Hardware Implementation

	10.4 Results and Discussions
	10.4.1 Reference PV Model Characteristic Curve
	10.4.2 Mean Absolute Percentage Error
	10.4.3 PV Emulator Simulation Model Performance Evaluation
	10.4.4 PV Emulator Hardware Prototype Test

	10.5 Conclusion
	References

	11 DC–DC Converter for RES-Based Smart Resilient LVDC Distribution System
	11.1 Introduction
	11.2 DC–DC Converter Topology
	11.3 Integration of SPV and WECS
	11.4 LVDC Distribution System
	11.5 Results and Discussion
	11.5.1 LVDC Distribution System Powered from Main Grid
	11.5.2 LVDC Distribution System Powered from DC Microgrid

	11.6 Conclusion
	Acknowledgements
	References

	12 Multiple Input Converter for Photovoltaic Applications
	12.1 Introduction
	12.1.1 Synthesis of Multiple Input Converter
	12.1.2 System Configuration
	12.1.3 Control Strategy
	12.1.4 Operation and Working of Presented MIC
	12.1.5 Design of Passive Elements
	12.1.6 Simulation Results
	12.1.7 MPPT Efficiency Analysis
	12.1.8 Comparative Analysis
	12.1.9 Conclusion

	References

	13 Overview of Control Strategies and Design of Isolated Bidirectional Dual Active Bridge Converter for Renewable Energy Systems
	13.1 Introduction
	13.2 The Dual Active Bridge Converter
	13.2.1 Analysis of DAB Converter Circuit
	13.2.1.1 Equivalent Inductor (Lk) Design
	13.2.1.2 Input Capacitor Design


	13.3 Overview of Control Methods
	13.3.1 Output Current Feedforward Scheme
	13.3.2 Inductor Current Control Strategy
	13.3.3 Power-Based Control Strategy

	13.4 Direct Power Control (DPC) of DAB Converter
	13.5 Conclusion
	References

	14 Hardware-in-Loop-Based Reliability Improvement of Power Converter for Critical Electrical Drive Applications
	14.1 Introduction
	14.2 Mathematical Modeling and Operation of Three-Phase Two-Level VSI
	14.2.1 Electrical Model
	14.2.2 Thermal Model

	14.3 PMSM Based Critical Electrical Drive System with Fault–Tolerant Topology
	14.3.1 High-Frequency Signal Injection Scheme:

	14.4 Fault Diagnosis and Redundant Strategies
	14.4.1 Fault Diagnosis Scheme
	14.4.1.1 Fault Diagnosis of Open-Circuit Fault (OCF) in Power Devices:
	14.4.1.2 Fault Diagnosis of Short-Circuit Fault (SCF) in Power Switches

	14.4.2 Fault-Tolerant Topology
	14.4.2.1 Open-Circuit Fault Tolerant
	14.4.2.2 Short-Circuit Fault Tolerant


	14.5 Results and Discussion
	14.5.1 Fault Diagnosis and Tolerant Control for OCF:
	14.5.2 Fault Diagnosis and Tolerant Control for SCF

	14.6 Conclusion and Future Scope
	References

	15 Modeling and Performance Analysis of Various DC–DC Converters
	15.1 Introduction
	15.2 Buck Converter
	15.3 Boost Converter
	15.4 Buck–Boost Converter
	15.5 Flyback Converter
	15.6 Push–Pull Converter
	15.7 Cuk Converter
	15.8 Conclusion
	Acknowledgements
	References

	16 Design and Analysis of DC–DC Buck Converter with Drift-Free MPPT Algorithm for a SEIG-Based Wind Energy Generation System
	16.1 Introduction
	16.1.1 DC–DC Buck Converter-Based WEGS
	16.1.1.1 Buck Converter Design
	16.1.1.2 Drift-Free MPPT Algorithm


	16.2 Implementation of MPPT Algorithm Using DC–DC Buck Converter
	16.3 Result Analysis
	16.4 Summary
	References

	17 Grid-Connected RTPV System with Fuzzy-Based Energy Management System
	17.1 Introduction
	17.2 Modeling of PV Cell
	17.3 Battery Model
	17.4 Fuzzy-Based PI Controller for EMS
	17.5 Results and Discussion
	17.6 Conclusion
	References

	18 Implementation of the Virtual Synchronous Machine in Grid-Connected and Stand-alone Mode
	18.1 Introduction
	18.1.1 Motivation and Incitement
	18.1.2 Literature Review
	18.1.3 Contribution and Paper Organization

	18.2 Background
	18.2.1 Traditional Power System
	18.2.2 Swing Equation

	18.3 Virtual Synchronous Machine
	18.3.1 Concept of VSM
	18.3.2 VSM Inertia Emulation and Droop Characteristics
	18.3.3 Current Control in the VSM
	18.3.4 VSM Control Implementation

	18.4 VSM in Grid-Tied Mode
	18.4.1 Case Studies

	18.5 VSM in Stand-alone Mode
	18.5.1 Case Studies

	18.6 Conclusion
	References

	19 A DC–DC Converter for Green Energy Applications
	19.1 Introduction
	19.2 Power Conversion for Renewable Systems: State of the Art
	19.2.1 Grid-Connected PV Systems
	19.2.2 Stand-alone Systems

