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Preface

Fossil fuel is the primary source of energy in power generating units of thermal power
plant. More such units to meet increased load demand is harmful for the environment
because of its induced effect on pollution and global warming. In last decade, there is a
major shift towards generating green power using renewable energy sources across
globe as per different SDGs of UN. Photovoltaic (PV) and wind turbine-based power
generation hold majority of percentage of renewable energy adaptation. However,
intermittent nature of PV, wind power which depends sun irradiation and wind speed
respectively makes the power extraction from these sources difficult. Storage units are
essential for these systems especially with PV. Storage units are of low voltage and high
current type. Series connection of multi storage units are not possible due to charge
imbalance problem. Generally, storage units (low-cost lead acid battery) are of 24V-
48V DC system. PV panel also inherently generate low DC voltage which can’t be
converted to single phase RMS 230V AC voltage. Thus, high gain single stage boost
converter is essential which can increase PV panel voltage to 300V-380V DC voltage so
that by using inverter single phase line voltage 230V RMS can be generated. The
similar system is required for three phase AC system. Therefore, storage unit should be
interfaced to 300V-380V constant DC link voltage. The storage unit can maintain the
intermittent nature of PV generated power. The interfacing converter between storage
and common DC link voltage should have sufficient voltage gain and capability to flow
power in both ways i.e., from battery to DC link or vice versa. Thus, single stage high
gain bidirectional DC-DC converter is essential to interface low voltage storage to
300V-380V DC common link. The same circuit is also useful in EV to supply
momentary power from ultracapacitor during acceleration and can store during
deceleration. In this thesis a single switch generalized high voltage gain non-isolated
boost converter using coupled inductor is proposed which has less switch current and
voltage stress. The converter also offers high operating efficiency. The proposed circuit
solves the common problem of excessive high switch current stress in high voltage gain
non-isolated boost converters. The boost circuit is then modified to have buck stage in
the same circuit to derive a novel non-isolated bidirectional DC-DC converter (BDC).
The proposed BDC has high voltage gain/conversion factors in both direction of power
flow. Single coupled inductor turn is used while developing the power circuit. The
proposed BDC has inherent soft switching i.e., zero voltage switching turn ON feature
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which further reduce the converter loss. Therefore, proposed circuit has high efficiency
of operation >94% for both mode of operation. The efficiency improvement of proposed
BDC can be further enhanced by 1-1.5% margin by replacing MOSFET to GaN-FET.
The testing of GaN-FET based BDC using reliable gate driver is also tested in this
current work. Another common problem of BDC while interfacing with storage is large
ripple current. This ripple current can be filtered by using large filter capacitor at low
voltage side. But this makes system bulky and any fault in the capacitor degrade battery
life as battery has to supply the ripple current. Thus, modification in the BDC circuit
topologies is essential to achieve less ripple current (ideally zero) especially at low
voltage without any filter. In this work a new coupled inductor based non-isolated BDC
circuit is proposed which has flat input ripple current of very low magnitude at LV side
for wide variation of duty ratio. This circuit can also replace the necessity of interleaved
structure of high voltage gain BDC circuit for interfacing storage. The proposed circuit
has less component usage and inherent soft switching (ZVS turn ON) of all active
switches which enhances operating efficiency. This proposed circuit is a good
alternative of interleaved non-isolated BDC for achieving low ripple current, high

efficiency and voltage gain.

The application of BDC converter connected to microgrid is very important. BDC
should operate instantaneously during any power mismatch between sources to load.
The mismatch problem is critical when source is PV panel due to its intermittent power
generation. Therefore, for maintaining constant DC link voltage is necessary for stable
microgrid operation and it is a major challenge. The BDC should operate
instantaneously but power converter cannot alone make the system fast and reliable.
The system components are also source of delay during transition event. The large delay
make system unstable even though BDC’s are highly efficient and fast acting. Thus,
proper selection of system components especially passive components like capacitor,
inductor is very critical. In this work the passive components selection procedure for

BDC connected microgrid is discussed.
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Chapter-1

Introduction

Motivation, necessity and applications of the current work is
discussed in this chapter. Microgrid and EV system arrangement
with requirements of bidirectional DC-DC converter is highlighted.
Specifications with required standards for the application area is
also mentioned in this chapter. The objective and research questions
to be addressed in this work are mentioned. Finally outline of the
thesis work is mentioned in this chapter.



1. Introduction

1.1. Introduction

Environmental concerns like increased global warming, pollution and limited capacity of
fossil fuel encouraged the scientific community throughout the globe to find alternative
solutions to meet the energy demand. United Nations has designed seventeen sustainable
developmental goals (SDGs) are designed to meet the prolonged sustainable growth.
Renewable energy resources (RES) like photovoltaic (PV) panel, wind turbine-based
power plant [1] are the best possible solutions for energy sustainability. Over the last
decade, India is also aggressively investing on renewable power generation based on Paris
agreement. There is a national goal to install renewable power generation capacity of 40%
cumulatively by 2030 out of 100 GW should be installed by the end of 2022. Cumulative
92.54 GW RES is installed by the end of Jan 2021. By the last seven years the installed
capacity of RES has increased by 66% where capacity of PV energy is increased to 15
times [2]. The increment of using RES in India is shown in Fig. 1.1 (a) and Fig. 1.1 (b).
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Fig. 1.1. RES capacity in India (a) Installed capacity in GW (b) Share (%) of RES in total installed capacity.

There are many ON grid and OFF grid PV power projects like community hall microgrid,
government offices, schools and multi-farming cooperative society microgrid are
currently under installation stage in India where storage is an integral part which requires
power electronics interface circuit at different voltage levels. Intermittent behaviour of
PV power sources requires a storage unit where there is a need of bidirectional DC-DC
converter [3] for charging and discharging the storage unit based on availability of PV
power and load requirements. Similarly, to reduce direct pollution there has been a
tremendous emphasis given on the usage of electric vehicle (EV) in India. The great

ambition of Govt. of India is to make compulsory 100% usage of EV by the end of 2030



[2]. In the EV also, there is a requirement of storage and bidirectional DC-DC converter

(BDC) for storing or dissipating energy based on acceleration and decelaration [4].

1.1.1. Microgrid Structure and Voltage Levels

Microgrid is a cluster of connected loads along with renewable energy resources defined
through a clear boundary, can work independently or in grid connected mode. The
microgrid is connected locally to the consumer or distribution side making power flow in
either top to bottom or bottom to top which is a major feature of future smart grid where
consumer can contribute to the power generation [5]. The microgrid can be of DC, AC or
hybrid architecture [6] based on RES i.e. PV and wind system which is shown in Fig. 1.2.
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Fig. 1.2. General architecture of AC , DC and hybrid microgrid.

In DC microgrid, all the RES generations are converted to common DC link voltage using
DC/DC converter for PV systems and AC/DC converter for permanent magnet
synchronous generator (PMSG) based wind system [1]. In DC microgrid different
common DC link voltages exists, such as 12V-48V for extra low voltage DC microgrid
(ELVDC) and 380V-400V for low voltage DC microgrid (LVDC) [7]. Energy storage is
an integral part of DC or AC microgrid where unavailability of power from RES is
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supported by the storage units. Similarly, for AC microgrid the common bus voltage is
AC where voltage level is generally of 380V to 400V. In AC microgrid, unlike DC
microgrid, PV interfaced converter is DC/AC type and for PMSG it is AC-DC-AC type.
For storage interfacing DC/AC converter is required for AC microgrid whereas for DC
microgrid DC/DC converter is essential. DC loads can be directly connected to DC
microgrid through interfacing DC/DC converter. Electric vehicle (EV) charging can be

achieved from DC microgrid where necessary common DC link voltage is above 400V.

1.1.2. Storage Unit for Microgrid

Integration of RES in microgrid creates intermittency in power generation which is
uncontrolled and dependent on environmental conditions unlike conventional alternator-
based generator system. Therefore, storage unit is an integral part of the microgrid system
[8] to maintain continuity of power supply. There are different storage technologies exist
using electrical, mechanical or electrochemical methods as shown in Fig. 1.3, which are
still in development for future applications. Out of these, lead acid battery and flywheel
are low cost solutions [9]. However, these energy storage systems have different dynamic
response time as well as space requirements. The faster response time of storage units is
essential to maintain voltage stability in DC microgrid and frequency stability [10] in AC

microgrid.

Electrical Energy Storage (ESS) Thermal Energy Storage
-Magnetic/Superconducting
magnetic energy storage (SMES)
--Electrostatic Storage e.g.
Capacitors, supercapacitors

--Low temperature energy storage

--High temperature energy storage

Chemical Energy Storage .

9y g Mechanical Energy Storage
--Electrochemical Energy Storage e.g.
lead acid, lithium ion and vanadium
redox etc.

--Kinetic energy storage e.g. flywheel.
--Potential Energy Storage e.g. pumped
hydro storage

--Chemical Energy Storage e.qg. fuel cell
--Thermochemical e.g. solar hydrogen

Fig. 1.3. Different energy storage techniques.
These storage unit possess important electrical characteristics i.e. peak current, ripple

current, minimum state of charge (SoC), terminal voltage regulation etc. which are
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essential for interfacing and designing bidirectional DC-DC converter. The important
electrical characteristics of storage systems [11] are shown in Table -1.1

Table-1.1
Response time and characteristics of storage elements

Storage Discharging/ Discharging Dynamics
Technologies Charging rate Duration Response Ramp
(MwW) Time rate
Battery Energy 0-40 ms.-hrs. ms. MW/Sec
Storage [BES]
Capacitor 0.0099-0.049 ms.-1 hr. ms. MW/Sec
[Supercapacitor]
Flywheel Energy 0.0009-0.26 ms.-15 min Instantaneous | MW/Sec
Storage [FES]
Fuel Cell 0.001-50 Sec-24+ hr ms. MW/Sec

The battery energy storage response time is in the range of mili-seconds and of low
voltage type. Typically, the voltage is in the range of 12V-48V. Series connected storage
cell can be adopted to increase the voltage level but it has huge disadvantage of charge
imbalance [11]. Therefore, series connection of storage units are not possible for practical
applications. In contrary, parallel connected energy storage can provide high current at
low voltage level and has no charge balance problem. Therefore, the storage unit used in
microgrid is of low voltage and high current type. Lead acid battery is commonly adopted

due to its low cost and moderate response time which is in the range of 20-25 ms.

1.1.3. Storage Unit for Electric Vehicle (EV)

Due to the charge imbalance problem, series connection of individual storage units are
not possible even for EV application. Therefore, the storage units in EV are of low voltage
and high current type. There are two types of storage units present in EV i.e. main storage
unit (Li-ion battery) for motor drive train and another storage mainly used for auxiliary
power supply [12]. It helps to store inertial energy during braking and provides
momentary power at acceleration. These storage units are fast responsive like
ultracapacitors. The storage units used for EV is shown in Fig. 1.4. Fuel cell sources are
the primary energy source to drive the powertrain of EV and the voltage level is generally
48V. However, the DC link voltage for driving the inverter fed motor is 380V-400V DC.

Auxiliary storage [12] units are generally of ultra-capacitor type and the voltage level



ranges from 24V-48V. Similarly, like microgrid storage, the response time of main

storage unit of EV is also slower compared to ultracapacitor based auxiliary storage units.
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Fig. 1.4. Storage units in EV powertrain.

1.2. Storage Interface using Power Electronic Converters in
Microgrid/EV

The storage units which are used for microgrid as well as for EV are of low voltage type
whereas the common DC link voltage is much higher compared to source voltage.
Therefore, high voltage gain and high efficiency bidirectional DC-DC power converter is
necessary for interfacing low voltage source to high voltage DC bus to counter the
intermittent nature of PV and wind power. The general single unit scheme of microgrid
system is shown in Fig. 1.5. The important characteristics requirements of interfacing

power electronics converter with storage units are discussed in the next section.

1.2.1. Characteristic Requirements of BDC

The voltage level of storage unit varies from 12V-48V. However, the common DC link
voltage is 380V-400V for driving inverter fed EV [1] or converting single phase AC from
DC supply. Therefore, the required power converter should be capable of converting 48V
to 380V i.e. high voltage conversion factor is necessary while boosting the input voltage.
Similarly, during charging time, the converter should be capable of converting 380V-
400V to 48V directly using duty ratio control. Generally, voltage conversion factor >10
for boosting operation and <0.1 for buck operation at a duty ratio range 0.4 to 0.6 is

essential [12] for complying gain as well as efficiency. For conventional two switch



synchronous BDC, efficiency drastically falls below 70% for both above 0.6 duty ratio

during boost mode and below 0.3 duty ratio at buck mode.
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Fig. 1.5. Single unit of microgrid system and interfacing power converter.

To comply with the high gain requirements, cascading of converters are not appreciable
as it degrades the overall conversion efficiency. Thus, the major characteristic
requirement is to attain a single unit power converter interface capable of providing buck
as well as boost operation with sufficient conversion factor and efficiency greater than
90%. The storage unit has limited peak current and ripple current providing capability.
The ripple current from storage should be zero ideally so that the battery life does not
degrade at a faster rate. Thus, power electronic interfacing BDC input current ripple
should be very low or ideally zero. These are the system generated requirements based

on the application especially in microgrid.

1.2.2 Specifications and Standards

There are several important standards available and some are currently under
development stage especially for storage interface system connected to microgrid.
Electromagnetic compatibility is another important parameter which should be checked
before using any power electronics converter in use. The relevant standards [13] of

microgrid system is shown in Table-1.2.



Table-1.2
Important standard and requirements

Standard Importance
IEEE 1547 Voltage level and THD requirements for energy storage system
connected to power grid.
VDE0126-1-1 Leakage current level for PV connected system and safety
requirements.
IEC 61727 Voltage level and connection of DC and AC microgrid.

IEEE 2020.2-2015

Interoperability of battery energy storage unit with electric grid at the
distribution level. It also states about the overcurrent protection, short
circuit protection, undervoltage and overvoltage protection, etc.

IEEE 2020.3-2016

Testing procedure of battery energy storage unit and connected
converter. Charge test, charging response time, discharging response
time is also specified in this standard.

VDE-AR-N 4105

This is recently developed standard discussed about requirements of
connection in LV distribution network using microgrid.

IEC 61000-4-
11:2004

Short interruption and voltage variation immunity test

IEC 6100-6-3:2011

Recommendations for emission in domestic and commercial converter
applications.

Similarly, the requirement of BDC converter for storage interface is mentioned in Table-

1.3.
Table-1.3
Recommended Properties of Converter (BDC) [Low/Medium Power Application]
Parameter Value
Low voltage/battery 24V-48V

storage voltage

Operating frequency

fmin=50kHz for MOSFET and fin>100kHz for GaN-FET

DC Bus voltage 380V-400V
Output Power <1 kW
Battery ripple current <5%
Efficiency >95%
Voltage regulation <10%

Other Requirements

e Duty ratio control of bidirectional power flow.
e Voltage and current control.
e Connection requirement as per storage unit specifications.




1.3. Motivation

As discussed in the previous sections, it is clear that there is a requirement of bidirectional
DC-DC converter (BDC) for microgrid storage interface and for EV. The dependency on
power electronic converters is very essential for moving towards clean power and energy
sustainability. Especially, for Indian context the converter should be of higher operating
efficiency and faster response time. High power density is also an important requirement
of these converters to attain better portability. This motivates to find topological solutions
of bidirectional DC-DC converter for application in microgrid and EV.

1.4. Objective

As discussed earlier in the section 1.1.1 and 1.1.2, it is evident that there is a requirement
of high voltage gain, high efficiency, and single unit bidirectional DC-DC converter for
integrating storage unit in microgrid. Therefore, the main research interest of this work is
to propose and design suitable topologies of BDC connected to microgrid. In chapter-2
an extensive review is performed in terms of topological requirements and existing
problems especially with non-isolated BDC. From the detailed review of non-isolated
BDC and its application requirements, the specific objectives in the form of research
question (RQ) are derived as

RQ-1 Is it possible to formulate a generalized circuit that can reduce peak current of the
main switch during boost operation without sacrificing voltage conversion factor

and efficiency with lesser component usage?

RQ-2 Is it possible to design single stage high efficiency, high gain bidirectional DC-DC
converter which has current sharing characteristics at low voltage side? The circuit
should be derived from generalized boost stage circuit (RQ-1) which has inherent

less peak current at main switch.

RQ-3 Is it possible to design BDC form RQ-2 for further efficiency enhancement and
achieving high power density using GaN-FET switch?

RQ-4 Is it possible to formulate a circuit which can replace the interleaved structure of
DC-DC converter to reduce the input current ripple at low voltage side as well as

improves voltage conversion factor from RQ-2 without using extra switches?

RQ-5 Is it possible to improve transient performance and power extraction efficiency of
PV panel used in the microgrid through proper system parameter design with BDC?



1.5. Outline of the Thesis

The current work is organized serially to comply with the objective and research questions

through different chapters.

Chapter-1: Motivation, necessity and applications of the current work is discussed in this
chapter. Microgrid and EV system arrangement with bidirectional DC-DC converter
requirement is highlighted. Specifications with required standards for the application area
is also mentioned in this chapter. Finally, the objective and research questions to be

addressed in this work are mentioned.

Chapter-2: A detailed topological review of non-isolated BDC is performed in this
chapter. Small discussion on isolated BDC with advantages and disadvantages are
mentioned to establish the necessity of non-isolated BDC. Different circuit topologies
like SEPIC, switched capacitor, switched inductor, coupled inductor and hybrid structures
are discussed which helps to achieve high conversion factor. Several critical problems in
designing non-isolated BDCs are also discussed in this chapter which forms a background
to establish research problems and topological requirements for the application in

microgrid.

Chapter-3: The main switch of non-isolated BDC at low voltage side suffers from high
peak current or current stress during turn off time. The current stress is problematic as it
requires high rating switch with larger heat sink. Therefore, it is also a major problem for
reliable continuous circuit operation both in transient as well as steady state. This chapter
discusses the current stress reduction solutions of coupled inductor based high gain BDC.
A half cycle resonating branch is proposed which can successfully generalized to reduce
the peak switch current as well as RMS current for designing boost stage of BDC. The
proposed solution cited in this chapter helps in achieving less peak switch current without

sacrificing voltage conversion factor and efficiency.

Chapter-4: The generalized boost circuit which is established in chapter-3 to achieve less
current stress is adopted in this chapter to design a high efficiency, high gain BDC with
current sharing characteristics at low voltage side using three winding coupled inductor.
The circuit derivation, operation in continuous conduction mode (CCM) in both the
operating modes, soft switching operation, voltage mode control using small signal

analysis is discussed in this chapter.

10



Chapter-5: In this chapter gate driver of GaN-FET switch is discussed with the objective
to apply GaN-FET switch in designed BDC to achieve further enhancement in operating
efficiency and transient performance. In this chapter design issues of BDC with GaN-
FET switch are also discussed.

Chapter-6: Low voltage side of BDC are interfaced with storage units which can’t offer
large ripple current. Therefore, designing BDC with zero input ripple current at low
voltage side is essential. This chapter deals with circuit topology derivation to replace
interleaved structure to achieve reduced low voltage side input current ripple without
using extra active switch. The circuit using coupled inductor discussed in this chapter
have large conversion factor with less current ripple at low voltage side.

Chapter-7: Performance improvement of BDC is not the only factor for enhancing
microgrid operation. The system parameters used in the structure of microgrid is equally
important for the betterment of system response. The selection of passive components
which are used in microgrid where solar PV is the primary source has great importance
for extracting maximum power under dynamic environmental conditions. This chapter
shows the procedure to select passive components in microgrid structure for enhancing

power extraction efficiency and dynamic performance.

Chapter-8: This chapter concludes the research findings and proposes the scope of future

work in the relevant area.
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The work flow of the current thesis including the outcome as journal and conference paper

is shown in Fig. 1.6.
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Fig. 1.6. Thesis work flow and overview.
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A detailed topological review of non-isolated BDC is performed in
this chapter. Small discussion on isolated BDC with advantages
and disadvantages are mentioned to establish the necessity of non-
isolated BDC. Different circuit topologies like SEPIC, switched
capacitor, switched inductor, coupled inductor and hybrid
structures are discussed which helps to achieve high conversion
factor. Several critical problems in designing non-isolated BDCs
are also discussed in this chapter which forms a background to
establish research problems and topological requirements for the
application in microgrid.



2. Review of Bidirectional DC-DC Converter

2.1. Introduction
Bidirectional DC-DC Converter (BDC) is a power electronic circuit which is capable to

control the power flow in two ways i.e., from battery to DC bus or vice versa. The BDC
not only controls the power flow but also acts as an interfacing circuit between two
different DC voltage levels. It can boost the input voltage while discharging the battery
and can step down high voltage (HV) DC bus to charge the low voltage (LV) battery side
[1]. The power flow can be controlled through switching sequence commonly applied for
non-isolated BDC or through phase shift for isolated BDC [2]. The generalized structure
of BDC is shown in Fig. 2.1 (a).
Discharging-Pqt
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Fig. 2.1. General structure of (a) bidirectional converter and power flow (b) different topologies of BDC
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For non-isolated BDC, the ground path is common between input ports to output ports
whereas for isolated BDC, high frequency ferrite core transformer is used between two
ports. Isolated BDC uses AC power flow concept using high frequency transformer which
acts as AC link between two different DC voltage levels. For non-isolated DC-DC
converter, power flow is maintained by duty ratio-based voltage mode control [2]. These
types of converters depend on DC bus voltage for controlling the power flow whereas for
isolated DC-DC converter phase shift between primary to secondary AC link voltage
controls the power flow. The major topological division in BDC design is mentioned in
Fig. 2.1 (b).

2.2. Isolated Bidirectional DC-DC Converter

Isolated BDC provides bidirectional power flow by just controlling the phase difference
between intermediate AC voltages between transformer primary to secondary winding
[2]. The power flow control can be easily explained through a simple network of two
alternating sources (V1 and V-) with different phase connected through a line inductance
as shown in Fig. 2.2. The phase angle of reference voltage V1 can be considered as zero.