	19.3 MATLAB Simulation of a DC–DC Converter for Renewable Energy System
	19.3.1 Solar PV System with MPPT Using a Boost Converter [4]
	19.3.2 MATLAB Model of a 100-KW Grid-Connected PV Array [5]

	19.4 Conclusion
	References

	20 An Internet of Things-Inspired Dual-Level Boost Converter for BLDC-Driven Photovoltaic Water Pumping Applications
	20.1 Internet of Things-Based PV Water Pumping System
	20.2 Mathematical Modeling of Photovoltaic Generator
	20.3 Mathematical Modeling of BLDC Motor
	20.4 Mathematical Modeling of Centrifugal Water Pumping
	20.5 Mathematical Modeling of Dual-Level Boost Converter
	20.6 Conclusion
	References

	21 Switched Mode Fourth-Order Buck–Boost Converter Using Type II and Type III Controllers in DC Grid Applications
	21.1 Introduction
	21.2 State Space Modeling of the Converter
	21.2.1 Topology
	21.2.2 Modeling of Fourth-Order Buck–Boost Converter
	21.2.2.1 Mode I Operation of Fourth-Order Buck–Boost Converter
	21.2.2.2 Mode II Operation of Fourth-Order Buck–Boost Converter

	21.2.3 Small Signal Analysis

	21.3 Controller Design
	21.3.1 Type II Controller
	21.3.1.1 Design Procedure for Type II Controller

	21.3.2 Type III Controller
	21.3.2.1 Design Procedure for the Controller


	21.4 Result and Discussions
	21.5 Conclusion
	References

	22 Fractional-Order PI-Lead Controller Design of DC–DC Power Converter for Renewable Energy Applications
	22.1 Introduction
	22.2 Mathematical Modeling of Non-ideal Buck Converter
	22.3 Closed-Loop Control Analysis for PV System
	22.4 FOPI-Lead Controller Design
	22.4.1 Fractional-Order PI (FOPI) Controller Design
	22.4.2 Fractional-Order PI-Lead Controller Design
	22.4.3 Calculation of β
	22.4.4 Calculation of α
	22.4.5 Calculation of Km

	22.5 Controller Parameters Design for DC–DC Buck Converter
	22.6 Simulation Results
	22.7 Conclusion
	References

	23 Power Management of Battery Integrated PV System with SMC-Controlled Bidirectional Converter
	23.1 Introduction
	23.2 SMC Control for Two Switch Bidirectional Converter in DC Microgrid
	23.2.1 Modeling of Two Switch Bidirectional Converter
	23.2.2 Design of Sliding Mode Control for Bidirectional Converter

	23.3 Implementation of Power Management
	23.4 Results and Discussion
	23.5 Conclusion
	References

	24 Overview of Bidirectional DC–DC Converters Topologies for Electric Vehicle and Renewable Energy System
	24.1 Introduction
	24.2 Non-isolated Bidirectional DC-to-DC Converters
	24.2.1 Buck and Boost Derived Converter
	24.2.2 Buck–Boost Derived Converter
	24.2.3 Ćuk Derived Converter
	24.2.4 Zeta and SEPIC Derived Converter
	24.2.5 Cascaded Converter
	24.2.6 Switched Capacitor Converter
	24.2.7 Interleaved Converter
	24.2.8 Multilevel Converter

	24.3 Isolated Bidirectional DC-to-DC Converters
	24.3.1 Bidirectional Flyback Converter
	24.3.2 Ćuk & SEPIC/Zeta Converter
	24.3.3 Push–Pull Converter
	24.3.4 Forward Converter
	24.3.5 Dual-Active Bridge (DAB) Converter
	24.3.6 Dual Half-Bridge Converter
	24.3.7 Half-Bridge-Full-Bridge Converter
	24.3.8 Multiport DAB Converter

	24.4 Control Strategies
	24.4.1 Proportional–Integral–Derivative (PID) Control
	24.4.2 Sliding Mode Control
	24.4.3 Dynamic Evolution Control
	24.4.4 Model Predictive Control (MPC)
	24.4.5 Fuzzy Logic Control (FLC)
	24.4.6 Digital Control (DC)
	24.4.7 Boundary Control (DC)

	24.5 Conclusion
	References

	25 Comparative Analysis of MPPT Techniques Using DC–DC Converter Topologies for PV Systems
	25.1 Introduction
	25.2 Modeling of DC–DC Converters with DC Source
	25.2.1 Modeling of Boost Converter with DC Source
	25.2.1.1 Inductor Design
	25.2.1.2 Capacitor Design

	25.2.2 Modeling of IBC with DC Source
	25.2.3 Simulation Results of Conventional and IBC

	25.3 MPPT Techniques Used in Solar PV System
	25.3.1 P&O MPPT Controller
	25.3.1.1 Simulation Results

	25.3.2 Incremental Conductance (IC) Method
	25.3.2.1 Flowchart of (IC) Method MPPT Algorithm
	25.3.2.2 Simulation Results

	25.3.3 Fractional Open-Circuit Voltage (FOCV) Controller
	25.3.3.1 Flowchart of FOCV
	25.3.3.2 Simulation Results

	25.3.4 Crow Search Algorithm
	25.3.4.1 Crow-Based MPPT Controller
	25.3.4.2 Simulation Results

	25.3.5 Comparative Analysis of MPPT Techniques

	25.4 Conclusion
	References