Therefore, the phase difference between Viand V2 is 6.

Fig. 2.2. AC active power flow between two sources with line inductance.

The current (i1) flowing through the network is

. vy <0-v, <8 1. . _
L T ie. |l(t)=E[vlsmwt+vzsm(a)t—l9)] (2.1)
The real part of the voltage V2 is V, (t) =V, Cos(at —9)

Thus, the average power absorbed by the voltage source V2 is
\/ Vv vV, .
(P(t)) = ir {(—1sin wt +—2sin(wt — 9))v, cos(wt — 19)}dt =-21sing (2.2)
T oL oL oL
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The absorption or dissipation of active power depends on the phase angle difference
between two ac voltage sources. If the phase difference 9 is positive then voltage source
V> is consuming active power and for negative value it signifies that it is delivering active
power. Therefore, bidirectional power flow is possible just by altering the phase
difference as per equation 2.2. Similar concept is used in isolated BDC to control the
active power flow. The high frequency isolated transformer leakage inductance (L eakage)
can be acted as line inductance [3-4] just like the inductance shown in Fig. 2.2
Transformer primary to secondary turns ratio (n) can be used for achieving the voltage
gain improvement. As the input is DC therefore inverter unit is required before primary
of the transformer and in the secondary side active rectifier is essential for converting AC
voltage to DC load. The reverse configuration is essential if power flow changes in
opposite direction. Hence inverter/rectifier unit is essential in both sides of isolating high
frequency transformer. This is the main reason for defining isolated BDC as dual active
bridge (DAB). The general architecture of DAB is shown in Fig. 2.3.

\
1n | &T@®
I—Ieakage H J
Rectifier/
Inverter Unit

|

Rectifier/
Inverter
Reference Unit

HV
Side(DC
Link Bus)

LV Side —
(Battery) —

e

Phase Shift Control for Power rovD

Fig. 2.3. General structure of isolated BDC (DAB).

2.2.1. Isolated Voltage Source Based Bidirectional DC-DC Converter
Isolated voltage source based bidirectional converter is popularly known as dual active

bridge (DAB) converter [3] which is shown in Fig. 2.4. This converter has utilized the
phase shift of AC voltages between input bridge and output bridge to control the power
flow. Power flow equation can be derived from finding voltage across leakage inductance
(VL) and current through it (iL). The primary bridge is considered as the reference bridge.
Based on the switching state between both the bridges, the phase difference between AC
voltages can be determined. The operating modes and key operating waveforms are
shown in Fig. 2.5. The primary ac link voltage Van=VLv, when switch Sy and S are turned
ON. Similarly, the reflected primary winding voltage from output across c-d node is

Vhv/n. By turning ON, S, and Sy , positive voltage can be generated between c-d point
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and V. becomes ViLv-Vhv/n. However, when S¢ and Sq are ON then the leakage inductor

voltage becomes Vi v+Vrv/n. During this time, leakage inductor current (i.) rises with a

Vl_v'l'h

slope of

%. If Vv becomes equal to Vrv/n then the difference which is inductor

voltage becomes zero and current through leakage inductance is constant either positive

or negative based on previous state current. This is known as extreme condition of DAB

as shown in Fig. 2.5.
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Fig. 2.4. Voltage source based DAB.
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Fig. 2.5. Key operating waveform.
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This boundary condition is very crucial as it helps to determine required leakage
inductance and output capacitor values. This mode also guides to find the range of duty
for achieving soft switching operation i.e., zero voltage switching (ZVS) range. In DAB
operation generally, Vv >Vnv/n condition prevail which is known as common mode of
operation where leakage inductance voltage never becomes zero. Therefore, inductor
current waveform never becomes trapezoidal shape which is a good characteristic in
extreme operating mode. Trapezoidal shape current ensures less switch peak current as
well as has less RMS current. However, there are several clever ways recently developed

using advanced PWM technique which guarantees less RMS and peak switch current.

VHV VHV
. . VLV+7 VLV_
The current slopes in common modes of DAB operations are, C n_, C n_,
RV 2 -V + Vi

N_and LVL N_ as shown in Fig. 2.5. The peak value of leakage inductor

V,

HV

VLV'
symmetrical current is I> where current slope is?”. When voltages across Vi is

maximum i.e., Vov+Vhv/n then the current slope is maximum and corner current is Is.
Current Iy and I> are symmetrical as shown in Fig. 2.5. The phase shift ¢ can be
determined graphically by adding two timing i.e., tiand to. The phase shift ¢ is (t1+ t2).

The inductor current value of 11 and I, are

VLV+ VHV V|_V+ VHV
:tlfn a.nd Il =t2 fn (2.3)

Again, the difference (I>-11) and addition (I+11) of two currents are

V
Vv v+ Vv

'|'S VLV' n N
I, -1, = TR and |2+|l=[(p]f (2.4)

The average value of the output current is very crucial to find out the charge which

indirectly determine the voltage gain equation for DAB.

V
Vi +—
T 11, 1 T | 1.1
AQ =[I1+|2][—2 '(Pj|+512t1'511t2 = [(P]{E'(P}THJFEBH'E% (2.5)
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By replacing all the values of t; and tz, the charge can be derived which is

AQ= [cp]{%-cp}v—tv (2.6)

Therefore, the average load current lo is

AQ o |V
|0=nTS=[<p] l-i n—LLV (2.7)
2 2

When D=2¢/Ts, then the average value of the load current can be derived as

| = D(1-D)T, |V, :[D(l-D)} V. 2.8)
2 nL 2 f,nL
From this equation the voltage gain is
M= Viv _ { D(1-D)} R, (2.9)
V,, 2 f,nL

The voltage gain of DAB [3] is load dependent and the maximum power depends on D

value which depends on duty cycle. Load power is proportional to
P, =K, [D@-D)] (2.10)

For both directional power flow at 0.5 duty ratio the power flow is maximum which can

be derived from equation (2.10) and shown in Fig. 2.6.

A
Boost Mode
+P /(Discharging Mode

>
D:O D:05 =
Buck Mode D=1

-PL (Charging Mod

Fig. 2.6. DAB power flow in boost and buck mode with variation of D values.

The power flow control of DAB is performed through phase shift. However, single phase
shift-based DAB control has major problem of circulating current as shown in Fig. 2.7
(a). This technique has higher conduction loss especially in the primary bridge [4] and

has limited duty ratio range for achieving soft switching i.e., ZVS. By modifying the
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PWM pattern between primary and secondary bridge, the circulating current problem of
DAB can be eliminated. By making primary bridge AC link voltage to three level voltage
or adding a zero state the freewheeling time of primary bridge is reduced and circulating
current loss can be effectively minimized [5-6]. This PWM technique is known as
extended phase shift control (ESP).

A A
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It i Viv> Vi / j' % \\vwiv/& : >
(N t [
% t2 F4Ty2 \ tuit i+Tsl27g
-2 I, -|2 |2
().

(b)
Fig. 2.7. PWM pattern of DAB (a) single phase shift (SPS) (b) extended phase shift (ESP).

VR Viv=Viv/n

This technique has internal phase shift in either in the primary or in secondary active
bridge. Though the phase shift is same, but there is a net reduction of effective phase shift
between two bridges. This technique comes with disadvantages of complex control as
well as net reduction of active power flow in either direction. This technique is shown in
Fig. 2.7 (b). Apart from EPS technique there are two other PWM techniques i.e. double
phase shift (DPS) and triple phase shift (TPS) are popular in DAB power flow control
which provides better efficiency and extended ZVS operating range [6]. However, the
control algorithm is complex for achieving ZVS as well as has larger transient time in
power flow reversal.

Soft switching operation of DAB can be achieved utilizing MOSFET junction
capacitance (Ca, Cp) and antiparallel diode (Da, Dy) utilizing synchronous rectification
concept. The dead time between a transition state should be intelligently selected to
achieve the ZVS turn-ON operation of all active switches. The general convention of
achieving ZVS turn-ON is shown in Fig. 2.8. The dead time between two PWM pulses
must be sufficient so that complementary switch voltage become zero before applying
PWM pulse to achieve ZVS turn-ON. The junction capacitor charging and discharging
time denoted by ta which guides the dead time value. Dead time (tq) should be greater

than ta for successful ZVS turn-ON operation. The t, value is dependent on load current
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(IL) and leakage inductance (L) which limits the duty ratio range (D) of ZVS turn-ON

operation in DAB.
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g
S| Cy
PWM,
A
Vsb E
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Fig. 2.8. Soft Switching Operation i.e., ZVS turn-ON of DAB in one half bridge

Therefore, in summary voltage source based isolated BDC i.e., voltage fed BDC has many

advantages [7] like easy power flow control in both the directions with flexible gain which

can be adjusted by two degrees’ of freedom i.e., either by controlling transformer turns

ratio or by adjusting duty ratio. But the major disadvantages are:

Power transfer depends on leakage inductance with maximum power flow
possible at D=0.5 for both the operating mode as shown in Fig. 2.6.

The number of active switches is generally eight for DAB which requires eight
separate gate driver circuit as well as control circuit which makes system more
complex.

The voltage gain depends on load resistance and soft switching range i.e., ZVS
operation is dependent on load current. This makes limited range of adequate gain
with soft switching operation. This problem worsens for lightly loaded condition
and input voltage variation.

The leakage inductance current waveform is generally non-trapezoidal shape for
boost as well as buck mode which makes increased RMS and peak current of all
active switches. It also incurs large circulating current loss.

Different phase shift i.e., internal or external or both phase shift can reduce the
circulating current. However, it limits the power transfer capability. Moreover,

operation becomes more complex with ZVS turn-ON feature.
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Half bridge-based proposals are also found in literature but it has more complex operation
than conventional voltage source-based DAB especially in achieving soft switching
operation [8-9]. Thus, easy control with extended soft switching range with minimum
RMS current operation using half bridge BDC [8] is still an area which is unexplored.
The mentioned problem in voltage source-based DAB also include large input current
ripple and it creates practical difficulties when interfacing with battery storage units.
Voltage source based BDC has considerable large ripple current except the inductance
value is very high. Large leakage inductance value incurs duty cycle loss in DAB.
Therefore, it is not a recommended design criterion for achieving higher efficiency.
Ideally, battery input current ripple should be zero with all the required features for BDC
explained earlier in this section encourages researchers to check for isolated current fed
BDC which is discussed in the next section.

2.2.2. Isolated Current Source Based Bidirectional DC-DC Converter
Current fed isolated BDC have better soft switching range in both the bridges as well as

having less input current ripple at low voltage side [4], [10] compared to voltage fed
DAB. The general structure of current fed DAB is shown in Fig. 2.9.
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Fig.2.9. Current source based dual active bridge.

The operation is similar to voltage source-based DAB with phase shift control discussed
in the previous section. The major advantage of having less duty cycle loss with extended
ZVS range. However, this converter is having large voltage stress at the primary bridge
switches. To minimize the voltage stress problem, there are many techniques found in the
literature which broadly divided into two categories [11-12] i.e. (a) passive RCD based
snubber network (b) active clamp-based snubber network. The active clamp-based
solution is widely popular due to less power loss and easy control. Flyback snubber,

flyback and parallel capacitor snubber and snubber-less naturally clamped DAB falls
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under active clamp-based solution to achieve less voltage stress. The snubber circuit-
based solutions in current fed DAB is shown in Fig. 2.10. RCD based snubber circuit has
problem [11] of higher circulation conduction loss when snubber capacitor discharges
through resistance. The increased conduction loss of using passive RCD snubber can be
eliminated using active clamp snubber circuit. The conduction loss is less in active clamp
snubber circuit compared to passive snubber. However due to resonance, the current
spikes are more using active clamp circuit. Flyback based active snubber circuit eliminate
the current spikes problem as well as increased conduction loss. The clamped capacitor
voltage is maintained by recycling the stored energy. However, flyback-based snubber
circuit [12] has limitation of large inrush current. Therefore, in flyback-based snubber

circuit [12], recharging circuit is necessary for limiting the inrush current.
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Fig. 2.10. Current source based dual active bridge.

All the mentioned current fed DAB with snubber circuit has major problem of large
current ripple similar to voltage fed DAB in low voltage side. Therefore, integrating these
types of converter in storage interface is not robust and reliable. Over last decade many
researches have been carried out to find the circuit-based solutions to minimize the low
voltage side current ripple [13-14]. Interleaved current fed DAB is the major development
in the bidirectional converter especially for interfacing low voltage, low current ripple
source [4], [15].
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The general circuit structure of interleaved current fed DAB is shown in Fig. 2.11. Based

on the phase difference between input to output bridges, the operating modes of current
fed interleaved BDC are divided into four operating modes [4] i.e., Mode-1, Mode-II,
Mode-I11 and Mode-1V. Out of these modes, mode-1 and mode-I1 are used due to the fact
that converter operates within 0.25 to 0.75 duty ratio range where the phase shift should

be within Z .
6
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Fig. 2.12. Important operating modes within 0.25 to 0.75 duty ratio, (a) Mode-I (b) Mode-II
The active power flow equation is similar to voltage fed DAB. Due to interleaved

structure with the ZVS condition [4] in low voltage side bridge is different compared to

voltage fed DAB. The ZVS turn-ON condition is

PZ

Vi, (1-D)n  V,[dg+(1-d)(1-D)x]

>0 for Sy and S3 (2.11)
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<0 forSzand S4 (2.12)

Leakage Leakage
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Where, d=—*  m=—%_ D=Duty ratio and ¢=Phase shift.
an Leakage

The soft switching range of Sz and S4 depends on the value of d. For lower value of d, the
ZVS range of these two switches are extended which is also shown in Fig. 2.13 (a) and
Fig. 2.13 (b). Thus, when d<1 and D<0.5 ZVS operation of the primary bridge switches
are not load dependent and guaranteed [16]. However, during same condition the
secondary side bridge is hard switched.
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Fig. 2.13. ZVS boundaries of bottom switches (Szand S4) of LV side bridge for (a) d=0.8 (b) d=1

In summary the current source based dual active bridge have many advantages [17-18]
over voltage source-based converter of similar ratings and discussed in details. However,
both these isolated converters have some critical disadvantages especially at low to
medium power level i.e., upto 1-1.5kW and they are as follows:

(@) Load dependent soft switching conditions for active switches.

(b) Complexity in achieving soft switching in both bridges simultaneously for a wider
load range.

(c) Complexity in implementing control architecture. Eight active switches require
extra driver circuit which leads to extra loss.

(d) Current source based isolated dual active bridge has less input ripple current at
low voltage side but requires complex snubber circuit to minimize voltage spikes.

Also, the current ripple performance is not constant for wider duty cycle variation.
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(e) Isolated transformer leakage inductance controlling is difficult which indirectly
control the power flow.

(f) Duty cycle loss is another major problem of these isolated types of converters.

(g) Designing dead time is very critical as improper selection leads to loss of soft

switching operation.

These issues left a research gap to investigate on non-isolated version of bidirectional
DC-DC converter using different circuit topologies. These types of BDCs are discussed

in the next section in details.

2.3. Non-Isolated Bidirectional DC-DC Converter

Non-isolated bidirectional DC-DC converters are simple in structure [19-20] and has less
control complexity. Duty ratio-based control taking bus voltage information as feedback
can be easily implemented to control the power flow. There is no isolation stage in these

types of converters and has common ground structure as shown in Fig. 2. 14 (a).
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Fig. 2.14. General structure of (a) non-isolated BDC and (b) conventional BDC.

By changing the switching pattern, a synchronous boost converter can be operated as
buck converter and it is the most primitive non-isolated BDC. The structure of
conventional BDC is shown in Fig. 2. 14 (b). Although the controlling power flow is
simple but this converter has several operating disadvantages [21] like it has (a) less
efficiency i.e., below 60% above 0.5 duty ratio in both buck as well as boost operating
modes, (b) less voltage conversion factor in both the operating modes, (c) large voltage
stress in all active switches and (d) large switching losses. These limitations encourage
researchers to find alternative circuit topologies to achieve higher efficiency as well as
large voltage conversion factors with reduced stress at all active switches. New circuit
design concepts with limitations are discussed in details which forms research

background in this current work.
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2.3.1. SEPIC Derived BDC

Single ended primary inductor converter (SEPIC) was first introduced by bell laboratory
in 1978 with unidirectional feature using a switch and one diode. The diode can be
replaced by a switch to form SEPIC BDC [22-26] as shown in Fig. 2. 15 (a).
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Fig. 2.15. General structure of (a) SEPIC BDC and (b) modified SEPIC BDC.
It has capability to control the power flow in either direction i.e. buck or boost mode. The

major problems of this primitive circuit are less voltage conversion factor, discontinuous
output current, large switch voltage stress i.e. (Vin+Vo). This circuit has voltage gain of
D/(1-D) which is less for 48V-380V BDC system. The output voltage can be appropriate
if multiple SEPIC BDC output are connected in series and input side is connected in
parallel. This configuration is not applicable as it has more losses which reduces the
conversion efficiency. Another way to improve the voltage gain conversion factor of
SEPIC derived BDC is to use capacitor diode network just like high gain boost converter.
This diode capacitor network can improve voltage gain in one directional power flow.
But for bidirectional power flow the diodes can be replaced by switch [25-26] as shown
in Fig. 2.16. This circuit has continuous current in both input and output ports.
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However, even after improving voltage conversion factor these types of non-isolated

Fig. 2.16. Modified high gain SEPIC BDC.

BDC have many problems like (a) high switch voltage stress as well as current stress (b)
lower efficiency (c) hard switching operation of active switches (d) large size inductor to
minimize current ripple. These limitations encourage researchers to find the alternative

topological solution.
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2.3.2. SEPIC with Coupled Inductor BDC
Application of coupled inductor can improve the voltage gain of existing SEPIC circuits

[27]. Ring core-based two winding transformer is shown in Fig. 2.17 (a) where turns ratio
Is N1/N2 and inductance ratio primary to secondary is Li/L.. The mutual inductance is M.
The same transformer can be acted as coupled inductor as shown in Fig. 2.17 (b). The
main benefit of coupled inductor is it can enhance voltage gain due to incorporation of
turns ratio and has common point to connect in a suitable position while designing new

topologies.

(). (b)

Fig. 2.17. Ring core based two winding (a) transformer (b) coupled inductor.

The primitive SEPIC based circuit is modified using coupled inductor [22], [27] as shown
in Fig. 2.18. This circuit improves the voltage conversion factor and has less component
addition. This also has two degree of freedom like the isolated converters i.e. duty ratio

and turns ratio.
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Fig. 2.18. Coupled inductor based modified SEPIC BDC.

Steady state voltage gain of SEPIC can further be enhanced by using active voltage
multiplier cell and coupled inductor [27] as shown in Fig. 2.19. The circuit performs well
in both directions of power flow and suitable for 48V-380V conversion system. However,
poor efficiency and large current stress at the main switch (Sz) limits the application. The
operating duty ratio range is also limited. The input current ripple is also large in this type
of solution. The SEPIC [22] circuit is modified using coupled inductor to achieve soft
switching feature of active switches as shown in Fig. 2. 20. This helps to achieve high
efficiency operation. This circuit is having higher voltage gain factor compared to earlier
modifications in the literature. Switch voltage stress is also less in this solution.
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Fig. 2.19. Coupled inductor based modified SEPIC BDC with voltage multiplier cell.

The major drawbacks of this topological solution are (a) large switch current stress, (b)
large input current ripple and (c) large efficiency variations for wider load range.
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Fig. 2.20. Higher efficiency coupled inductor based modified SEPIC BDC with soft switching features.

2.3.3. Interleaved Switched Capacitor based BDC

The topological solutions discussed in the previous section has common problem of large
input current ripple as shown in Fig. 2.21 (a). This requires large input inductor as well
as filter capacitor to minimize input ripple current. Filter capacitor provides the ripple
current required by the inductor as shown in Fig. 2.21 (b). The input ripple current
problem can be effectively solved by the interleaved BDC structure where two inductor
current waveforms are complementary as shown in Fig. 2.21 (c). The switching of two
parallel input inductor helps to reduce the ripple current due to asymmetry in inductor
current slopes. For duty ratio exactly at 0.5 there will be a zero-input current ripple as
resultant inductor current ripple cancels each other.
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Fig. 2.21. (a) Inductor current ripple (b) ripple free source current using large filter capacitor (c) ripple free
source current using interleaved structure.

This solution is good as inductor size as well as filter capacitor size can be reduced. The

conventional interleaved BDC [28-29] is shown in Fig. 2.22.
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Fig. 2.22. Conventional interleaved BDC structure

Though the input current ripple is very less but this structure is having same voltage gain
like conventional synchronous boost converter i.e. 1/(1-D) and similar voltage stress
across main switches. To increase the voltage gain with interleaved structure, switched
capacitor network is adopted. Switched capacitor network has very simple working
principle and capable of voltage boosting. A voltage doubler circuit is an example of
switched capacitor network. Similarly, voltage multiplier cell can be added with
interleaved structure to increase the voltage gain. A switched capacitor based BDC [30]
is shown in Fig. 2.23 (a) which has superior gain and less ripple current. But these types

of circuit have excessive large switch current due to direct capacitor voltage switching.
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Fig. 2.23. (a) Switched capacitor BDC and (b) interleaved with switched capacitor

Switched capacitor network has inherent capability of increasing voltage gain and this
technique is combined with interleaved structure can be applied to achieve high voltage
gain with very less input current ripple. Fig. 2.23 (b) shows the hybridization of

interleaved with switched capacitor network. Later the same circuit is modified [32] to

increase the voltage gain further which is shown in Fig. 2.24 (a).
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Fig. 2.24. (a) Modified interleaved with switched capacitor and (b) three-phase interleaved with switched

capacitor BDC.

32



However, the modified circuit has one more active switch compared to earlier. By
increasing number of active switches in BDC the circuit complexity increases and more
switch requires separate driver circuit with associated extra loss. Thus, the overall system
loss increases. Hard switching of these switches further enhances the loss. Interleaved
structure is reutilized in three phase parallel structure at the LV side of the BDC [33] as
shown in Fig. 2.24(b) to reduce the input ripple current to a very negligible value whereas
switched capacitor network in the HV side enhances the voltage gain. This structure has
soft switching capabilities of LV switches. The circuit can provide superior voltage gain,
less ripple current with the sacrifice of large switch current stress especially at LV side.
The numbers of active switches are eight which requires extra driver circuits. The DAB
is also having eight number of switches with isolation. Thus, applicability of interleaved
high gain non-isolated converter is questionable especially beyond 1.5 kW.

2.3.4. Cascaded Switched Capacitor

Switched capacitor BDCs are simple in structure and can be cascaded to increase the
voltage level. Capacitor and active switch combination makes it possible. The basic
switched capacitor cell can be cascaded to make large conversion factor. A voltage
multiplier based switched capacitor BDC [34] cell is shown in Fig. 2.25(a). The same cell
can be extended to achieve three times voltage multiplier output [34] in boost mode as
shown in Fig. 2.25 (b).
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Fig. 2.25. Basic switched capacitor based (a) basic BDC cell (b) cascaded BDC cell
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Similarly switched capacitor cell can be cascaded including inductor in the path as
proposed by L. Sun et.al. [35] and it is an alternative solution to increase the voltage
conversion factor further. This extension methodology is shown in Fig. 2.26.
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Fig. 2.26. Modified switched capacitor BDC proposed by L. Sun et.al. [35].
These types of BDCs have simple topological structure and less control complexity.

However, the major issues of these types of converters are (a) large switch peak current
(b) high inrush current (c) large voltage ripple (d) large number of active switches.
Although, these types of converters have very simple operating principle but never

adopted due to other disadvantages mentioned.

2.3.5. Hybrid Structure based BDC
Z-source network is very important for increasing the voltage gain. This network is first

introduced in Z-source inverter by F.Z. Peng [36]. Thereafter this network is extensively
used for unidirectional high gain boost converter design for PV integrated converter. The
same concept is used for designing BDC and the basic unit for Z-source based BDC [37]

is shown in Fig. 2.27.
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Fig. 2.27. Z-source inverter based basic BDC unit.

There is further achievement in this direction of BDC design. Switched capacitor-based
network is integrated successfully for improving the voltage conversion factor further.
Thus, hybrid structure of z-source based BDC is a good design technique of non-isolated

BDC. The basic hybrid BDC structure is shown in Fig. 2.28.
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Fig. 2.28. Z-source inverter and switched capacitor (SC) based hybrid BDC unit.

Similarly, recent development in hybrid structure [38] is proposed by Y.Zhang et.al. and
shown in Fig. 2.29. This structure is capable of providing sufficient voltage conversion
factor and less voltage stress. However, high current stress, less efficiency, more
component count and large input current ripple continues to be major problems of these

type of converters.
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Fig. 2.28. Z-source inverter and switched capacitor (SC) based modified hybrid BDC unit.

2.3.6. Coupled Inductor based BDC
Coupled inductor-based circuits are useful for voltage lifting application. The winding

turns ratio can be adjusted like transformer mutually coupled two windings can be used
in combination with capacitor to achieve superior voltage lift. Coupled inductor based
BDC circuits have two degree of freedom i.e., duty ratio and winding turn ratio like
isolated converters. The basic coupled inductor based BDC circuit is proposed by [39] as
shown in Fig. 2.29 (a). The circuit shown in Fig. 2.29(a) has two current paths but the
switchings are not complementary thus this circuit have same input current ripple as
inductors. However, current rating of the coupled inductor is smaller compared to circuit
shown in Fig. 2.29(b). The voltage gain in both the operating modes are similar in these

circuits. These circuits also have large voltage stress as well as current stress at the main
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switches. The turns ratio can’t be increased to four, it increases the core size as well as

core, and copper loss of coupled inductor. This reduces the operating efficiency.
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Fig. 2.29. Z-source inverter and switched capacitor (SC) based modified hybrid BDC unit.

Therefore, to achieve sufficient voltage gain in both the operating modes of BDC using
coupled inductor with less turns ratio is a major challenge. In last decade there are many
coupled based bidirectional DC-DC converter topologies are proposed in this direction.
Intermediate capacitor is used [40] to modify the base BDC circuit as shown in Fig.
2.29(b) which helps to increase the voltage gain. The circuit do not have parallel inductor
paths which has the capability to share currents. The voltage gains as well as efficiency
limitation of coupled inductor-based circuit is first modified by R. Y. Duan et. al. [41]
where leakage energy is recovered through a clamped capacitor as shown in Fig. 2.30.
This topology has inherently higher conversion ratios i.e. (n+2)/(1-d) and (d/n+2) in boost
and buck mode respectively. This topology also has the capability to achieve soft

switching.
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Fig. 2.30. Coupled inductor based high gain factor BDC.

The current sharing in buck mode is not achieved in this topology which was rectified by

the same authors in [42]; where extra inductor is used in parallel to the coupled inductor
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as shown in Fig. 2.30. This extra inductor is used in buck operation and remained unused
in boost operation which left a research gap. Exactly same circuit like in [42] with one
extra capacitor is proposed in [43] which provides same performance like original circuit.
Circuit proposed by W. Hassan et al. [44] utilized the same structure [42] with a small
modification by branching coupled inductor but reached to the same conversion factor as
in the original circuit. M. Amir et al. [45] proposed same coupled inductor based BDC as
previously proposed in [46]. Quasi resonant operation of same [42] BDC structure where
coupled inductor is replaced by simple inductor is proposed [47] which is further
generalized to make the topology suitable for high power application. But the basic circuit
structure remains the same. H. Liu et al. [48] utilized the same structure but branching
coupled inductor path leads to reduced voltage gain compared to the original circuit [42].
Reduction in input current ripple and current sharing is possible by using parallel structure
as shown in Fig. 2.29 (b). Voltage gain can be improved using cascading structure [40]
as shown in Fig. 3.30. However, the hard-switched cascading structure has less efficiency
and do not have current sharing benefit. To achieve high conversion factor and soft
switching using synchronous rectifier concept, secondary coupled inductor branch is used
primarily in [42] as shown in Fig.2.31 (b). Later modification of the secondary coupled
inductor branch position is adopted in [21] as shown in Fig. 2.31 (a) to achieve current
sharing and higher gain, but fails to achieve it. Similarly, modification in coupled inductor
branch position is mentioned in [44] as shown in Fig. 2.31 (b) to achieve same objectives
but the performance parameter remains same as [42]. The BDC circuits proposed in [42],
[21], [44] utilized n=2 turns ratio for achieving the required gain. Four active switches
are used in [21], [44] for designing BDC and proposal [44] has better gain factor i.e.
(n+2)/(1-D) and (D/n+2) compared to [21]. Therefore, utilizing only four switch and n=1
to achieve the same or better conversion factor is a design challenge of coupled inductor
based non-isolated BDC. The BDC circuit proposed by Y. Yao et.al [49] used five active
switches and a coupled inductor with four number of turns ratio. This circuit can be easily
interfaced between 48V to 380V system. The soft switching of active switches enhances
the average operating efficiency i.e. above 94% for all loading conditions. However, the

operation of the circuit is quite complex.
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Fig. 2.30. BDC configurations using coupled inductor (a) Position changing secondary branch [21] of
coupled inductor (b) Rearrangement of secondary branch [44] of coupled inductor.

2.3.6. Coupled Inductor and Switched Capacitor based BDC
The voltage conversion factor of non-isolated BDC can be improved within the operating

duty ratio (0.4-0.6) and with a less number of winding turns ratio using a cascade hybrid

structure of where coupled inductor circuit is cascaded with switched capacitor network

[50]. The general circuit block diagram of these types of network is shown in Fig. 2.32.
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Fig. 2.32. High gain BDC configurations using cascaded coupled inductor and switched capacitor network.
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LV side coupled inductor network can even be a combination of interleaved structure
with coupled inductor. Similar design philosophy is adopted in [51] which provides good
voltage conversion factor in both operation modes. The major problems of these network
are (a) high component count, (b) increased control complexity and (c) difficulty in
achieving soft switching operation of main and auxiliary switches. The current stress of
LV side main switch is also large.

2.4. Common Issues with Non-Isolated BDCs for Interfacing Storage

In last decade, there has been many topological developments of non-isolated BDC found
in the literature which has superior voltage conversion factors and less voltage stress in
both operating modes. However, there are research opportunity based on the unsolved

problems exists in non-isolated BDC for interfacing storage. These common issues are,

(@) To attain high voltage conversion factor, researchers have used many passive circuit
components with auxiliary switches. This increases the peak current value of low voltage
(LV) side main switch and creates large current stress especially at switch turn off time.
To limit current stress of high gain non-isolated BDC circuits there is a requirement of
less energy storing elements in circuit design. However, this reduces the voltage gain
factors. Therefore, limiting current stress of LV side main switch with no compromise on
voltage gain factor i.e., >10 for boost mode and <0.1 for buck mode within operating duty

ratio range (0.4-0.6) is a major circuit development challenge.

(b) High efficiency operation is an important requirement of designed prototype.
Switching loss is a considerable loss which needs to be eliminated or minimized to attain
efficiency range greater than 90%. Generally auxiliary active clamp-based network is
adopted to attain soft switching of main switches. But this creates control complexity and
hard switching of auxiliary switches continues to be a major problem. Therefore,
achieving soft switching of main and auxiliary switches are very essential. The main
challenge is to design high gain BDC where all switches will be soft switched without

using any auxiliary network.

(c) The high gain BDC has another major problem of large input current ripple because
input current is same as inductor current ripple. Coupled inductor circuit has even more
inductor ripple current and hence input current ripple. This large ripple current can’t be
supplied by the storage and hence requires large input side filter capacitor. Interleaved

circuit has promising solutions of having less input current ripple. There are two major
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problems with interleaved high gain BDC, (i) large component count and (ii) narrow

range of input ripple current reduction.

(d) Coupled inductor-based circuits are very useful in achieving large voltage gain within
operating duty ratio. The number of winding turns of coupled inductor is large generally
greater than two. This increases the core size as well as core loss. Therefore, designing

high gain BDC for n=1 using coupled inductor is a topological development challenge.

2.5. Topological Requirements for Non-lsolated BDC for Storage

Interface
There are some important characteristics requirements of BDC converter which are

necessary for successful storage interface both for microgrid and EV. The characteristics

are:

(a) High Efficiency operation in both boost and buck mode. (>91%)

(b) High voltage conversion factor in both operating modes and parallel path structure
during buck operation.

(c) Less number of power electronics switches.

(d) Low voltage and current stress of main as well as auxiliary switches.

(e) Continuous and low input current ripple at LV side for wide duty ratio range.
(f) Low switching and conduction loss.

(9) High power density using GaN-FET based wide bandgap devices.

2.6. Summary
In this chapter several topologies of BDC are discussed with individual advantage and

shortcomings. Isolated BDCs are highly efficient but has control complexity and soft
switching of active switches are load dependent. Non-isolated BDC, on the other hand
has simple control structure (voltage mode or current mode control) and large conversion
factors. The operating efficiency is comparable with isolated counterpart. Coupled
inductor based non-isolated circuits are capable to provide high conversion factor and
performance is even better compared to isolated converter. The operating efficiency of
the non-isolated BDCs can be enhanced utilizing GaN-FET based wide bandgap devices
in place of Si-MOSFET. This also enables the designer to achieve high power density
BDC.
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Ch apter-3

Generalized Switch Current Stress
Reduction Technique for Non-tsolated BDC

/

Coupled inductor based high gain non-isolated bidirectional
converter suffers from high switch current stress especially at low
voltage side main switch. This phenomenon is also true for other
non-coupled inductor based high gain non-isolated BDC
converters. In this chapter low voltage side main switch current
stress reduction technique is discussed. This circuit design
technique can be generalized and applied to existing topologies
after modification. This technique ensures low current stress al low
voltage side. In this chapter boost stage design of BDC using the
proposed circuit technique is discussed in details.



3. Generalized Switch Current Stress Reduction
Technique for Non-Isolated BDC

3.1. Introduction

Topology derivation for boost stage of BDC is very important because the voltage gain
in this stage should be sufficient (>10) to interface low voltage (LV) energy storage [1]-
[3] to high voltage DC link within operating duty ratio range from 0.4 to 0.6.
Conventional boost converters are not suitable in these applications as extreme high duty-
ratio is required [4] to meet the high gain, which increases the conduction loss. Again, at
high duty ratio, the problem of diode reverse recovery and electromagnetic interference
(EMI) increases significantly [5]. Therefore, to achieve high step-up ratio and efficiency
at low duty cycle, there are many boosting techniques like switched capacitor, voltage
multiplier cell, and interleaved structures available in literature [6-7]. However, all these
voltage lifting techniques suffer from large number of capacitors and power diode usage,
which increases the loss and degrades efficiency. Coupled inductor based boosting
technique [8-9] has emerged utilizing magnetic coupling and has promising two-degree
solution of voltage lifting. But the leakage inductance creates voltage spikes and increases
the switch voltage stress. Active and passive clamp based coupled inductor boost
converter circuit eliminates voltage spikes due to leakage inductance [10-11]. The
application of voltage multiplier cell and switched capacitor cell in coupled inductor-
based boost converter are also found in literature to minimize the leakage inductance
effect with further enhancement in voltage gain [12-13]. Interleaving technique in
coupled inductor-based boost converter minimize the input current ripple [14]. Therefore,
various high step-up coupled inductor-based boost converter topologies evolved which
ensures high efficiency operation with low input current ripple [15-21]. However, these
converters suffer from high switch voltage stress as well as current stress. The peak
current as well as turn off current of LV main switch is very large. This restricts practical

application to storage interface in microgrid or in EV.

3.2. Proposed Switch Current Stress Reduction Network

Achieving high voltage gain in boost stage using coupled inductor-based circuit requires
minimum two parallel current paths during main LV switch ON operation. This allows to

store sufficient energy during switch ON time and helps to achieve high voltage gain. For
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example, the coupled inductor-based boost DC-DC converter proposed by Yifei Zheng
et.al [22] as shown in Fig. 3.1 has two parallel paths during LV main switch S; ON time.
During ON time of S1 large energy is stored in primary inductor which is later used by
secondary coupled inductor circuit to lift the output voltage.
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Fig. 3.1. (a) The coupled inductor boost circuit topology [22]. (b) Circuit at switch ON time (c) Switch
current waveform.

Again, another example of implementation of the proposed method in a coupled inductor
boost DC-DC converter proposed by Y. Hsieh et.al [21] is presented here, which uses
extra capacitors to lift the input dc voltage. During switch S; ON time, two loop current

paths are used similar to [22] as shown in Fig. 3.2 to achieve the high voltage gain.

Fig. 3.2. Switch “ON” time circuit proposed by Y. Hsieh et.al [21].
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Converter proposed by Yi-Ping Hsieh et al [15] and S.-M. Chen et al. [19] also have two
current paths which is shown in Fig. 3.3 (a) and Fig. 3.3 (b)

(@) (b)
Fig. 3.3. (a) Coupled inductor boost circuit topology [15] (b) Converter configuration of (a) switch ‘ON’

time circuit by S.-M. Chen et al. [19]
Similarly, there are other examples [16], [17], [19] and [25] where usage of number of

current loops at LV side to achieve high voltage gain is greater than one. All these
topologies use two current paths during switch ON time to store energy either in inductor
or in capacitor or both. Even though the rms current is small, the cumulative current
through the switch creates extremely high peak current at the beginning or at the end of
the turn ON time of the switch. This creates large switch current stress at the end of switch
ON time as shown in Fig. 3.1 (c). Such high current stress is a common problem to all
high step-up coupled inductor boost converters [22]. This is one of the major reasons of
non-reliable converter operation and fault. In addition, this requires an expensive high

current rating device.

3.2.1. Proposed L-D Based Network

Considering the problem of large current stress of LV side main switch, an extra L-D
network proposed by T.R. Choudhury et.al [24] is connected in series with main switch
as shown in Fig. 3.4 (a). The peak switch current at the end of the switch ON time reduces

significantly, as shown in Fig. 3.4 (b).
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Fig. 3.4. Circuit modification by (a) L—D based network by TR Choudhury et al. [24] (b) LV main switch

current.
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Multiple current loop paths are required during main LV switch ON time in coupled
inductor based high gain boost converter to achieve sufficient voltage gain. There is no
technical problem with multiple loop current paths during ON time except high
magnitude peak current at LV side main switch. Converter proposed in [19] utilizes two
current loop paths as shown in Fig. 3.4 (b) to achieve high voltage gain. But during ON

time, the switch current is the summation of two individual loop current as shown in Fig.

3.5 and peak switch current is large.

lswitch

Fig. 3.5. Switch “ON” time circuit proposed by S.M. Chen et.al [19] and current paths

Increasing the resultant loop inductance by increasing magnetizing inductance value the
fast rise of current slope can be restricted, but this requires bulky coupled inductor. This
increases coupled inductor size with associated core and copper loss. Inductor diode (L-
D) branch can be connected in series with main switch as shown in Fig. 3.6 (a) for

restricting the current slope.
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Fig. 3.6. (a) main switch with L-D network (b) switch current with and without L-D network (c) Typical
switch current waveform using L-D based network.

The modified inductor current slope using L-D network is less as mentioned in equation
(3.2).

diswitch - Vi > Vin — diswitch_LD (31)
d L, L,+L, dt
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This less slope value reduces LV side main switch current stress as shown in Fig. 3.6 (b)
and 3.6(c). The extra inductance required in the L-D branch is very small [24] and it is
feasible solution which can be applied to all high gain boost converter. The major concern
of this solution is that the energy stored in the extra inductor is dissipated as heat due to
conduction of antiparallel diode of L-D branch during main switch OFF time. Thus,
voltage gain as well as efficiency of the converter reduces. This creates a research gap to
reduce the LV side main swich current stress without sacrificing on voltage gain and
efficiency. In this thesis a generalized half cycle resonating branch utilizing coupled
inductor is proposed to minimize switch current stress. No extra components are used in
modifying the coupled inductor circuit topology. This technique requires modification in
existing topologies in literature.

3.2.2. Proposed Half Cycle Resonating Branch

Conceptually the LV side main switch current stress can be reduced by modifying the
loop current shapes. For example, the ON time current loop shapes of [19] can be

modified as shown in Fig. 3.7.

Fig. 3.7. Reshaping of loop currents of converter to reduce the resultant current stress

Bending of second loop current can be ahieved by half cycle resonating branch as shown
in Fig. 3.8 (a).
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Fig. 3.8. (a) half cycle resonating branch (b) resultant LV side main switch current
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The half cycle resonating branch can be effectively applied to shape the second loop
current, so that the peak switch current can be minimized as shown in Fig. 3.8 (b). For
this capacitor used in second loop can be utilized. Half cycle resonating branch is used to
store energy during ON time. In this approach, the second loop current follow sinusoidal
pattern and its maximum value depends on the values of loop elements. Two capacitors
(Cq, Cy), diode (D>), switch (S1) and coupled inductor secondary inductance (L2) during
ON time forms a resonating branch. Capacitor C1 make diode D> forward biased assisted
by secondary inductance (L2) and capacitor C» stores energy. This branch continues to
circulate current through the main switch till diode D is forward biased or main switch

is ON. The current equation i» can be derived as,

C CcC
i, = Ve, / C“sin (o) Where Cfﬁ, (3.2)
1 2

_1 _
Tr_(o_r =2m,|L,Cyq and t,=7,/L,C,,

3.3. Topology Derivation of the Boost Stage using Proposed Half Cycle
Resonating Branch
Half cycle resonating branch can be used effectively to modify the existing topologies.

From this modification, one unified new circuit can be derived. As an example, the
coupled inductor-based boost DC-DC converter proposed by Yifei Zheng et.al [22] as
shown in Fig. 3.9 is taken here to demonstrate the application of the technique. The
converter [22] have advantages like high voltage gain, low switching stress, and higher
efficiency but it has large switch peak current. During ON time of Si, large energy is
stored in primary inductor which is later used by secondary of coupled inductor circuit to
lift the output voltage.

L, | D
— Yy N

T Vin SlJE} ClT L © R

Fig. 3.9. The coupled inductor boost circuit topology [22].
Capacitor (Cy) in Fig. 3.9 is just holding the first stage lifted voltage i.e. (Vin/(1-D)) which
is later used by coupled inductor circuit to lift the voltage at Cs. Capacitor C is used to

add more voltage gain by taking the energy from input inductor L at switch OFF time of
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S1. Instead of using this circuit, modification of topology using the proposed method is
possible as shown in Fig. 3.10 to reduce peak current of switch S1 without sacrificing

voltage gain.

Quasi-Resonant
Fig. 3.10. Circuit modification using proposed technique.

Similarly, another example of implementation of the proposed method in a coupled
inductor-based boost DC-DC converter proposed by Y. Hsieh et.al [21] is presented here,
which uses extra capacitors to lift the input dc voltage. During switch ON time of S; two
loop current paths are used similar to [22] as shown in Fig. 3.11(a) to achieve the high
voltage gain. The proposed technique can also be applied to the converter just by
rearranging the circuit elements as shown in Fig. 3.11 (b). The modified circuit is also
able to lift the input voltage just like the existing one but switch current reduction is

possible using half cycle resonating branch.

Quasi-Resonant
(b)
Fig. 3.11. (a) Switch ON time circuit proposed by Y. Hsieh et.al [21] (b) Circuit modification using

proposed technique.
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Converter proposed by Yi-Ping Hsieh et al [15] can also be modified and proposed
technique can be applied as shown in Fig. 3.12 (a) and Fig. 3.12 (b) respectively.

C
I D,
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1 anm,‘ c, Cs c
Vin L, TSR
s, |

Quasi-Resonant

(b)
Fig. 3.12. (@) Coupled inductor boost circuit topology [15] (b) Circuit modification using proposed

technique.

Similarly, converters proposed in [16], [17], [19] and [25] can be topologically modified
and same operation can be adopted to minimize switch current stress of LV side main
switch S.

3.4. Proposed Generalized Boost Topology

After applying half cycle resonating branch in existing topologies as explained in the
previous section a generalized novel boost stage is derived which is shown in Fig. 3.13

(b) whereas LV side main switch S; ON time circuit is shown in Fig. 3.13(a).

C,
I

Fig. 3.13. (a) LV side main switch ON circuit (b) Proposed coupled-inductor based boost (PCB) converter

using half cycle resonating branch.
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3.4.1. Operating Principle in Continuous Conduction Mode

The proposed converter as shown in Fig. 3.13 (b) comprises of one coupled inductor,
three diodes, three capacitors and a power electronic switch. The coupled inductor is
modelled as ideal transformer with magnetizing inductance Ln and leakage inductance
Lik. In order to simplify the analysis, the following conditions are assumed.

(@) The capacitor voltage ripple is considered to be small and negligible.

(b) All power electronics switches are considered to be ideal.

m

+L,

(c) The coefficient of coupling (k) of coupled inductor is considered as and

m

S

. N
the turns ratio is n=—
NP
The analysis of the converter is done in both continuous conduction mode (CCM) and

discontinuous conduction mode (DCM) are discussed below.

CCM Operation

The operating principle of the proposed converter is divided into four modes as per power
flow in CCM. Fig. 3.14 shows the key waveforms of the proposed converter and Fig. 3.15
indicates the circuit diagram of each mode.

Mode 1 [to-t1]: In this mode the main switch (S1) is ON and capacitor C; is discharging
through D», C», and S1. The discharging current is isec as shown in Fig. 3.15 (a). The current
will circulate till D2 is in forward biased. The leakage inductance is negligible compared to
magnetizing inductance. The constant load current is supplied by the output capacitor Co.
The magnetizing current (im) increases gradually. The switch current is the summation of
discharging current (iq2) and primary current (ipri) as shown in Fig. 3.15 (a). In this mode
the voltage and current equations can be written as,

Vin =Vim Vi (3.3)

Ve, =NV, +V (3.4)

. /C .
S, =1, =l =V, —Leq sin(a,t)
2




i =i i, =i (3.6)

in “primary ’
iSW:ipri-i-isec:im +(n+1)isec (37)
Mode 2 [t1-t2]: At ty, the main switch (S1) is OFF. The polarity of Vix changes which make
D forward bias and energy stored in the leakage inductance (Lix) is transferred to capacitor
Cz in this mode which is shown in Fig. 3.15(b). The load current is supplied by the output
capacitor Co. In this mode the voltage across C. is constant.
Vip +Vim + Vi =V, (3.8)
The time of released energy [2] tci=ts-t1=2(1-D)/(n+1) (3.9)

N

VgS de (1'd)TS

h 4
—+

| Mode 1 | Mode 2 [Mode 3] Mode 4|
tO tl tz t3 t4

Fig. 3.14. Key waveform of proposed converter in CCM.
Mode 3 [t2-t3]: This mode starts after to. The current through diode D1 starts decreasing and
D3z is forward biased in this mode. The output capacitor Co is in charging mode.
Magnetizing current starts decreasing, D> is reversed biased and Capacitor C, starts
discharging through D3 to the load. VVoltage across capacitor Cy is rising till Dy is forward
biased. The voltage and current equations in this mode which is shown in Fig. 3.15 (c) are

Vip +Vim + Vi =V, (3.10)

Vo NV +V, =V, (3.11)
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=i, +io (3.12)

Id3 = lsec

i = lseg g, (3.13)

Mode 4 [ts-t4]: This mode starts after t3 as shown in Fig. 3.15(d). In this mode diode D is
reverse biased. Capacitor (Co) is in charging condition. Magnetizing current (im) falls at a
constant rate. The diode D3 current is same as coupled inductor secondary current (isec). The
diode Ds current (ig3) is the summation of capacitor current and load current. In this mode

voltage and current equations are,

Vo NV, Y =V (3.14)
Iy, =lsec =g, +ig (3.15)
iy = Nigee = iy (3.16)

(©) (d)
Fig. 3.15. Operation of proposed converter in CCM: (a) Mode 1 [to-t1] (b) Mode 2 [t1-t2] (c) Mode 3 [to-ts]
(d) Mode 4 [ts-ta].

3.4.2. Operating Principle in Discontinuous Conduction Mode

DCM Operation

The operating mode of the converter in discontinuous mode in a switching cycle is shown
in Fig. 3.16 through key waveforms. There are five modes in a switching period (Ts).
Mode 1 [to-t1]:

This mode starts, when main switch S; is ON as shown in Fig. 3.15 (a). The magnetizing
current (im) is increasing linearly. The discharging current (ig2) flows from C4, C,, D2 and
S1.This current charges the capacitor C> and flows till diode D is forward biased.

Mode 2 [t1-t2]:

This mode starts when main switch Sy is turned OFF, diode D2, and D3 are reverse biased.
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The stored energy in leakage inductance is transferred to capacitor Ci through diode D;.
This mode ends when D3 starts conducting and current through C; starts decreasing.
Magnetizing current (im) decreases linearly.

Mode 3 [t2-t3]:

In this mode current through capacitor C; starts falling and diode Ds is in conduction. Diode
D2 is reverse biased as shown in Fig. 3.15 (c). Capacitor C; starts discharging through D3
to load.

Mode 4 [ts-ts]:

In this mode capacitor C is fully discharged and magnetizing current (im) falls to zero value
as shown in Fig. 3.16.

Mode 5 [ts-ts]:

In this mode the load current is supplied by the output capacitor Co. The primary current

as well as magnetizing current is zero. All diodes are turned OFF in this mode.

N

Vgs «~—DTy— <—DaTS—>§

o
N T
. .

Vv
—t

. A

=]
A\ 4
—+

| Mode 1 | Mode 2 [Mode 3] Mode 4] Mode 5 ]
to ty to t3 ty ts

Fig. 3.16. Key waveforms of proposed converter in DCM.
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3.4.3. Voltage Gain and Boundary Condition
From mode-1 operation which is shown in Fig. 3.15(a) the following voltage equations
are obtained where Vim, Vik, VL2 are primary voltage, leakage inductance voltage and
secondary voltage respectively.

L

m__y. =Kkv.
Lm+|_|k In In (317)

Vim=V1 =

L
Vik = Lmlelevin =(1-k)v,, (3.18)

v, =hkv,. (3.19)

Applying volt-sec balance in coupled inductor primary and secondary inductance the
output voltage and capacitor voltage equations are derived in CCM. The detailed
derivation is mentioned in Appendix-A.

_ 2D(k-1)+(2-k) v

. =y, (3.20)
Ve, = [nk+ ZD(k'll_)[;’ (2'k)jvin (3.21)
Vg =V, = nk+4D(kl—_1D)+2(2—k) X (3.22)

Taking coefficient of coupling k=1, the voltage gain of the proposed converter in CCM is
derived from equation. (3.22).
V, n+2

Mooy =—2=—— 3.23

CCM Vin 1-D ( )

v =Y v, =[n+L v (3.24)
Cl - 1_D ! Cz 1_D |n :

The converter voltage gain (Mccwm) is shown in Fig. 3.17 for different coefficient of
coupling (k).

G — n=2k=1
Sa00 "2
2 n=2,k=0.98 /
= 30 |—n=2k=0.95 /
<
<20
en
S
S 10
S

0

0.2 0.4 0.6 0.8
Duty Ratio (D)

Fig. 3.17. Voltage gain of proposed converter in CCM for different coefficient of coupling (k)

The voltage gain (Mccm) in CCM is compared with other existing topologies in literature
as shown in Fig. 3.18.
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N
=]

f T f F

Proposed Converter for n=1
—Converter in [15] for n=1
— Converter in [22] for n=1

(%)
(=]

Voltage Gain (Mccm)
= S

/

8.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Duty Ratio (D)
Fig. 3.18. Voltage gain comparison of converter in CCM @k=1 and n=1

Similarly, the voltage gain in DCM mode can be derived for k=1,

_ (n+2)(D+D,)
Y/ =05 (3.25)
From (3.25) the duty cycle D, can be derived which is,
Vin (n+2)D
=— (3.26)

* v, (n+2)-v,
From the voltage gain in DCM, the boundary condition between CCM and DCM can be
derived which is shown in Fig. 3.19. The voltage gain (3.25) in DCM can be rewritten as,

n+2 |(n+2)?* D?
peM 2 \/ 4 27, (3.27)
7., = — = is the magnetizing inductor normalized time constant.

L's
Therefore, the time constant at boundary condition (D,=1-D) is,

_ D(1-D)?

T = 2 (3.28)

gX 10° ‘
[—Boundary Time Constant
— CCM
6
El
—
2}
§ DCM \
Q
g2
0 \

(e

0.2 0.4 0.6 0.8 1
Duty Ratio (D)

Fig. 3.19. Boundary condition of the converter at n=2
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3.4.4. Effect of ESR on Voltage Gain
The voltage gain of the proposed DC-DC converter changes from ideal gain due to

parasitic elements. The voltage gain (3.29) of the converter taking parasitic elements is,

2+n 2V,
Vo _ DV, (3.29)
; 1 . I I, r r r
n 1+ (Ap+Bm+C5\N+DM+E‘12+F“]
1-D L L RL RL RL RL

Where, the parasitic parameters of the converter are: rpi=18mQ, rsec=24mQ, rsw=35mg2,
rd1, fd2, rez=12mQ, Vin=12V, V¢=0.61V, n=2, R.=51.84Q @ 100W and R =86.4Q @
60W.

The coefficients of voltage gain are:

2(2 2 2+n 2+n
A:ﬂl B=n3(1—D)+M1 D:_aF:_! E:n’and
1-D 1-D 1-D 1-D
D(2
C:n(l—D)+(—+n).
1-D

The voltage gain of the proposed converter is plotted ideally (22) as well as by taking the

parasitic elements (3.29) as mentioned and shown in Fig. 3.20.

50 | ; ;
For RL=51.84 Ohm

40 Ideal Gain 1
£ For RL=86.4 Ohm
O 30r |
)
)
§ 20 N
o
o 10 - 1

0 - | 1 1 1
0 0.2 0.4 0.6 0.8

Duty Ratio (D)
Fig. 3.20. Proposed DC-DC converter voltage gain taking parasitic elements with different load condition
3.4.5. Voltage and Current Stress of Proposed Topology and

Comparison
3.4.5.1. Voltage Stress

The switch voltage stress (Vsw) of the converter is

V. Vv
V = _—In_ = —0 330
SW 1D n+2 (3:30)

Similarly, the diode voltage stress of the converter is

=—V (3.31)



The comparison of voltage stress is listed in Table-3.1.

TABLE-3.1
COMPARISON OF VOLTAGE STRESS
Proposed [15] [22] [25]
Switch Voltage v n+M n+1+M n+M
g —V, Vv, Vv,
n+2 (1+2n)M (n+2)M (n+1)M
Diode voltage n+1V n(n+m) , (+H(+1+M) | n(+m) |,
n+2 ° @+2mm ° m+2m ° (+)M °

Therefore, low voltage switch rating can be selected, which has low on state resistance and
conduction loss can be minimized. The comparison of normalized switch voltage stress is

shown in Fig. 3.21. The switch voltage stress of the converter is less.

o
W

0.7
o — Proposed
& —[15]
S06 —[22]
> —_
- \ [25]
a2
]
Q0.5
12}
s
%04 B
So. —
§ \\
_ﬁ —
£
wn

—_—

R
S

4 6 8 10 12 14 16 18 20
Voltage Gain (M)

Fig. 3.21. Switch voltage stress comparison of converter in CCM @k=1 and n=2

3.4.5.2. Current Stress in CCM
By applying the charge balance for the output capacitor (C,) and the average magnetizing

current can be derived in CCM.

_Vy(n+1) v, (n+1)(2+n) (3.32)
" (@-DR,  (I-D)°R, '

The peak value of the magnetizing current (iLm) is

: . A _vin(n+1)(2+n)+vinDTS

L peak = Iy T —0 3.33
Peek 2 (1-D)'R, 2L (333)
Therefore, the average switch current (isw) during ON time is
. . . v, (N+1)(2+n .
i =i +(n+Di,, = ((1_D))2(RL ) (n+Di, (3.34)
. . \"A C 1
Where i =i, = 0 [Hsin t
sec 2 1-D L2 {JLZCeq J

As discussed earlier, if the resonating current (isec) Value is maintained zero at the end of

ON time i.e., DT,=7, /LZCeq =1,, then the switch current (isw) value is minimum at turn
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OFF instant and switch current stress reduction range starts. The switch current at turn-
OFF transition will be same as peak current of magnetizing current (iLm) as shown in Fig.
3.22.
v,,(n+1)(2+n) v, DT,
wl_pr, = 2 +
s (1-D)°R, 2L,

(3.35)

N Peak Switch
Current

swl Peak

Switch Current at
turn OFF

-..>- E
|Lm1§

L lowii
' |sw2_PeaI< SW1:

ISEC
Switch Current Stress
Reduction Region

' ¢ . @t
<—DTy/2—> i
5 tr]_: DTST 9:' \;
o S 2

Fig. 3.22. Switch current stress reduction region of the converter in CCM

From the Fig. 3.22, it is clear that switch current value at turn OFF time is minimum when
tr1=DTs as isec IS zero and the peak switch current can be minimized within DTs/2 <t< DT;,
This is the operating region where switch current stress can be effectively minimized. As
discussed in Section-3.2, in this technique no extra circuit element is used and it do not
reduce voltage gain and efficiency of the converter.

Applying analytical method in the equivalent circuit shown in Fig. 3.15 (a) the switch

current of the proposed converter can be derived. The switch current (isw) is
(1) = [t P (O

Caginl _ L ¢|fort>0  (3.36)
I-m +le I-m +le 1-D I—2 I—ZCeq

The value of the switch current is minimum at tr= DTs. For duty ratio of 0.7, t-= 0.7Ts is

the point where the switch current value at turn-off instant is minimum. The effective peak
switch current minimization starts from 0.25Ts to 0.7Ts as shown in Fig. 3.23. This region
is the effective switch current stress reduction region using secondary half cycle resonating
branch. This technique is compared with L-D based solution [24] in p.u. From the Fig. 3.23,

it is clear that switch current stress can be minimized effectively using proposed technique.
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Fig. 3.23. Switch current stress comparison with L-D based solution [24].
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The advantages of the proposed technique over L-D based solution are (a) Switch current
reduction in the higher duty-ratio operating region, (b) no extra circuit element, (c) no
adverse effect on the voltage gain and efficiency. Switch current stress comparison of
single switch coupled inductor-based boost converter is shown in Table-3.2.

The comparison of other coupled inductor-based converter with current proposal is
performed at 200W. The base current for normalizing process is considered as 6 A. The
peak switch current without L-D circuit [19] at 0.5 duty ratio and 200 W condition is 19.6
A. The same peak switch current is decreased to 15.6A using L-D based circuit where L
value is 12uH and converter operated at 50 kHz. The magnetizing inductance is 75uH.
The operating condition of the proposed converter should be t>DTs to minimize switch
current stress effectively as shown in Fig. 3.23. Therefore, to meet the switch current
stress reduction range up to 0.7 duty ratio, the critical condition is 0.7Ts=t,. For switching
frequency of 50 kHz, the half cycle resonating time (t;) is 14uSec. The secondary side
inductance (L) is 1.78uH and therefore the C; value can be derived from tr:nm

which is 11pF. The capacitor values of C1, C are selected to be 25uF and 20uF to meet

— C].CZ

[ Cl +C2

. With these values, simulation study is performed to verify switch current

stress reduction range and compare with L-D based solution are mentioned in Fig. 3.23
and Table-3.2.
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TABLE 3.2
COMPARISON OF SWITCH CURRENT STRESS

Topol
ogy

Peak Switch Current

Switch RMS Current

Current Waveform

Switch
Selection
@ 200W

SCSR

Propo
sed

:vin(n+1)(2+n)+ Vi, ﬁ

(1-D)’R,  1-D\ L,

- (023D, 1+iA_imz(gjz
T @b °\ 120, n+3

Switch Current

e

0.17968 0.1797 0.17972
Time (s)

FQP34N20
VdsZZOOV,

Rus=0.075Q
16=31A.

YES

[15]

V,,(n+1+nD)? | VDT,
AD)R, 2L,

1-D

~(1+n+nD)JBi 1+1A_imz(
T ap °\ 3l ) 1+n+nD

;

20
15
10

Switch Current

/L

0.25526 0.25528 0.2553
Time (s)

IRFB4410Z
PBF
V=100V,
R&s=0.072Q
1:=97A

NO

[22]

V,, 1+ (n+1)D)? Vi (+D(A+ (0 +1)D) | v,,D

s+|n

(1-D)’R,

(1-D)R, 2L,

DT, ~Mi

2L, 1Dy °

20
15
10

Switch Currrent

EEEEEE:

0.24542 0.24543 0.24544
Time (s)

IPAO75N1
5N3
V=150V,
Ras=0.0075
Q

16=43A.

NO

[25]

Via (1+0D)* _ Vign(d+nD) | V;,DT,

+ VDT,

(1-D)°R, (1-D)R, 2L,

@by °\ 3

. (n+DD. 1+1[Aim]2

Switch Current

i= E=imj!

031713 0.31714 0.31715 0.31716 0.31717

Time (s)

FQP34N20
V=200V,

Rds=0.075Q
16=31A.

NO

[24]

Vin1+nD) | Vin (N+1)A+nD) . VDT,

4 VinDT,

(1-D)'R, 1-D)°R, 2(1-D)L,

N2
z(nD+n+2)\/5i 1+1(%J

(1-D) A3l i

Switch Current

0.17996 0.17998 0.18
Time (s)

IRF640
V=200V,
Ras=0.18Q

16=18A.

YES
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3.4.5.3. RMS Current Comparison

The proposed half cycle resonating branch utilizing coupled inductor does not increase
the RMS value of the switch current. This can be theoretically demonstrated through
graphical as well as mathematical formulation from switch current waveform as shown
in Fig. 3.24.

|swilchfold

- a

|svv|tc|17Nevv

DT.

| 1
' |
: I |
H L 1]
oot aiien o e 2 T ot e
it =

\ 4

T X

Fig. 3.24. Switch current waveform of conventional [19] and proposed converter during turn- ‘ON’ time.

In Fig.3.24, the modified current waveform can be approximated as shifted sinusoidal
waveform compared to trapezoidal shape for conventional converter [19], [15], and [22]
as shown in Fig. 3.24. The area A1 in Fig. 3.24 is the reduction whereas area A; is the
additional area. Assuming the peak current is reduced by factor ‘m’ where ‘a’ and ‘a;” are

approximately same, the expression for RMS current for the modified waveform is given

by,
l1rms= \/D(az +1(R—a) +ﬁ(£—a)j (3.37)
2\m 7 \m
And for the existing trapezoidal wave the RMS current is
lorms = %«/D(a2+ab+b2) (338)

Therefore, for lower value of RMS current in the proposed waveform,
I

> | (3.39)

2rms irms

From, the inequality criterion of (3.39) the peak current scaling factor (m) value can be
mathematically derived which is 1.22. Therefore, 19 % reduction in peak current confirms
equal RMS current or less as per Fig. 3.24. However, the starting point of switch current
value ‘a’ is usually more in existing schemes compared to current proposal as shown in
Table-3.2, which can be more advantageous. On the other hand, if ending point ‘a1’ is

higher than ‘a’ the reduction factor may increase from 1.22 value. Thus, it can be inferred

66



that the RMS value of current for the existing scheme can be definitely reduced as the

peak current is usually reduced by more than 20% from the existing schemes.

3.4.5.4. Diode, Capacitor and Coupled Inductor Winding Current
Diode average, RMS currents can be calculated from Fig. 3.14 in CCM. The average
value (3.40) of the diode D3 is same as average load current (lo).
43 =lo (3.40)
The RMS value of diode Dz is
43 =lsec/1-D-Dy, (3.41)
Where Dy is derived from charge balance equation of simplified capacitor current

waveforms shown in Fig. 3.25.
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Fig. 3.25. Simplified capacitor current and primary winding current of coupled inductor waveforms.

v.D |[C 1-D
D= [ (1-cos(2nD))X(—j (3.42)
2mi, \| L, n+2

The average and RMS current of diode D3 is derived as shown in equation (3.43) and

(3.44) respectively.
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) V. |C
_ Ve (Ceq
lioavg) = f L, (3.43)

1 c 2n i
: f e .
loms) = T ! [vcl L—Zsm(ftﬁ dt (3.44)

The average and RMS current of diode D; is derived as shown in equation (3.45) and
(3.46) respectively.

L N2,

n+2 .

l41RMS) = ﬁ'o Dy, (3.46)

The RMS current (3.47) of the primary winding of the coupled inductor is given by

o i 2 c 21 Zeq 4nD .
pl’l(RMS) \/{(X +X(X pri_ mln)(l D)+%(1'D)+Vn \/;(1 COS(ZTLD)) 27[ L D- Sindz ) (3 47)

) 4n

n+2
Where, x = ——i,
1-D

Similarly, RMS current (3.48) of the secondary winding of the coupled inductor is given

by

2

1 q
Isec(RMS) \/sec (1-D-D )+ 27I L D-
2

sindnD
4t

(3.48)

The RMS current of capacitors C», C1 and Co are mentioned in equation (3.49), (3.50) and
(3.51) respectively.

2 .
i (5 Ceq _SIn4nD
ICZ(RMS) \/sec X(1-D-D, )+ o2 L D A (3.49)
i = %(D. )+ 51 Ceq D- sin4nD 350
¢ (RMS) prl min X (Dy) o2 L, . (3.50)
Iy RMS) :\/ ig X (D+Dy ) +(igec-iy ) (1-D-Dyy) (3.51)

3.4.6. Results and Discussion
The proposed converter is simulated in PSIM 9.1.1 and tested to check the performance

using parameters of 100 W prototype hardware as mentioned in Table-3.3. Duty cycle is
from 0.4-0.6 to verify different switch current stress reduction which is the inherent

feature of this converter. The half cycle resonating branch current timing is main
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important so that for almost entire operating region the switch current reduction is
possible without sacrificing the voltage gain and efficiency.

TABLE-3.3
SIMULATION AND HARDWARE PARAMETERS
Converter Specification

Input Voltage = 12 V Power Output = 100 W Output Voltage =72 V
Duty Ratio = 0.5 Switching Frequency=50 kHz Load Resistance = 50 Q
Design Parameters Value Part Number
Coupled Inductor Lm = 44 pH, Turns Ratio 25:25 (n = | Ferrite Core PQ 32/30
1), Lleakage =8.26 pH
Switch (S1) FQP34N20 (Vg¢s = 200 V, R¢s = 0.075 FQP34N20
Q,1:=31 A) @ 200W
Diodes (D1, Dy, D3) FRD IN5401
Capacitor C; 10 uF
Capacitor C; Simulation: 1.3 uF, Hardware: 10 uF
Capacitor C, 100 uF

As discussed in previous section, the converter operation is divided into two main sections
i.e., CCM and DCM. The Switch current reduction is tested in CCM as well as in DCM.
In CCM the switch current reduction is again divided into three subsections which are (a)
DTs< tr (b) DTs =t (¢c) DTs > t: In all three modes, the switch current reduction is
effectively achieved in (a) DTs <t (b) DTs=tr as shown in simulation result in Fig. 3.26.
Simulation was carried out taking switching time is 20us. At D = 0.5 and DTs = t; the

switch current value is minimum at turn OFF instant as shown in Fig. 3.26 (a).

Switch Current(A) Switch Current (A)
20 12
15 12
10 6
4
5 2
0 0
0.02684 0.02685 0.02686 0.02687 0.02684 0.02685 0.02686 0.02687
Time (s) Time (s)
(a). (b)
Switch Current (A)
25
20
15
10
5
0
0.02684 0.02685 0.02686 0.02687
Time (s)
(©

Fig. 3.26. Switch Current in CCM (a) for [DTs=t] (b) for [DTs< t] (c) for [DTs> t].
For DTs<t, the switch current stress is low as shown in Fig. 3.26 (b) but for DTs>t, the
switch current stress is almost same with other topologies which is shown in Fig. 3.26

(c). Therefore, selection of t; should be such that in the operating duty ratio range i.e., 0.4-
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0.7 the converter ON time is exactly same as tr or less than t.. As the switching time is

20uSec, for 0.5 duty ratio at DTs = t;, the half cycle resonating time is 10 pus. Therefore,

from equation,t,=m/L2Ce0| the equivalent capacitor is determined. By increasing the

capacitance (Ceq) value tr can be increased. Taking Ci1, C> 10 pyF the resonating time is

increased to check the switch current during DTs < t. condition. Prototype of 100 W
converter is designed and tested at 0.5 duty ratio. For 12 V input the switch voltage stress
is around 24 V as shown in Fig. 3.27 (d) for D = 0.5, n =1 and DTs< . The input current,
and switch current under this condition is shown in Fig. 3.27 (a) which shows a good
match with the simulation. The capacitor voltages Vci, Vc2 are shown in Figs 3.27 (b)
and Fig. 3.27 (c) respectively which matches with calculated value as per equation (3.24)

and simulation.
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Fig. 3.27. Proposed Converter operation in CCM at (DTs<t;) (a) Input current and Switch current (b)
Capacitor Voltage V. (c) Capacitor Voltage V¢ and output voltage V,.(d) Switch voltage Vp.

Again, at C1 10pF and C; at 1.3uF the resonating time t; can be made exactly same as
10psec. Therefore, DTs=t; can be achieved at 0.5 duty ratio at 50 kHz. At this condition
the switch current value at turn OFF instant is minimum but stress is greater than DTs<t,

condition as shown in Fig. 3.28 (a).
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Fig. 3.28. Switch current waveform of (a) proposed converter (5A/div) in CCM at DTs=t; (b) L-D network
(5A/div) solution [24] (c) proposed converter (10A/div) in CCM at DTs>t, , and (d) comparison of switch
current stress [A-Proposed technique peak, B-Peak current of coupled inductor boost, C, D, E-Peak current
(5A/div) with increasing inductance value using L-D network-based solution.

For L-D based solution of switch current stress reduction depends on value of inductance.
For larger inductance switch current stress is less and same as current proposal as shown
(point A, E) in Fig. 3.28 (d). But for low inductance value the peak switch current is more
(Point C, D) than current proposal as shown in Fig. 3.28 (d). The switch current at turn
OFF transient is more compared to current proposal. The prototype converter is designed
for 100W. The input voltage is 12V and in the ideal condition, the average input current
Is 100/12=8.33 A. Therefore, the base value of current is considered as 8.5 A for
calculation and comparison of peak current. The base inductor value is Lm=44uH as
mentioned in Table-3.3. For comparison with L-D based solution, the converter proposed
in [24] is operated at 100W and in same input voltage, duty ratio (D=0.5) where the initial
L value is 10.5puH at 50 kHz is mentioned in Table-3.4. But in the current topology if
DTs>tr then the current stress reduction fails as shown in Fig. 3.28 (c). Therefore,
designing circuit element of C; and C, with coupled inductor secondary inductance is

very important to achieve true switch current reduction with the operating duty ratio range
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i.e., 0.4-0.7. In the current proposal no extra element is used as well as voltage gain and

efficiency are not hampered.

TABLE-3.4

COMPARISON OF SWICH CURRENT REDUCTION METHOD

L-D Based Solution Peak Switch Current Voltage gain and Efficiency (1)
@ Duty (D)= 0.5 Decrement
For L =0.24 p.u. 1.5p.u. Gain= 5-6%, n=4-5%
For L =0.14 p.u. 1.8 p.u. Gain=3-5%, n=3%
For L =0.10 p.u. ~2.6 p.u. Gain= 2-3%, n=2.5%
Current Proposal Peak Switch Current Voltage gain and Efficiency (1)
@ Duty (D)= 0.5 Decrement
At DTs=t, 1.54 p.u. No Decrement
At DTs<t, 1.37 p.u. No Decrement
At DT>ty 2.81 p.u. Switch current reduction fails

From Fig. 3.23 theoretically it is derived that from 0.25 to 0.7 duty ratio the switch current
stress reduction is possible without wasting extra energy like using L-D network and
voltage gain loss. The switch current reduction is also valid for DCM operation of the
converter. Converter proposed in [19] is considered as conventional for comparison with
current proposal at DCM. From Fig. 3.29 it is clear that in the DCM the switch current

peak value is less.
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Fig. 3.29. Converter operation in DCM at (DTs<t) (a) switch current (b) input Current. @ 10 kHz.

RMS current is the dominating factor while determining loss and efficiency for any
converter. The RMS current of the current proposal is comparable with L-D based solution
[24] and other topologies. Thermal image of the main switch is captured using thermal imager
to show the closeness of RMS current between current proposal and L-D based solution [24]
at rated 100W condition as shown in Fig. 3.30 (a) and Fig. 3.30 (b).
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Fig. 3.30. Thermal image of switch in (a) L-D based switch current stress reduction proposed in [24] (b)
proposed DC-DC converter.

The voltage gain variation between non-ideal and practical gain is marginal. Switch
voltage stress is compared using parasitic values as well as practical values as shown in
Fig. 3.31 (a). The practical reading of output voltage is matched with the voltage gain

taking parasitic elements as shown in Fig. 3.31 (b).
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Fig. 3.31. (a) Ideal and practical switch voltage stress. (b) VVoltage gain comparison with parasitic elements
and practical data.

Theoretical loss calculation is performed on proposed DC-DC converter at 100W, based
on selected components summarized in Table-3.3 to estimate losses, efficiency and
shown in Fig. 3.32(a) and Fig. 3.32(b). Losses in coupled inductor and diode is more in

the loss distribution.

Calculated Loss Distribution of Proposed DC- ® Switch (Conduction
DC Converter @ 100W, Vin=12V, Vo=72V ind ?Witching
. 0ss

g 3 Diode (Conduction
— and switching loss)
% 2 Coupled Inductor
c (Winding and Core
o

Loss)
I Capacitor

Switch Diode Coupled Inductor Capacitor Loss Distribution of Proposed DC-DC Converter

(a). (b)
Fig. 3.32. Loss distribution of the proposed DC-DC boost converter.

Based on the theoretical calculation [26] taking hardware components as mentioned in
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Table-3.3, estimated efficiency is compared to measured efficiency at different power
points through power quality analyser APLAB-PQA2100E as shown in Fig. 3.33(a). The
difference between theoretical estimated efficiency and practical measurement is due to
ignorance of different circuital parameters like skin effect, proximity effect, exact
transient time for switching events etc. Current waveforms are also considered as ideal
for theoretical calculation which create differences in measured and calculated efficiency.

The calculation for finding theoretical efficiency is added in the appendix section A.
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Fig. 3.33. (a) Estimated and measured efficiency of the proposed DC-DC converter and (b) Efficiency
comparison of the proposed converter.

At 100W, the measured efficiency is 93.2%. Better-graded wires can be used in the
inductor to further improve the efficiency. The discrepancy is caused by ignoring the
leakage inductance, small-ripple assumption and measurement error. Efficiency
comparison with other converter as shown in Fig. 3.33 (b) is also performed to show that
there is no sacrifice on efficiency especially when compared with proposal [24]. The
converter in [22] has better efficiency i.e., =1% by margin compared to current proposal.
However, this difference is marginal and current proposal is better in terms of voltage
gain, switch current stress minimization.

3.5. Summary

Generally, in a single switch type high step-up coupled inductor-based boost converter,
multi loop current paths are used to lift the voltage gain particularly at a duty ratio less
than 0.5. This increases the switch current stress due to low inductance of the coupled
inductor. Considering this, a half cycle resonating branch is introduced to utilize the
inductance of the coupled inductor without increasing the circuit component and
complexity. This improves the current stress on the main switch of the coupled inductor
based single switch high step-up boost converter. This technique can be used to modify

all the existing circuit topologies, resulting in the better performance in terms of voltage
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gain, efficiency and current stress. The measured efficiency of designed boost DC-DC
converter is 93.2% at 100W, which is close to the proposal [22]. Additionally, the
proposed technique performs superior than [24] as it can reduce the current stress up to
22% without sacrificing the voltage gain and efficiency. Moreover, this technique does

not increase the RMS current, which improves the converter life span and reliability.

3.6. Publication and References

Publication:

[1] S. B. Santra, D. Chatterjee, Y. P. Siwakoti and F. Blaabjerg, “Generalized Switch Current
Reduction Technique for Coupled-Inductor Based Single Switch High Step-Up Boost Converter”,
IEEE Journal of Emerging and Selected Topics in Power Electronics, Vol. 9. No. 2, pp. 1863-
1875, April 2021.

[2] T. R. Choudhury, B. Nayak and S. B. Santra, "A Novel Switch Current Stress Reduction
Technique for Single Switch Boost-Flyback Integrated High Step Up DC-DC Converter," in
IEEE Transactions on Industrial Electronics, vol. 66, no. 9, pp. 6876-6886, Sept. 2019.

References:

[1] F. Blaabjerg, Zhe Chen and S. B. Kjaer, "Power electronics as efficient interface in dispersed
power generation systems,"” IEEE Trans. Power Electron., vol. 19, no. 5, pp. 1184-1194, Sep.
2004.

[2] Q. Zhao and F. C. Lee, “High-efficiency, high step-up dc—dc converters,” IEEE Trans. Power
Electron., vol. 18, no. 1, pp. 65-73, Jan. 2003.

[3] Z. Jiang and R. A. Dougal, “A compact digitally controlled fuel cell/battery hybrid power
source,” IEEE Trans. Ind. Electron., vol. 53, no. 4, pp. 1094-1104, Aug. 2006.

[4] L. S. Yang, T. J. Liang, and J. F. Chen, “Transformer-less dc—dc converter with high voltage
gain,” IEEE Trans. Ind. Electron., vol. 56, no. 8, pp. 3144-3152, Aug. 2009.

[5] R. J. Wai, C. Y. Lin, C. Y. Lin, R. Y. Duan, and Y. R. Chang, “High efficiency power
conversion system for kilowatt-level stand-alone generation unit with low input voltage,” |IEEE
Trans. Ind. Electron., vol. 55, no. 10, pp. 3702-3714, Oct. 2008.

[6] M. Forouzesh, Y. P. Siwakoti, S. A. Gorji, F. Blaabjerg and B. Lehman,"Step-Up DC-DC
Converters: A Comprehensive Review of Voltage-Boosting Technigques, Topologies, and
Applications,”" in IEEE Trans. Power Electron., vol. 32, no. 12, pp. 9143-9178, Dec.2017.

75



[7]1 Y. Zheng, W. Xie and K. M. Smedley, "A Family of Interleaved High Step-Up Converters
with Diode-Capacitor Technique,” in IEEE Journal of Emerging and Selected Topics in Power
Electronics (Early Access-2019).

[8] R. J. Wai and R. Y. Duan, “High-efficiency dc/dc converter with high voltage gain,” Proc.
IEE—Elect. Power Appl., vol. 152, no. 4, pp. 793-802, Jul. 2005.

[9] S. Chen et al., "Research on Topology of the High Step-up Boost Converter with Coupled
Inductor,” in IEEE Trans. Power Electron., (Early Access-2019).

[10] K. C. Tseng and T. J. Liang, "Novel high-efficiency step-up converter," in Proc. IEE — Elec.
Power Appl., vol. 151, no. 2, pp.182-190, 9 March 2004.

[11] T. F. Wy, Y. S. Lai, J. C. Hung, and Y. M. Chen, “Boost converter with coupled inductors
and buck—boost type of active clamp,” IEEE Trans. Ind. Electron., vol. 55, no. 1, pp. 154-162,
Jan. 2008.

[12] Y. P. Hsieh, J. F. Chen, T. J. Liang and L. S. Yang, "A Novel High Step-Up DC-DC
Converter for a Microgrid System," in IEEE Trans. Power Electron., vol. 26, no. 4, pp. 1127-
1136, April 2011.

[13] A. Ajami, H. Ardi and A. Farakhor, "A Novel High Step-up DC/DC Converter Based on
Integrating Coupled Inductor and Switched-Capacitor Techniques for Renewable Energy
Applications,” in IEEE Trans. on Power Electron., vol. 30, no. 8, pp. 4255-4263, Aug. 2015.

[14] M. Forouzesh, Y. Shen, K. Yari, Y. P. Siwakoti and F. Blaabjerg,"High-Efficiency High
Step-Up DC-DC Converter with Dual Coupled Inductors for Grid-Connected Photovoltaic
Systems," in IEEE Trans. on Power Electron., vol. 33, no. 7, pp. 5967-5982, July 2018.

[15] Y. Hsieh, J. Chen, T. J. Liang and L. Yang, "Novel High Step-Up DC-DC Converter for
Distributed Generation System," in IEEE Trans. Ind. Electron., vol. 60, no. 4, pp. 1473-1482,
April 2013

[16] S. Chen, T.J.Liang, L. Yang and J. Chen, "A Boost Converter With Capacitor Multiplier and
Coupled Inductor for AC Module Applications,” in IEEE Trans. Ind. Electron., vol. 60, no. 4, pp.
1503-1511, April 2013.

[17] Y. Siwakoti and F. Blaabjerg, “A single switch non-isolated ultra step-Up DC-DC converter
with integrated coupled inductor for high boost applications,” IEEE Trans. Power Electron., vol.
32, no. 11, pp. 85448558, Nov. 2017.

[18] E. Babaei and Z. Saadatizadeh, “High voltage gain dc—dc converters based on coupled
inductors,” IET Power Electron., vol. 11, no. 3, pp. 434-452, 2018.

76



[19] S.-M. Chen, T.-J. Liang, L.-S. Yang, and J.-F. Chen, “A cascaded high step-up DC-DC
converter with single switch for micro source applications,” IEEE Trans. Power Electron., vol.
26, no. 4, pp. 1146-1153, Apr. 2011.

[20] B. P. R. Baddipadiga, V. A. Prabhala, and M. Ferdowsi, “A family of high-voltage-gain DC-
DC converters based on a generalized structure,” IEEE Trans. Power Electron., vol. 33, no. 10,
pp. 8399-8411, Oct. 2018.

[21] Y.Hsieh, J.Chen, T. J. Liang and L.Yang, "Analysis and implementation of a novel single-
switch high step-up DC-DC converter,” in IET Power Electron., vol. 5, no. 1, pp. 11-21, January
2012.

[22] Y. Zheng and K. M. Smedley, "Analysis and Design of a Single-Switch High Step-Up
Coupled-Inductor Boost Converter," in IEEE Transactions on Power Electronics, vol. 35, no. 1,
pp. 535-545, Jan. 2020.

[23] A. M. S. S. Andrade and M. L. d. S. Martins, "Study and Analysis of Pulsating and
Nonpulsating Input and Output Current of Ultrahigh-Voltage Gain Hybrid DC-DC Converters,"
in IEEE Transactions on Industrial Electronics, vol. 67, no. 5, pp. 3776-3787, May 2020.

[24] T. R. Choudhury, B. Nayak and S. B. Santra, "A Novel Switch Current Stress Reduction
Technique for Single Switch Boost-Flyback Integrated High Step Up DC-DC Converter," in
IEEE Trans. Ind. Electron., vol. 66, no. 9, pp. 6876-6886, Sept. 2019.

[25] K. B. Park, G. W. Moon, and M. J. Youn, “Non-isolated high step-up boost converter
integrated with SEPIC converter,” IEEE Trans. Power Electron., vol. 25, no. 9, pp. 1791-1801,
Sep. 2010.

[26] R.W.Erickson and D.Maksimovic, Fundamentals of Power Electronics, 2™ ed. Norwell,
MA, USA, Kluwer, 2001.

7



4 Chapter-4

High voltage qain and High Efficlency
Coupled nductor Based Nown-lsolated BDC

The boost stage of BDC using coupled inductor which has superior
voltage gain and less voltage stress, current stress is already
discussed in chapter-3. By adopting the same boost circuit, a
coupled inductor based novel high gain, high efficiency non-
isolated bidirectional converter is proposed in this chapter. The
proposed BDC has less voltage and current stress especially at low
voltage side main switch. The steady state operation of the proposed
BDC is discussed in details along with proper controller design.
Comparison with other topologies is also discussed in this chapter.



4. High Voltage Gain and High Efficiency
Coupled Inductor Based Non-Isolated BDC

4.1. Introduction
The boost converter proposed in the previous chapter is adopted to develop bidirectional

DC-DC converter topology by incorporating buck stage in the same circuit. Some
modification in circuit topology of boost mode is performed compared to circuit proposed
in earlier chapter which ensures high conversion factor in both buck and boost operation
modes. Three winding coupled inductor is used in designing the boost/buck stage. All the
circuit components are operational in both the operating modes which confirms best
utilization of components. The half cycle resonating branch in the proposed BDC
confirms low current stress at LV main switch. The coupled inductor three windings are
used in topology derivation to achieve current sharing property in the LV side for both

the operating modes.

4.2. Topological Survey and Limitations of Existing Coupled Inductor Based BDC
Bidirectional DC-DC converters (BDC) are indispensable as buffer stage which is widely

used in the applications like storage interface [1], electric vehicle (EV) [2]. Traditional two
switch non-isolated BDC [3-4] is not suitable for these applications as it requires extreme
duty ratios to attain voltage gain (>10) in boost mode and (<1/10) in buck mode to interface
low voltage battery i.e., 12VV-48V source to high voltage side i.e., 150V-400V bus [1-2].
The efficiency and the voltage stress performance are also poor for the conventional BDC.
To solve the difficulty in attaining required conversion ratio in both buck and boost mode
of operation BDCs are classified into two broad categories i.e., isolated BDC and non-
isolated BDC. Isolated BDC uses transformer as an isolating element which offers
flexibility in varying turns ratio and helps in attaining high conversion ratios. However, the
number of active switches is generally greater than eight or more in full bridge isolated
BDC [5-7]. Clamped capacitor circuits [8] are used in these topologies to overcome voltage
stress due to leakage inductance, which further increases control complexity of these
isolated BDC. Half bridge topologies [9] are alternative choice in these categories to reduce
number of active switches. However, achieving soft switching (ZVS) [10] and control
complexity is a major problem of these converters. Non-isolated BDCs uses different circuit
concepts like SEPIC, voltage multiplier cell, switched capacitor, coupled inductor to

achieve high conversion ratio. The efficiency of SEPIC derived BDCs [11] is low because
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of its cascaded structure. VVoltage multiplier cell can be used in designing BDCs, but it
creates large voltage stress across switches. Switched capacitor based BDCs [12-14] are
inherently perform better because of its simple structure and less control complexity.
However, the switching loss and large switch current stress in these types of converter
continues to be the major problem. Hybrid structures, like SEPIC with switched capacitor
and quasi-Z source with switched capacitor [15] are capable of achieving high conversion
factor. But large component count and inability to achieve soft switching limits conversion
efficiency. In contrary coupled inductor based BDCs are well suited for achieving wide
range voltage gain with low stress voltage [16]. The efficiency of these converters is also
comparable to the isolated BDCs. By proper circuit arrangement; switch current [17] and
voltage stress can also be minimized. The leakage inductance energy can be stored in
clamped capacitor which can be utilized in power flow. Zero voltage switching (ZVS) turn
on of active switches in these converters can be attained using auxiliary circuit [18-20], but
has limited gain and control complexity. However, soft switching of these converters can
be achieved using synchronous rectification concept which do not require extra circuit
elements.

In last decade, there are many coupled based bidirectional DC-DC converter topologies are
proposed in this direction. The fundamental topology with interleaved structure is proposed
by L. S. Yang et.al [21] as shown in Fig. 4.1 (a). Intermediate capacitor-based topology is
proposed [22] in modification of initial topology to increase the voltage gain but lost
parallel inductor structure which is helpful in current sharing during buck mode. The main
topology which recovers the leakage energy in a clamped capacitor and use it in circuit

operation is originally proposed by R. Y. Duan et. al [23] as shown in Fig. 4.1 (b).
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Fig. 4. 1. BDC configurations using coupled inductor (a) Interleaved structure by L.-S. Yang et al. [21] (b)
Clamped capacitor-based high gain circuit [23] and modified circuit [24].
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This topology has inherently higher conversion ratios i.e. (n+2)/(1-D) and (D/n+2) in boost
and buck mode respectively. This topology also has the capability to achieve soft switching.
The current sharing in buck mode is not achieved in this topology which was rectified by
the same authors in [24]; where extra inductor is used in parallel to the coupled inductor as
shown in Fig. 4.1 (b). This extra inductor is used in buck operation and remained unused in
boost operation which left a research gap. Topology proposed by M. Das et al. [25] can
achieve soft switching like [23] but conversion ratio is inferior. Exactly same circuit like in
[23], with one extra capacitor is proposed in [26] which provides same performance like
original circuit. Circuit proposed by W. Hassan et al. [27] utilized the same structure [23]
with a small modification by branching coupled inductor, but reached to the same
conversion factor as in the original circuit. M. Amir et al. [28] proposed same coupled
inductor based BDC as previously proposed in [24]. Quasi resonant operation of same [23]
BDC structure where coupled inductor is replaced by simple inductor is proposed [29]
which is further generalized to make the topology suitable for high power application. But
the basic circuit structure remains the same. H. Liu et al. [30] utilized the same structure,
but branching coupled inductor path leads to reduced voltage gain compared to the original
circuit [23]. Interleaved structure using two extra inductors is utilized by the proposal [31]
to achieve current sharing whereas coupled inductor increases the voltage conversion
factor. Interleaved structure with switched capacitor network [32-33] is also promising
solution in non-isolated BDC circuit design. Though topology [31] performs better in terms
of gain, stress level and efficiency compared to [25], [27] but circuit operation is complex
with additional parallel inductors. However, the limitation of [31] can be eliminated by
effectively utilizing coupled inductor voltage conversion factor without increasing
complexity of the circuit.

Reduction in input current ripple and current sharing is possible by using parallel structure
as shown in Fig. 4.1 (a). Voltage gain can be improved using cascading structure [35] as
shown in Fig. 4.2 (a). However, the hard-switched cascading structure has less efficiency
and do not have current sharing benefit. To achieve high conversion factor and soft
switching using synchronous rectifier concept secondary coupled inductor branch is used
primarily in [23] as shown in Fig. 4.1 (b). Later modification of the secondary coupled
inductor branch position is adopted in [25] as shown in Fig. 4.2 (b) to achieve current
sharing and higher gain but fails to achieve it. Similarly, modification in coupled inductor
branch position is mentioned in [27] as shown in Fig. 4.2 (c) to achieve same objectives

but the performance parameter remains same as [23].
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Fig. 4.2. BDC configurations using coupled inductor (a) Cascade structure by T. J. Liang et al. [35] (b)
Position changing secondary branch [25] of coupled inductor (c) Rearrangement of secondary branch [27] of
coupled inductor.

In this chapter a coupled inductor based bidirectional DC-DC (CIBDC) is proposed which

is capable of achieving

(@) High conversion ratio both in buck and boost mode compared to proposals [23], [25],
[27] and [31] for less winding turns ratio (n=1).

(b) Sharing current in either mode of operation due to parallel path structure utilizing
coupled inductor and it do not need extra inductors [31]. This proposal has major
advantage compared to the initial work [24] that coupled inductor winding is used to
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create parallel path which shares current in both operating modes and helps in
increasing conversion ratio, reducing coil size unlike an extra inductor path [24] which
Is unused during boosting operation.

(c)Clamped capacitor helps to recover leakage energy which helps in increasing
efficiency.

(d)All switches are soft switched (ZVS) utilizing synchronous rectification concept which
further improves efficiency.

(e) Low main switch current and voltage stress.

4.3. Current Sharing Characteristics
Current sharing structure means creating parallel paths for splitting large current into

different parallel paths. This technique is particularly suitable at low voltage side of BDC
where average magnitude and ripple content of current are also large. Thus, creating
parallel paths not only helps to use lower rating coils and has flexibility in designing high
voltage gain. If properly designed these parallel path structure also helps to reduce the
ripple current magnitude which is established in consecutive chapter. In this chapter this
technique is used to achieve high efficiency, high conversion factor (voltage gain)
bidirectional DC-DC converter.

4.4. Proposed Topology of BDC using coupled inductor
In the proposed coupled inductor based bidirectional DC-DC converter (CIBDC), two

secondary coupled inductor branches are used to achieve high voltage conversion factor,
current sharing characteristics along with ZVS turn on of all active switches using
synchronous rectification concept as shown in Fig. 4.3. The current topology uses Six
active MOSFET switches, four capacitors and coupled inductor to design CIBDC. To
simplify the analysis, coupled inductor is modelled as ideal transformer with two secondary
winding and magnetizing inductance L. Leakage inductance Lk is also considered in the
model. Circuit performance parameter like ripple voltage across capacitors are taken very

small and ignored for simplifying analysis. The active MOSFET switches are considered

as ideal switches. The ratio of magnetizing inductance (Lm) to (Lm+Lik) i.e. C — s
_l’_

. . . . N
considered as coupling coefficient (k) whereas n = N—Z

1

is winding turns ratio. The steady

state operating principle of proposed CIBDC is discussed using two operating modes i.e.,

boost and buck mode in continuous conduction (CCM).

83



/1

LV
d I_N_I VHV ——
|— Main  C,—=

Sl J H Switch !

Auxilary
Switch

Fig.4.3. Proposed coupled-inductor based bidirectional converter (CIBDC) using two secondary branches.
4.4.1. Operating Principle of Boost Stage

In the boost mode of operation, power flows from low voltage source (VLv) to the high
voltage bus (Vhv). This mode of proposed CIBDC is divided into six subintervals based on
switching states as shown in Fig. 4.4. The circuit operation of six subintervals is shown in
Fig. 4.5 indicates each mode of operation. The high voltage side (Vnv) circuit model is
considered to be a combination of output capacitor and resistance for verifying the boosting
operation.

Mode 1 [to-t1]: This mode starts from to when S4 and Se are turned off under ZV'S condition
as shown in Fig. 4.4. The current is diverted through antiparallel body diode of switch S4
and Se. Switch S; current flows through its body diode which makes S; voltage to be zero.
The equivalent circuit of the mode is shown in Fig. 4.5 (a). At t; this mode ends when
switch Sy is turned ON.

Mode 2 [ti-t2]: Body diode of S is conducting before starting of the mode and switch
voltage is zero. Therefore, ZVS switch ON operation is achieved when switch S; is turned
ON at beginning of this mode. The coupled inductor magnetizing current (iLm) starts rising.
The polarity of coupled inductor secondary and tertiary winding makes the antiparallel
body diode of switch Szand Ss forward biased as shown in Fig. 4.5 (b). The capacitor C1
and C4 along with coupled inductor secondary, tertiary winding release its energy to
capacitor C2and Cz. The load current is supplied by the output high voltage side capacitor
(Chv). In this mode soft switching operation of Sy, is achieved during turn ON similarly
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like synchronous rectifier. The magnetizing and switch current equation in this mode are,

dijp _digg vy digg Vo —Vey digs Vg +Ver —Vea —Viv 1)

dt dt L, dt n’L, ' dt n°L,
Mode 3 [tz-t3]: Switch Sz and Ss is turned ON at ZVS condition similar to S in this mode.

The magnetizing current (iLm) continues rising. The capacitor C1 and C4 along with coupled
inductor secondary, tertiary winding continue to release its energy to capacitor Coand Cs in
this mode as shown in Fig. 4.5 (c). The load current is supplied by high voltage side
capacitor similar to mode 2. By selecting the proper capacitance values of C; and C; along
with coupled inductor secondary winding inductance (Lsec) half cycle quasi resonant current
(tr) operation is possible during DTs interval (DTs=t;) which makes switch S current stress
lower [17]. Similarly, like synchronous rectifier, soft switching operation of Szand Ss is

achieved in this mode.

A
S
13| s (1-D)Ts
>t
AN DTs ,
i >t
A DoT4
ILm : | H
A Vs1 __________ >t
Is1 Nicl
A Vso ' >
iSZ ----------------------------------------------
by >t
i54 S ICZ
>t
>1
>t
________________ >t
o T — fp P—— PR r
[ Mode-1 | Mode-2 | Mode-3 [  Mode-4 | Mode-5 | Mode-6)

Fig. 4.4. Key waveforms of proposed CIBDC in boost mode

Mode 4 [t3-t4]: Switch S1, Sz and Ss are turned OFF at the starting of this mode. The polarity
of the coupled inductor primary winding as well as leakage inductance is reversed which
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naturally turn ON the body diode of switch Sz, S4 and high voltage side switch Se as shown
in Fig. 4.5 (d). This makes these switch voltages to zero during this mode. The magnetizing
energy stored in leakage inductance is transferred through body diode of switch S; to the
capacitor Cz. During this mode capacitor C4 is in charging mode which stores energy from
tertiary winding of coupled inductor. The stored energy of the capacitor C», Cz and coupled
inductor secondary winding is discharged to the high voltage side capacitor and to the load.

The magnetizing current starts falling during this mode.

Mode 5 [ts-ts]: This mode starts with Sz, Ssand Se are turned ON at ZVS condition. The
magnetizing current (iLm) continue to fall at this mode. The stored energy of capacitor Co,
Cs and coupled inductor secondary winding is discharged to the high voltage side capacitor
and load as shown in Fig. 4.5 (e). This mode ends when S stops conduction as stored

leakage energy is transferred to Ci.

dij, _di; Ve —Viy dig, _Viv+Vea —Veg digs  Viy —Ves —Vog 4.2)
dt  dt L,  dt n’L, dt n’L,

Mode 6 [ts-ts]: This mode is same as mode 5 only switch Sz will not carry any charging

current to capacitor C1 as shown in Fig. 4.5 (f).

4.4.2. Operating Principle of Buck Stage

In the buck mode operation power flows from high voltage (Vnv) source to low voltage
(Vwv). The buck mode operation is divided into seven subintervals based on switching
states as shown in Fig. 4.6. The circuit operation of seven subintervals are shown in Fig.4.7
which indicates each mode of operation. The low voltage side (VLv) circuit model is
considered to be a combination of output capacitor and resistance for verifying the buck
operation. There are seven operating modes of buck operation within an operating cycle
(Ts).

Mode 1 [to-t1]:

This mode starts from to when S1, Sz and Ss are turned OFF as shown in Fig. 4.7 (a). Due
to the polarity of coupled inductor windings the body diode of switch S1, Ss and Se become
forward biased. In this mode coupled inductor secondary and tertiary winding current goes
to high voltage side using body diode of switch Se. This makes possible to turn ON Se under
ZVS condition which is at the end of the mode at t;. Switch S; and Ss current decreases to
zero value at the end of this mode. S1 and Ss is turned OFF at ZVS condition due to

conduction of body diodes.
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Mode 2 [t1-t2]:

Mode 2 starts from t1 when Se is turned ON at ZVS condition as shown in Fig. 4.7 (b).
During this mode the reverse current which is flowing into high voltage side decreased to
zero value as shown in Fig. 4.6. At the end of this mode freewheeling stage of buck
operation stops.

Mode 3 [tz-t3]:

As S is already ON before the starting of this mode, it makes easier to flow power from
high voltage side to low voltage side through coupled inductor and capacitor Cs, C,. This
mode is the active mode in buck operation. The body diode of switch Sz and S4 are turned
ON based on coupled inductor polarity as shown in Fig. 4.7 (a). The magnetizing current
(im) is rising in opposite direction if compared with boost mode of operation as shown in
Fig. 4.6. Capacitor C1 and Cs4 charges in this mode through body diode of switch Sz and S4
respectively. The operation of this mode is mentioned in Fig. 4.7 (c). As body diode of S
and Ss are in conduction therefore it is possible to turn ON these switches under ZVS
condition. This mode ends at t3 when Sz and S4 are turned ON. During this mode low
voltage side capacitor and load current is supplied directly by high voltage side. The
magnetizing and switch current equation are,

diLm - dISZ — Ver Vv dise _ Vv ~Ve2 “Ves —Ver diS4 — Vea TViv — Vo (4.3)
dt  dt Ly dt n’L, - dt n’L,

Mode 4 [ts-t4]:
In this mode switch Sz and Ss are turned ON at ZV'S condition. The charging current path
is same as mode 3. This mode ends when current through S> becomes zero and capacitor

Cu is fully charged. The circuit operation of this mode is shown in Fig. 4.7 (d).
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Fig. 4.5. Operation of proposed converter in boost mode: (a) Mode 1 [to-t1] (b) Mode 2 [t;-t2] (c) Mode 3
[to-ts] (d) Mode 4 [tz-ts]. (€) Mode 5 [ts-ts] (f) Mode 6 [ts-te]

Mode 5 [ts-ts]:

As switch Sz is ON and capacitor C; starts discharging in this mode as shown in Fig. 4.7
(e). The other branch current path remains same as mode 4. From mode 3 to mode 5 is
the active stage of buck operation. This mode ends when witch Se is turned OFF at ts.
Mode 6 [ts-ts]:

At the starting of this mode Se switch is turned OFF. The polarity of coupled inductor
changes to maintain continuity of inductor current which makes body diode of switches
S1, Sz and Ss forward biased and starts conduction from the beginning of this mode. This
state is similar to freewheeling state of conventional buck converter. In this mode
capacitor C: discharges and capacitor C, and Cs charges as shown in Fig. 4.7 (f). The
magnetizing current starts decreasing in this mode as mentioned in Fig. 4.6. The switch

voltages of Si, Sz and Ss are zero as body diodes are in conduction. This makes possible
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to achieve ZVS turn ON of corresponding switches in next mode. The magnetizing and

switch current equation in this mode are,

di, _Viv dig, _Ve2o =V digs _ Ves Ve —Voa —Viv (4.4)
d L, ' dt n’L, ' dt n’L, '
Mode 7 [te-t7]:

This mode starts with turning ON of switches Si, Sz and Ss under ZVS condition. The

same operation like mode 6 continues in this mode. This is also like a freewheeling mode
of conventional buck converter. This mode ends when switches Sz, Ss and S; are turned
OFF and mode-1 repeats the cycle by turning ON body diode of switches Ss and Se. The
circuit of this mode is shown in Fig. 4.7(9).

A
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Fig. 4.6. Key waveforms of proposed CIBDC in buck mode
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(9)

Fig. 4.7. Operation of proposed converter in buck mode: (a) Mode 1 [to-t1] (b) Mode 2 [ti-t2] (c) Mode 3
[t2-t3] (d) Mode 4 [ts-t4]. (€) Mode 5 [ts-ts] (f) Mode 6 [ts-ts] (g) Mode 7 [te-t7]

4.4.3. Voltage Gain, Boundary condition and Comparison

4.4.3.1 Gain in Boost Mode

The boost mode operation of the proposed CIBDC is shown in Fig. 4.5. Form Fig. 4.5 (b)
which is same as switch ON operation of conventional boost converter, the voltage
equations are derived where Vim, Vi2, Vis, Vik, are main winding voltage, secondary

winding voltage, tertiary winding voltage and leakage inductance voltage respectively.

vV, =V, = iv =kv 45
Lm = Ll_Lm+LIk Lv = KVy (4.5)
Vik = Lm—_:_kLIkVLV:(l'k)VLV (4.6)

Vo =V =nkv,, 4.7)

Switch ON and OFF time voltage equations of secondary loop as well as third loop are
required to apply volt-second balance in coupled inductor primary winding from which C

and C4 voltages can be derived.

c %VLV (4.8)
k
c, — Dl(n[;r D LV (4.9)

Similarly, from coupled inductor secondary, tertiary winding volt-sec balance, capacitor

Ca, Cz and high voltage side capacitor voltage can be derived.
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2D(k-1)+(2-k
Ve, :(nk+%)vw (4.10)

_ [ Dk(n-2)+k(D+1)+(D-1)
Ve, —( D(LD) )VLV (4.11)

For ideal coupling coefficient k=1, the boosting voltage gain of CIBDC can be derived

which is mentioned in equation. (4.13).
2nk+4D(k —1)+2(2-k)
= Viv

Vv =Vo 1D
(4.12)
V +
Meoy = —H% :—2n 2 (4.13)
_ Vv
VCl =1pD (4.14)
B 1
D(n+1
VC4 :( (].-D )JVLV (4.16)

For different coupling coefficient k value, the boosting voltage gain of proposed CIBDC is
shown in Fig. 4.8 (a). The boosting gain (Mccwm) of proposed CIBDC is compared to other
topologies for n=1 as shown in Fig. 4.8 (b). The voltage gain (Mccwm) is derived (4.17) in
terms of normalized time constant from CCM and DCM voltage gain and output capacitor

charge balance equation.

30 f T 30 T T T
1 L — Proposed CIBDC for n=1
_osp ~ forreLk=l 4250 ——[23][241.[26].[27].[28] for n=1
g —=—for n=1, k=0.98 g _
5 for el 120,95 5 [16],[25].[34] for n=1
S 201 » K=U- = 20 —[35] for n=1
g 15 _5 15 —[21] for n=1
O O
% %
s 10 s 10
G . G
> 5 — > 5
-
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0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
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(). (b)

Fig.4.8. Mccwm (a) for different coupling coefficient (k), (b) Comparison of Mccm of CIBDC and existing
topologies @k=1 and n=1
2
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From the boundary condition of CCM and DCM mode the normalized time constant at
boundary (tLmb) is derived.
_(1-p)’D

Ty =" 4.18

: o L :
Thus, correct selection of normalized time constant —”_"r =T m > TLmp » Which depends
L's

on magnetising inductance (Lm), switching frequency (fsw) and load resistance (R) is
essential for ensuring CCM operation of CIBDC as shown in Fig. 4.9 (a).

0.02
- p cem =
E % ) 206 _
) = Rt
£ oo > S i e
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8 g2 Gain in 24126127128 R
E 5 e '
£0.005 - Proposed -e——'f_ .
2 /\ CIBDC e
0 X a oq 06
0 0.2 Dutg'?{a o (D)O.6 0.8 1 Turn Ratio {n) 2 0.2 Duty Ratio ()
(@ (b)

Fig. 4.9. (a) Normalized time constant at boundary condition in boost mode when k=1. (b)Voltage gain
comparison of CIBDC in buck mode.

4.4.3.2 Gain in Buck Mode

The buck mode operation of the proposed CIBDC is shown in Fig. 4.7. Form Fig. 4.7 (b)
which is same as switch ON operation of conventional buck converter, the voltage
equations are derived from volt-sec balance of primary, secondary winding like in boost
mode. Loop voltage equations are essential for both switch ON and OFF time. The

capacitor voltage equations are.

Ve, = k(l%.)(“ﬂ)vw (4.19)
.= %vw (4.20)
= (4.21)

Vi, =V, = V
W0 2nk+4D(k-1)+2(2-k)
Taking coupling coefficient k=1, the voltage gain in buck mode is derived from equation.

(4.21) and gain is compared with other topologies as shown in Fig. 4.9 (b).
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M. =V 4.22
CCM VHV 2n+2 ( )
_ VLV
Ve, =1L (4.23)
n+1)(1-D
o, (D)), w20

4.4.4. \Voltage Stress, current stress and comparison
4.4.4.1. Switch voltage stress
There are six switches in the proposed CIBDC. Switch voltage stress (Vsw) of Si the

converter is

Y/ Y/
Vo, =LY =_HV 4.25
Sl 1D 2n+2 (4.23)
Similarly, switch voltage stress for Sz, Ss, Sa, Ss and Se are respectively
Y V, 2n+1
Vs2 =Vsg = ﬁ Vsg =Vgq = Vgg = on+2 Vhv (4.26)

The switch voltage stress comparison is mentioned in Table-4.1 and represented graphically
in Fig. 4.10(a) and Fig. 4.10(b).

TABLE -4.1
COMPARISON OF VOLTAGE STRESS
Proposed [25], [16], [34] [24], [26].[27], [28] [35] [21]

High Voltage Vi n v Vi Viy Vi
Side (Se) —Vhv -
Switch Stress A2 n+1 n+2 n 1+Db
Low Voltage Vi Vi Vi Vi
Side (S1) — - Vv
Switch Stress A2 n+l n+2 n HV

DPrnpnsed I:'Proposed

251, [16],[34] I 25),1161,[34]

[27],[24], [28] [27),1247,[28]

[VSw/Vhv]
=
w o~

S e 2
R R o

High Voltage Side Switch Stress/'High Voltage
Low Voltage Side Switch Stress/High Voltage

0.4

4
Duty Ratio (D) Tumn Ratio (m) 2 0.2

2 0.2

Du'ly Ratio (D)

Tum Ratio (n)

(@) (b)
Fig. 4.10. Switch voltage stress comparison of (a) high voltage side (Ss) (b) low voltage side (S1) of CIBDC
in CCM.
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4.4.4.2. Switch Current Stress
Boost Mode
The magnetizing current (iLm) value can be calculated from of high voltage side capacitor

(Chv) charge balance in CCM. The magnetizing current value is

V(04D 2v,,(n+1)?

4.27
" (@DR,  (ID’R, @20
The maximum of magnetizing current (iLm) value is
. . Ai 2v,, (N+1)? v, DT
Lm_Peak Lm 2 (l-D)Z R ] 2Lm ( )

Coupled inductor winding-2 current is necessary to find peak switch current (is1) during
ON time

iSl_ Peak — iLm_Peak + (n +l)|winding 2_Peak (4-29)

The proposed CIBDC is capable of achieving low switch current stress like proposed in
[17] by properly selecting C1, Co values and half cycle resonating time. RMS current of
switch Sz can also be minimized.

Thus, the peak current of low voltage switch Sy is

i 2 (n+1)? LV ﬁ+2vLV(1+ n) (4.30)
stPek ™ (1-D)’R, 1-DY\L, DR,

Similarly, the peak current for high voltage side switch Se is
_2v,, (n+1)? VDT,

i = 4.31
The peak switch currents of S, Sz and S4 are respectively,
iSZ_Peak = iS4_Peak = iLm_Peak
vy |[Ce
ISS_Peak = ﬁ L_: (4'32)

The RMS values of switch currents during boost mode are derived from current waveform

as shown in Fig. 4.4

D 120 iy n+3

2
- l DTS Ceq . 27[:
ls3-rms = T_SJO [Vceq,,l__zs'n ft dt (4.34)
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. 2 +2n
lso.rmS = \/ b kv (4.35)

] i
|S4_RMS=% 1-D (4.36)
C 2
) 1 ¢DTs
ls5-RmS = T_S-[O [Vceq,/ L. S'nft] dt (4.37)
. . 1 Ay, )
s rms = lmmin, |(1=D)| 1+ = P (4.38)
Lm-min

Buck Mode
In the buck mode operation of proposed CIBDC, the switch current stress of S1 is same
as peak magnetising current as it only conducts during freewheeling time like

conventional buck converter.

iSl_Peak = iSZ_Peak = iLm_Peak (4'39)
Similarly, the peak current of high voltage side switch Se is
. Dnv,
IS peak = ﬁ(% ~t,) (4.40)
Where, t3-t2 =DcTs
The average magnetizing current during buck mode of operation is
_n+1-nD; Vi (1-D) T,
m =" 11 iy and Al , = Lm— (4.41)

The RMS values of switch currents during buck mode are derived from current waveform
as shown in Fig. 4.6.

2
Is1_rms = iLmming |1~ D+ 2 + .AI"m (4.42)
ILm-min ILm—min
. D 5D.
lsorRMs = m«/ ?ILV (4.43)
. Dv1-D .
o s = — = ——1 (4.44)
S3-RMS 6330 +0) LV
Is4 rvs = nD\/_ (4.45)
23(n+1) +1)
DV1-D .

i _ V1D . 4.46
SSRMS T By L (4.46)

96



ILm min D

_ Df A,
- +3£i j (4.47)

ISG-RMS -
Lm-min

4.4.5. Winding current and theoretical loss calculation
The RMS currents of capacitor C1, Cz, C3 and C4 are calculated from ideal capacitor
current waveforms in both buck and boost mode. Similarly, winding RMS currents are

also derived in both the operating modes. The capacitors RMS current in boost mode are

given by
icl(RMS):\/ieri_min X(Dy)+ ;/;1 CLeq D'Sirl‘r% (4.48)
. (RMS) Thwinding-2 (RMS) = J'HV X(1-D-D, )+§1 Leq D-s'”f:D (4.49)
%ﬁRMS)i ¢,(RMS) = hwinding-3RMS) = '@f:é?(*D) (4.50)

VeD [Ce
Where, b, =—1— —% (1-cos(2nD))x [Ej
dmiy | Ly +1

The RMS current of primary winding of proposed CIBDC is given by

2n° L

2

2
-1 2 H
prl(RMS) {(X +X (X |prl min )(1—D) + (X pr:l?)_mm ) (1-D) + h (]iﬂ (1‘005(27'ED))+ Vc12 CﬁD— sindnD
_ T \’ ,

2n+2
Where, x = =—=j 451
1D HV (451)

Again, during the buck mode of operation, the capacitors RMS currents are given by

. Ai’D
+AlD|1-— 4.52
e, Rms) \/ > 1( ZJ (4.52)
. h+1 . n+1 D
Where, AI=—T;, and AL = s
2L, 4L, °1-05D
4D°
CZ(RMS) wmdlng -2 (RMS) = C3(RMS) - IHV D+ — 1D (4.53)

. 2 1
le J(RMS) — Wlndmg -3 (RMS) — 2|HVD(E+n)\’l+B (4.54)

Switch current stress of different topologies is performed and shown in Table-4.2
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TABLE-4.2

Comparison of Switch Current Stress, Gain, Switches and Efficiency @ 200W

Topology Switch
Main Switch Peak Current at LV side Main Switch RMS Current at LV side, no of components, Gain | Selection | Stress
and Efficiency @ 200W
Converter
Specificat
ion
Buck Boost Buck Boost
Proposed | n+1-nD. v, (1-D)T, 2 FQP34N20 | Low
i, + w (1-D) T 2v , (n+1) . Vv [Ceq . 2v (1+n) — — - Ves=200V,
n+i 2L @p’rR  1-D\ L, DR iLmin \/1—D+_ 2 +[.AA] TR, 1+% AI'J Lo Res=0.075
Current Waveform: Current Waveform: Iem-min \'Lm-min Hv 0
: Capacitor:4 or 13=31A.
Is1(A) Is1(A) 2+n+D .
Switches:6, Efficiency: 95.6% o ! fow=50kHz
10 ] e ! Sw
i 7 S s K e e (2+2n)\/5 LV o
0 // / Buck gain: — Vin=48Y
5 ) © (2+2n) Boost gain: — 2+2n Vo=384V
0 (1-D)
0.1712 0.17121 0.17122 0.17123 ..
Time (s) 0.19228 0.1923 Efficiency: 96.13%
Time ()
[27] Viy(N41)(2+n) | v, (1-D)Ts v (+)@+n) v, [C. _2+n-D ; 1+n+D , IPBO27N1 | High
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4.4.6. Design equation and soft switching condition
Coupled inductor number of turn (n) is derived from voltage gain equation of boost mode
of CIBDC which is

n (4.55)

The magnetizing inductance is derived from the normalized time constant at boundary as
mentioned in equation (4.56). Therefore, to ensure the CCM operation in proposed

Lm
CIBDC =Tim > TLmb

LTs

2
_R.D(D)

> (ve1) (4.56)

m

High voltage side capacitance (Cnv) is derived from change in capacitor charge based on
change in capacitor ripple voltage (AV).

> ——— 4.57
fSWAVHV ( )

HV

Low voltage side capacitance is designed from buck operation using capacitor charge and
voltage ripple
S 16(n+1)L, fo, AV,

(4.58)

Lv 2
m fsw

Similarly, the values of the intermediate capacitor C1, C2, Cz and Cs are derived based on

the ripple voltage and charge

4.59
' nfswAVCI " ’ nfSWAVCZ ( )
i,D i,yD
= — V= = S (4.60)
2(n+1)f,, AViq (n+1)f,, AV,

Soft switching condition of auxiliary switches i.e., Sz, Ss3, Ss4 and Ss are dependent on
leakage inductance and fall in the stored electrostatic energy due to switch parasitic
capacitance. During switch transition the capacitor stored energy should be dissipated

before gaining magnetizing energy due to leakage inductance to achieve ZVS condition

4.4.7. Small signal analysis using average state space model
Small signal analysis of proposed CIBDC is performed to derive the transfer function.

There are five energy storing elements in form of a coupled inductor and four capacitors.
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The voltage across intermediate capacitors C1, Cz, Cs are constant and depending on input
or output voltages. Therefore, they are not considered [27] as state variable in the small
signal analysis. The state variables are coupled inductor current and output capacitor
voltage. Hence, the resultant transfer function model is reduced to second order model.
In boost mode the state variables are coupled inductor current (i) and output capacitor
voltage (Vnv). Similarly, in buck mode the state variables are coupled inductor current
(iL) and output capacitor voltage (VLv).

4.4.7.1 Boost Mode:

In boost mode, S; is the main switch. At switch ON time (S1=1) the circuit equations are,

L, d'at(t) =V, (4.61)
dv,, () _-V
v g\tl( ) — RHV (462)
L
At switch OFF time (S1=0) the circuit equations are,
di, () 2+2n-D-nD
(n +1) Ll ? :VLV + ch + Vc3 - VHV = VLV |i_—i| -VHV (t) (463)
CHV dVHV (t) - -VHV (t) + IL (t) (464)
dt R, n
For ON time the state space matrix equations are,
d
FDX0=[A]x+ B o (4.65)
ql i 0 0 i 1
L L T
Bl = 1 + L, |V, (4.66)
dt [V } 0 {V } L
HV C. R, HV 0
For OFF time the state space matrix equations are,
d
a[x]:[A2]x+[BZ]u (4.67)
-1
dl| i ° L. (n+1) || 1| 2 b
= "= ' - L,(1-D) L, |V
o {VHV} . 1 [VHV} A o) 1 M (4.68)
I"](:HV CHVRL

State space averaging technique is applied and after linearizing the small signal model is
developed for boost mode.
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d

aM=[a]i+[b1t1+[[Al-AzlxﬂBl—leuJa

(4.69)

B 0 1+D | ) Vi  1+D?
dl i | Loy || i | [ 22| - L)) L D) |- (4.70)
dt V|-|v 1-D -1 VNv i

-l
H 0
nC. CpRe

nCHV

Small change in input voltage is zero i.e., VLv=0. Thus, from equation (4.70) the transfer
function of output voltage to duty ratio is derived i.e

Vs () k(ps+1)

. (4.71)
d(s) $2+2Em, s+’
Where,

V,,, (1-D)-V,, (n+1)(1+D?) _ Ly (n+1)1,
B n(n+1)C P

HV 1 A\, (1'D)'[(n+l)(1+Dz)V|_v:|
2
2%())“: and mn:&
L~ HV nCHV Ll(n+1)
4.4.7.2 Buck Mode:

In buck mode Se is the main switch. At switch ON time (Se=1) the circuit equations are

diy (1) _
Ll dt 2+2 LV (t)

(4.72)
av, (t)
C ~TLv\J LV _|_| t 473
e TR O (473)
At switch OFF time (S1=0) the circuit equations are
d| t
LD v (4.74)
t
t) t
¢, W - YV (4.75)
dt R,
For ‘ON’ time the state space matrix equations are
o 2
d| L N ERE 12 Y 4.76
— = +| 2+2n :
dt|Viv| | 1 -1 [V 0 i (4.76)
CLV CLVRL

For ‘OFF’ time the state space matrix equations are
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s

0
d| i, L, I 0
il = V, .
CLV CLVIQL

State space averaging technique is applied and after linearizing the small signal model is
developed for boost mode

—_ 0 -_1 ~ V
d iL Ll iL Y -
S (I S AR (4.78)
Viv | | — Viv 0
C:LV CLVFQL

Thus, from equation (4.78) the transfer function of output voltage to duty ratio is derived
i.e.

Vi (s k
L\.{( ) = 2+2 - + 2 (479)
) S Eo,sto;
Wh k Vi 2§ d L
ere, Kj1=———— |, 2qOy = 0, =
' (2n+2)CLvL1 " RLCLV i " CLVL1

4.4.8. Controller Design

The controller C(s) is designed based on desired closed loop performance by specifying
the closed loop natural undamped frequency (mc) and damping ratio (Ca). The controller
is in PID format [27] which can be represented by

2 2
Co)= S T2E0ns Ty (4.80)
K,s (a8t o)
2 .
Where, azziz and al:(o_&' Using the controller, bode diagram of closed loop system
O cl

for both modes are shown in Fig. 4.11 which shows a good phase margin of 63° and 62.9°
for boost and buck mode respectively.

Boost Mode Bode Plot Including Controller Buck Mode Bode Plot Using Controller

Gm=17.1dB (at 9.42e+04 rad/s) , Pm= 63 deg (at 2.04e+04 rad/s) Gm=Inf dB (at Inf rad/s) , Pm=62.9 deg (at 2.95e+04 rad/s)
40 40 = = —— =
_20F 1 20
2 o 3
@ o 0
g f 13
'% c 20
g or ]
60} 40
-80 = = = -60

270 -90 =
225 - | \

180

Phase (deg)
Phase (deg)
iR
w
o

135

90 - - - -180
3 4 5 6 7 3 4 5 6
10 10 10 10 10 10 10 10 10

Frequency (rad/s) Frequency (rad/s)

Fig. 4.11. Frequency response of the proposed CIBDC using compensator (a) boost mode (b) buck mode.
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Mode transfer of proposed CIBDC from buck to boost mode or vice versa can be done

easily using the switching function of main switches i.e., S, =Mv and S_ = Mv

Where, v is the switching function and M is for mode selection

{1 0<t<DT, {1 Boost
V= M

= (4.81)
0 DT, <t<T, 0 Buck

Voltage mode control is implemented in NI-cR1O 9082 using Lab-VIEW programming.
NI-9225 is the voltage sensor module is used to sense the output voltage of the converter
directly. After the control operation the digital PWM pulses for Si1 to Se is generated
through NI-9401 digital input/output module. The total control function is developed in
scan interface of NI-cR109082. The PWM pulses are sent to optocoupler stage (6N137)
for isolation from control to the power stage. IR2110 driver is used to drive the six
MOSFET switches. The total hardware set-up and controller for testing the proposed
CIBDC are shown in Fig. 4.12 (b) and Fig. 4.12(c) respectively.

4.4.9. Results and Discussion

The performance of proposed CIBDC circuit in buck and boost mode is tested on a 250
W prototype converter as shown in Fig. 4.12 (a). The low voltage input is 48V where
384V is the output voltage designed at 50 kHz switching frequency. The optimum duty
ratio of 0.5 is selected for testing prototype CIBDC. Unity turns ratio (n=1) is selected
for coupled inductor which is derived from equation (4.55).

—_—

[+15V-0V] Control Pulse

Z
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I
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NI 9227

=
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g
v Common points of PWM outputs from '
1-9401 ¥ =

INI-cRIO 9082 Controller

Y

Controller power supply

(©
Fig.4.12. Proposed Prototype of CIBDC @ 250W (a) Power circuit of CIBDC (b) controller circuit
including the driver stage (c) NI-cRIO 9082 controller with N19225 (voltage sense module) and N19401
(digital PWM module)

The designed parameters for proposed BDC are mentioned in Table-4.3. The performance

of the proposed BDC is tested and demonstrated which shows a good match with

theoretical results.
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TABLE-4.3

SIMULATION AND HARDWARE PARAMETERS

CIBDC Specification

Input Voltage = 48 V

Power Output = 250 W

Output Voltage = 384 V

Switching Frequency=50 kHz

Design Parameters

Value

Part Number

Coupled Inductor Lm= 45 pH, Turns Ratio 25:25 (n = 1), | Ferrite Core PQ 32/30
I—Ieakage =7.15 p.H

Switch (Sy, Sz, S3, Sa) FQP34N20 (Vgs= 200 V, Rgs= 0.075 Q, FQP34N20
15=31 A)) @ 250W

Switch (Ss) FQP17N40 (Vgs = 400 V, Rgs= 0.27 Q, FQP17N40

=16 A.) @ 250W

Capacitor Cy, Cy, Cs

Simulated:12 pF hardware: 10uF

Capacitor Cq Simulated:15 pF hardware: 10uF
Capacitor Cpv 100 pF
Capacitor Cuy 470 uF

The recorded waveforms of boost mode of operation are mentioned in Fig. 4.13. ZVS

turn on is achieved in all the active MOSFET switches as shown in Fig. 4.13 (a)-(f). In
S4, Se switches ZVS turn ON and turn OFF is achieved where in S, ZVS turn ON and
ZCS turn OFF is recorded as shown in Fig. 4.13 (e), Fig. 4.13 (f) and Fig. 4.13 (d)

respectively
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Fig. 4. 13. (a)- (f) Experimental results of switch voltage and current in boost mode.

Similarly, the performance of buck mode is reported in Fig. 4.14. All switches are

inherently soft switched like in boost mode.
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Fig. 4.14. (a)- (d) Experimental results of switch voltage and current in buck mode.

Dynamic performance of CIBDC is tested during step load change both in buck mode
and boost mode as shown in Fig. 4.15 (a) and Fig. 4.15(b) which shows stable converter

operation.
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Fig. 4.15. Voltage response for a load change from (a) 200W-250W-200W in buck mode, (b) 250W-200W-
250W in boost mode.

The theoretical and experimental efficiency of proposed BDC in both buck and boost
mode is shown in Fig. 4.16. The efficiency calculation is mentioned in Appendix-B. The
difference of the theoretical and measured efficiency is due to the fact that RMS and
average current for switches, capacitors and inductor coil are calculated using ideal
waveforms. However, the efficiency pattern is same throughout the entire operating
range. The maximum measured efficiencies for buck and boost mode of operation are
96.12% and 96.63% respectively. The loss distribution of CIBDC at 250W is shown in
Fig. 4.17 (a) and Fig. 4.17 (b). The proposed converter is designed with taking less
coupled inductor winding turns (n=1) taking topological advantage to meet same voltage
gain whereas in existing literatures the number of turns [25], [27] is generally greater than
four (n>4). The proposed CIBDC has lesser switch current stress by 15-20% and RMS
values compared to the topologies like [25], [27] and [16].

98 98
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_ 926 B > 96
NS o - & §
> 94 e 294
% gl = IS
3 92 S 92
& o & . ~
- 90w _ —Theoritical Efficiency | = 90 — Theoritical Efficiency |
& Measured Efficiency + Measured Efﬁciency
| | 8 : |
8%0 100 150 200 250 %0 100 150 200 250
Power (W) Power (W)
(a) (b)

Fig. 4.16. Efficiency of proposed CIBDC in (a) buck mode (b) boost mode.
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The voltage stress performance of proposed converter is almost similar to existing
topologies. The boosting voltage gain factor of CIBDC for 0.4 duty ratio at n=1 is 6.66
where as in [25], [16] the same factor is 3.33 and in [27], [23-24] the value is 5. At the

same condition the conversion factor is 3.21 in [31].

BoostMode Loss Distribution @250W Power Loss Distribution of Boost Mode @ 250W,
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CMﬁCo%Jer
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23
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1
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Winding Capacitor 81 82 53 84 85 56
(a)
Buck Mode Loss Distribution @250W Power Loss Distribution of Buck Mode @ 250W,
= Winding Loss Loss [W] Viv=48, Vhv=384, R=9.216,n=1
G g
apacitor ESR Loss 7
= 51loss 6
m 52 Loss 3
4
m 33 Loss 3
m 54 loss 2
851 L ’_‘
o= o N — . mm
56 Loss Winding Capaciter ~ S1 52 s3 54 s3 6
(b)

Fig. 4.17. Loss distribution of CIBDC @250W (a) boost mode (b) buck mode

4.5. Summary
In this chapter a novel coupled inductor based bidirectional DC-DC converter is proposed

which is capable of delivering high voltage conversion ratio in both buck and boost mode
of operation. In this CIBDC topology higher conversion factor i.e. >10 in boost and <1/10
in buck mode are obtained with unity turns ratio (n=1). Current and voltage stress is less
in main MOSFET switches in both the operating modes which enables to select low
voltage, low ON state resistance of MOSFET. This helps to reduce conduction loss.
Again, all the active switches are soft switched i.e. ZVS. Therefore, switching loss is
negligible which further improves the conversion efficiency. The proposed converter
utilized two parallel inductor current paths to share input currents during boost as well as
in buck mode which reduces current rating of individual coils and helps in reducing input

current ripple. Due to topological advantage, the leakage inductance energy is directly
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transferred to load. The detailed analysis of topological derivation, current and voltage
stress along with efficiency calculation in steady state is discussed in details. The
maximum measured efficiency is 96.12% in buck mode at 170W and 96.63% in boost
mode at 190W.
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Ch apter-&

GaN-FET Driver and Performance
lmprovement of BDC using GaN-FET

In previous chapter high gain, high efficiency BDC is designed using
coupled inductor which has superior voltage gain and less voltage
stress, current stress. The efficiency and power density of the BDC
can be further enhanced by using GaN-FET devices. In this chapter
reliable gate driver for GaN-FET is proposed and the performance
Is tested in synchronous buck converter as well as in proposed BDC
circuit. The GaN-FET switch in the proposed BDC enhances
efficiency by 1-1.5%.




5. GaN-FET Driver and Performance
Improvement of BDC using GaN-FET

5.1. Introduction
Coupled Inductor based high gain, high efficiency bidirectional DC-DC converter is

proposed in the previous chapter where switch current and voltage stress are also less.
The efficiency and power density of the converter can be enhanced further using wide
bandgap semiconductor devices. The wide bandgap (3.00-3.2 eV) FET devices are having
important electrical characteristics which enable designer to use it in high power
application. There are two major wide bandgap FET devices (a) GaN-FET (b) SiC-FET.
The GaN-FET is suitable for low power application upto 1kW and can provide better
performance compared to HEXFET MOSFET. But for high power application IGBT and
SiC-FET devices are better in terms of thermal, and switching behaviour. In this work the
bidirectional converter is designed for less than 1kW rating for microgrid [1] and auxiliary
power supply of EV. Thus based on the characteristics, GaN-FET is selected. In
comparison with the Silicon (Si) semiconductor devices, the wide band gap devices like
Gallium nitride devices have many properties like wider band gap, higher breakdown
electric field, faster electron mobility and velocity, allowing the GaN-FET devices to have
faster transition and lower switching loss [2-3]. Fig. 5.1 highlights some key material
properties of gallium nitride (GaN) semiconductor devices as compared to traditional

silicon devices.

Operating temperature
(Degree C) - Si
— GaN

Bandgap voltage
breakdown

high maximum
strength 400

oscillation frequency
b GHz)
"!
Low RF losses

0°(db) Yield superior
noise factor

(Vium)

High carrier

density and high 1.2

maximum (A/mm)
current density

Fig. 5.1 Summary of silicon (Si) and gallium nitride (GaN) relevant material properties

The Advantages of GaN-FET devices compared to Si-MOSFET are listed in Table-5.1.
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Table- 5.1
Comparison between Si-MOSFET and GaN-FET electrical parameter-typical values.

Parameters Si-MOSFET GaN-FET
Bandgap, Eg (eV) 1.12 3.44
Electric Breakdown field, Ec (MV/cm) 0.3 3.8
Electron mobility, pn (cm?/V-s) 1500 1000-2000
Saturated electron drift velocity, vs(x 107 cm/s) 1.0 25
Dielectric Constant, €r 11.8 9.5
Thermal conductivity, (W/cm-K) 15 1.3

From the table-5.1 it is clear that electrical characteristics of GaN-FET devices are

better over HEXFET MOSFET. Some important advantages are

(a) Large thermal breakdown voltage as well as high reverse blocking voltage.

(b) Very low switching loss (Junction capacitance are 10 times lesser than MOSEFT)
(c) Very low ON-state resistance which enables low conduction loss.

(d) Good thermal conductivity

These important characteristics helps designer to achieve

(a) Higher efficiency from the converter of similar prototype while using MOSFET or
IGBT.

(b) Less form factor increases the power density.
(c) Easy cooling requirement due to less switching loss and higher thermal conductivity.
(d) Light weight converter with fewer components.

5.2. GaN-FET Driver
PWM signals generated from microcontroller or FPGA board are required to control power

switches in BDC converter. However, the microcontroller can able to generate control
signal within 0-5V. This voltage is not sufficient to bias power FETS both MOSFET as
well as GaN-FET for switching operation. Therefore proper biasing circuit arrangement

should be made [4], [6] with the help form microcontroller PWM pulses to generate
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required PWM signal for switching as well as isolation between control circuit and power
circuit. This extra circuit between microcontroller and power circuit is known as driver
circuit. The basic two operation required form a driver circuit is reliable switching operation
and isolation between controls to power circuit. The basic block diagram of driver stage for
MOSFET is shown in Fig. 5.2.

+5V I +15VI
+5V y N i
— Digi in -si
i T ) e i O
L; Optocoupler Stage IR2110 . 9
9401 D/10 in Ly configuration
oV 15V
Isolation Stage
ov
ov

Fig. 5.2. Block diagram of IR2110 based MOSFET driver circuit using optocoupler.

Similarly, for GaN-FET separate driver circuit is required for reliable switching operation.
5.2.1. GaN-FET driver and biasing requirements

For MOSFET +15V-20V is +Vgs is enough to fully turn ON the device. However, for
GaN-FET it is not the same. Thus, the circuit arrangement as shown in Fig. 5.2 is not
suitable for GaN-FET [10]. The biasing requirement for switching operation of GaN-FET

is mentioned in Table-5.2.

Table-5. 2
Typical Si-MOSFET and GaN-FET Parameters
Parameters Si-MOSFET GaN-FET
Visru(min) 2V 0.7v
Vestr(typ) 3V 14v
Vis(max) 20V 6-10V
Vep <1V 1.8V

The modified circuit configuration for GaN-FET is shown in Fig. 5.3.

+5V T +7V T

+5V
*—* Digital Controller Hin 6N137 L Proposed Driver Vgg{/“ax GaN-FET-single or
NI-cRIO 9082 Circuit half bridge
9401 D/IO L, | OptocouplerStage | | apg | m5113 based configuration

Isolation Stage SV
ov
-2.5V

Fig. 5.3. Block diagram of GaN-FET driver
Texas Instruments (T1) make LM5113 can be used as driver for GaN-FET. This circuit is
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derived from bootstrapping principle for switching high side and low side switches in half
bridge configuration. This LM5113 based circuit can be modified which is discussed later
in this chapter.

5.2.2. IR2110 based MOSFET driver

The bootstrap capacitor is used in gate driver circuit to supply bias to the top or high side
switch (FET) in the half bridge configured power module. This configuration is used for
driving synchronous buck and boost converter. Fig. 5.4 shows the charging and discharging
path of the bootstrap capacitor while driving IR2110 based MOSFET.

Bootstrap
Capacito|
33UF

»J! IRFZ44N

C]e | 2200F - High Side
: s /LN
—. ¢ ..[H:} )
T/
\i_ 2

ANA i

10 ohm

Discharging

.......................... o

Charging

UF4003 |RF144N

Low Side
PR

MA /1
Hint

10 ohm \

~_"

)

Fig. 5.4. IR2110 based MOSFET driver circuit diagram.

5.2.3. Issues with GaN-FET driver

Similar bootstrapping technique can also be applied for designing GaN-FET driver and
developed by Texas Instruments LM5113 as shown in Fig. 5.5. The charging and
discharging paths of bootstrap capacitor is also shown and the performance is similar to
IR2110 based MOSFET driver. The major challenges of GaN-FETs are (a) lower threshold
voltage (b) larger drain to source voltage during a dead time free-wheeling event [5], [7].
As the threshold voltage of GaN FET (V) is 0.7V, so to fully turn ON a GaN FET, it
needs a minimum gate voltage of 3-4V. Due to low V1, the major concern is false triggering
at high % which is common during switch turn-OFF process. Therefore, % Immunity is a

major concern for the GaN-FET devices especially in high load current and larger dead

time. The maximum % value [8] can be determined by
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By minimizing Zpui_down, the % immunity can be limited. This also limits the transient

performance expected from the GaN-FET based DC-DC converter. There are two
approaches found in the literature to address these issues, (a) using a negative biased gate

driver [9] (b) using an inductor based driver circuit [11].

Vsop<Vis1p

Fig. 5.6. (a) Zero bias turn OFF event of GaN-FET (b) Negative bias turn OFF event of GaN-FET.

By using a negative biased gate driver [11] during turn-OFF, the % immunity can be
achieved with low drain current and limited dead time as shown in Fig. 5.6. For a negative
biased gate driver, negative voltage i.e. -Va is applied during switch turn-OFF time. At this
time, Vsp > Vi + V, where Vsp (@Vgs=-Va)=Vsp (@ Vgs=0)+Va. At turn-OFF operation,

conduction loss is represented by
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Pc :VSD SD = {VSD (@Vgs :0) +Va } ISD (52)
Negative bias is an effective technique to prevent false turn-ON, but the trade-off is higher

gate conduction loss. With an inductive load, when a GaN-FET transistor is turned OFF, a

circulating current flow via low side transistor from source to drain. The second approach
is to use a small inductor in the bootstrap path with a schottky diode which ensures good %

immunity and a better transient response with increased load current. But, this technique
increases the gate loss and creates Vgs spikes or ringing during turn-ON as shown in Fig.
5.7. This technique creates extra heat at the gate junction during GaN-FET turn-ON time

as well as increases gate voltage ringing.

Spikes or
Ringing

------

-2.5V
Fig. 5.7. Negative bias turn OFF operation of GaN-EFT

5.3. Proposed GaN-FET driver
The conventional bootstrap capacitor based i.e. LM5113, GaN-FET driver is shown in Fig.

5.8 (a). This is conventional bootstrapping technique which was used in LM5113 chip.
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Fig.5.8. Synchronous buck converter (a) negative bias(u)lrn ‘OFF’ GaN-FET driver (b) inductor based negative
biased turn ‘OFF” GaN-FET driver (c) proposed GaN-FET driver.
As LM5113 based driver has major problem of false triggering especially with larger drain
current and dead time. This false triggering of LM5113 based driver can be eliminated using
inductor based negative bias turn OFF driver circuit which is shown in Fig. 5.8 (b). This
circuit effectively eliminates the false triggering of GaN-FET. However, this circuit has
large drain to source voltage ringing problem during switching events. This ringing problem
as well as false triggering problem of GaN-FET driver can be eliminated by inductor diode
(L-D) combination-based circuit as shown in Fig. 5.8 (c). Zener diode-based circuit is also
there for preventing voltage rise above 5.7 volt during run off event to eliminate false
triggering effectively. In the next section the driver component parameter selection is
discussed.
5.3.1. Parameter selection and design of proposed driver
The driver design problem mainly involves in designing three major components i.e. (a)

bootstrap capacitor (Choot) (b) series resistance (Rse) (c) series inductor (Lb). Choot Can be
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designed in two ways (i) from GaN-FET device characteristics or (ii) from circuit equation.
The bootstrap capacitor is used in gate driver circuit to supply bias to the top or high side
switch (FET) in half bridge configuration. This configuration is used for driving
synchronous buck and boost converter. Fig. 5.5 shows the charging and discharging path
for high side GaN driver.

But the design criteria of bootstrap capacitor for GaN-FET Driver is different from
MOSFET as junction capacitance of these two devices are different. For FET devices, the
minimum value of bootstrap capacitance is 10 times of FET gate to source junction
capacitance (Cg) [5]. This capacitance can be derived from the FET gate junction charge

(Qg) which is mentioned in the datasheet. The gate voltage (V) is

Qs

Vg = Vcc - Vdiode and Cg = Ve

(5.3)

Roughly the bootstrap capacitor (Choot) Value is 10C4. Again, from the switching
characteristics Choot Can be derived. The total charge (Qnoot) Of bootstrap capacitor is used
during switching operation.

Quoor =Q +Quitcing (5.4)

From the FET datasheet Qg is determined. Qswitching can be determined using ‘ON’ time

energy loss [12].

—Viax mint (5.5)

on_6 max " min -on

This can be made equivalent to,

1
4 —EC V2 (5.6)

boot

1
AE=2C V

From equation (5.5) and (5.6) the value of Cyoot is derived which is

AV/S I Vo Il.D
Con=—0 7 TCo= ¢ vz T (5.7)
g switching ' g

The gate to source capacitance (Cg) value is less for GaN-FET devices compared to
MOSFET. Therefore, rise time is less and suitable for high frequency operation. The design
criteria for Cpoot for GaN-FET driver depends on gate charge characteristics as shown in
Fig. 5.9.
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Fig. 5.9. Gate charge characteristics for a GaN-FET @ 25°C.

The gate charge (Qg) for GaN-FET devices can be derived by using equation (5.8) and from
the respective datasheet graph as shown in Fig. 5.9.

Vs

| Cy(Vg)dvVgs <V

Vs

Qy= Vi (5.8)
Qgs,miller +di + J. (Cg (Vgs)+crss (0))dv’vgs 2 VMiIIer
V,

S

iller

For zero biasing turn OFF event the gate voltage is zero (V4=0) and for negative biasing
turn OFF the gate voltage is negative i.e. V¢<0. The maximum negative voltage can be
applied is limited to 10V. Thus, the gate capacitance (Cg) can be derived from equation
(5.8) which is,

Qy

Cg =
Vcc _Vdiode

(5.9)

The equivalent circuit during switch ON time is shown in Fig. 5.10 (a). The energy loss
during this time in GaN-FET device is,

Vgs
Eon:{ J Cy (Vo) [Vee"Vyioge JAV (5.10)

Again, from the ON time energy loss as mentioned in equation (5.10) the bootstrap
capacitor (Cpoot) is derived which is

Vgs

2
Cboot = ? I Cg (Vgs)[\/cc _Vdiode]dv + Cgvg2 (511)
9 | Vs
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Fig. 5.10. Driver circuit for GaN-FET (a) Turn ON circuit (b) Turn OFF Circuit.

To ensure reliable switching the capacitor (Choot) Value should be higher than the value

derived from equation (5.11). Vcc is ON time and Vee is OFF time gate voltage. Again,
boot >&:i (5.12)

AVCC I(CCVCC

Usually, ke is the coefficient to indicate the voltage variations. It is considered as 1-5% of

Ve [5] where Qq is calculated from equation (5.8). Practically maximum value of equation

(5.11) & (5.12) is selected for determining bootstrap capacitor value for GaN-FET driver.

The circuit parameters of the proposed driver include series resistance (Rse), inductor (Lb),

and capacitor (Cnoot). The bootstrap capacitor voltage is limited to 6 V during the charging

time, that is, when lower switch is turned ON. The change of gate current is limited by

GaN-FET (di/dt) max. Therefore, the inductor voltage can be written approximately as

V,
L =~ boot 513
=T (5.13)
dt max
: : - : dvi. .
During the same time, from the voltage drop in switch resistance (Ras), ot is derived as
in (5.14),
dv di
= - 5.14
dt|  *|dt| . -14)

The series resistance (Rse) is determined by the maximum allowable gate current. For under
damped system, { <1,

L,
C

Ry.=2& (5.15)

boot

Therefore,
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2
C >(§J L, (5.16)

boot = R
ds

Small series resistance (Rse) can be calculated [14] using the inequality equation i.e.

4L,

(5.17)
CGS

R =

Now the design steps need to be verified by two ways:
Process-1: A. Calculate Cpoot from equation (5.11) & (5.12)

B. Take (<1, as series path resistance (Rse)<<Rgs calculate , L, from equation

(5.13) ie. Cbom(R“Sj > L,
2

di

dt

d di

di
C. Calculate and check that <
dt dt

max

Process-2: A. Calculate Ly from equation (5.13)

B. Take (<1, as series path resistance (Rse)<<Rgs calculate, Cpoot from equation

2
2
(5.16) i.e., Cppy > [R—él L,

ds

C. Calculate Cpoot from equation from (5.11) and (5.12) and verify the value
derived from equation (5.16) before finalizing driver circuit parameter.
5.3.2. Proposed GaN-FET driver in half bridge DC-DC configuration
The L-D based negative bias turn OFF GaN-FET driver circuit is shown in Fig. 5.8 (c).
This configuration is applied in synchronous buck DC-DC converter for steady state and
transient performance verification. Simulation study is performed in Multisim 14 version
circuit simulation software before hardware implementation.

5.3.3. Performance verification
Applying a negative gate voltage increases % immunity of the top switch in a synchronous

buck DC-DC converter. But it increases Vsp value considerably during dead time
conduction. A short dip of Vs creates an extra voltage at bootstrap capacitor which in turn
exceeds the maximum allowable gate voltage. Therefore, the limitation of bootstrap voltage is
important for the reliable switching operation of GaN-FET driver. With the increment of effective
dead time, the bootstrap capacitor voltage is recorded for all the three driver circuits as shown in
Figs. 5.11 (a) and Fig. 5.11(b) for different load currents. The increment of bootstrap capacitor
voltage is found minimum in proposed GaN-FET driver with L-D and zener diode arrangement as
shown in Fig. 5.11 (b).
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Fig.5.11. Bootstrap voltage (Vuwoot) for different drivers with load current variations at different (a) dead time
(b) Cooot.

The bootstrap capacitor voltage not only depends on the load current and driver circuit
arrangement but also it depends on capacitor value. For higher capacitance value, the
bootstrap capacitor voltage can be limited but it increases the time constant of the driver

turn-OFF circuit path. Hence the transient performance becomes poor though it has a better
% immunity. Again, for a fixed dead time, the bootstrap capacitor voltage changes with

respect to load current. In this driver design 0.1uH-SMD inductor is used which is also
mentioned in the simulation and experimental result section in this chapter. The design
value of bootstrap capacitor (Choot) for Si-MOSFET and GaN-FET are shown in Table-5.3.

Table-5.3
Design Value of Bootstrap Capacitor in Si-MOSFET and GaN-FET

Si-MOSFET@IRF640 GaN-FET@EPC2110

Gate Voltage ON Time: Vg=12-15V ON Time: Vg<6V
OFF Voltage: Vg=0V OFF Time: Vg<0 i.e. -2.5V

Bootstrap Capacitance 47uF 33uF

Bootstrap Capacitor 63V 15V

Voltage rating

‘ON’ Time Energy Loss ~6670uJ ~2ul

‘OFF’ Time Energy Loss ~1240pJ ~23uJ

Tested Switching Frequency 156kHz 156kHz

(Fswitching)

Maximum Duty (Dmax) 90% 90%

It is important to find the bootstrap capacitor voltage for a load current with different

capacitance values and dead time so that the turn OFF voltage can be limited to below 6V.
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In the proposed GaN-FET driver, the bootstrap voltage is always under 6V and reliable
turn-OFF is possible. The performance of the proposed GaN-FET driver is compared with
other drivers with respect to bootstrap capacitor voltage at a constant load current as
mentioned in Table-5.4. The bootstrap capacitor voltage is least i.e.,5.4V in the proposed
driver at 6A load current. A comparison of proposed driver with the existing drivers for

different capacitance values are shown in Fig. 5.11 (b). From Fig. 5.11 it is evident that the

proposed GaN-FET driver has better % immunity.

Comparison of bootstrap capacitor voltage-l-iibgaifFET drivers at constant load current @ 6A

Bootstrap Capacitor Voltage

Different Gate Drivers Bootstrap Capacitor Value | With Dead Without Dead
Time Time
@500ns

TI driver [9] with negative biasing | 33uF 6.3V 6.25V

turn OFF

Driver proposed by P. M. Roschatt et. | 22uF 5.48V 541V

al. [11]

Proposed driver 10pF 5.44V 5.40V

5.3.3.1. Steady state performance

Spice based Multisim model as shown in Fig.5.12 (a) is developed for circuit simulation
and for the performance analysis of proposed driver. The hardware prototype is tested and
results are compared with texas-LM5113 based GaN-FET driver fed synchronous buck
DC-DC converter in open loop and closed loop (voltage mode control) to show the
performance improvement. The hardware PCB and prototype model are shown in Fig. 5.12
(b) and Fig. 5.12 (c) and Fig. 5.12 (d).
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5.12. LM5113 based GaN-FET driver fed synchronous buck converter (a) PCB prototype 3D view

ulated) (b) TMS320F28379D DSP development board. (c) top layer of prototype (d) bottom layer of
prototype.
A Q.

bootstrap capacitor voltage. The energy stored in inductor is freewheeled through

1uH-SMD inductor is used in the charging path of bootstrap circuit to limit the rise in

antiparallel diode connected to inductor. This improves % robustness of GaN-FET switch

especially the top switch. The zener diode connected anti-parallel to EPC2110 limits any

sudden change in gate voltage during turn-OFF time. Low gate charge of the GaN-FET

increases sensitivity to peak gate current. Therefore, bootstrap capacitor voltage should be
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Fig. 5.13. EPC2110 GaN FET drain to source voltage using (a) TI driver (b) driver proposed by P. M. Roschatt
etal. [11] (c) using proposed driver. EPC2110 GaN FET gate to source voltage using (d) proposed GaN driver

(e) driver proposed by P. M. Roschatt et al. [11] (f) GaN based synchronous buck converter with DSP board
TMS320F28379D.

From the simulation study, it is found that during switch OFF time, the voltage across drain
to source will rise at top switch of GaN-FET based synchronous buck converter. Now from

Figs. 5.13 (a), 5.13 (b) and Fig. 5.13 (c), it is clear that % immunity of top switch at turn-

OFF time is more in proposed GaN-FET driver compared to others like P. M. Roschatt et
al. [11] and TI based GaN-FET driver. Therefore, the possibility of false turn ON during
turn OFF time can be effectively eliminated by L-D based GaN-FET driver with negative
bias.

Another advantage of the proposed GaN-FET driver is low gate to source voltage ringing
with maximum Vgs which is limited to 5.2-5.3V (below 6V) whereas the maximum Vgs
found in GaN-FET driver proposed by P. M. Roschatt et al. [11] is 5.5V-6.1V for L value
of 0.1uH. The maximum Vs is shown in Fig. 5.13 (d) and Fig. 5.13 (e) for both the GaN-
FET driver circuits. The laboratory based GaN-FET synchronous buck converter prototype
is shown in Fig. 5.13 (). The hardware result of proposed GaN-FET driver fed synchronous
buck converter is tested at different frequencies to measure the response time, voltage
ringing, and recovery time of the Vg and Vs especially the top switch or high side switch
which sometimes mal-operate at high value of load current and larger dead time. The
prototype GaN-FET synchronous buck converter is tested at different frequencies to show
the switching and gate triggering performance. The ringing in gate pulse using L-D based
driver is limited to 5.4V-5.2V and it also reduces the gate conduction loss. The switching
behavior of GaN-FET in synchronous buck is shown in Fig. 5.14 at 260 kHz. It is clearly
visible from Fig. 5.14 (c) the ringing voltage of top switch Vgs is more but it is within limit

(<6V) for reliable turn-OFF operation. Also, it is clear that the recovery time is less.
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As the bootstrap capacitor voltage is within limit (<6V), the switching operation is fast and

reliable. The switching loss is also less compared to Si-MOSFET [IRF640] at same

frequency. The same switching test is performed at 156 kHz to verify the operation of GaN-
FET devices as shown in Figs.5.15 (a), Fig. 5.15(b), Fig. 5.15 (c) and Fig. 5.15(d).
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To verify the Vg ringing and switching operation with L-D combination, the same
synchronous buck DC-DC converter is tested at low frequency range i.e. at 52 kHz which
is shown in Figs. 5.16 (a) and Fig. 5.16 (b).
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Fig. 5.16. (a) Gate voltage (Vgs) of top [Yellow] and bottom switch [blue] (b) GaN-FET Vps bottom [Yellow]
and top switch [blue].
The switching performance of GaN-FET synchronous buck DC-DC converter using

proposed driver is compared with IR2110, LM5113 based driver. The turn-ON time for Si-
MOSFET based synchronous buck converter is more i.e. 200 ns compared to GaN-FET
based converter as shown in Fig. 5.16 (a). The proposed gate driver performs better in terms
of faster switching performance as well as in limiting voltage ringing (V). The turn-ON
and turn-OFF transient time is less compared to LM5113 based drive to GaN-FET (EPC
2110) as shown in Fig. 5.17 and Fig. 5.18.

131



Tek i Trin'd I Pos: 392008 MEASURE
‘.

GaN-FET-
'Vl\f EFP2110
_ e e
Turn-ON
Transient
_—
g —>{200 nSeci€—

IRF640
—'MOSFET
e e

CH2 2004 14 100ns
A-fug-13 1313

(@)
Tek .1 i Trig‘d M Post 8.000ns Tek .M. . i Trig'd M Pos: 230.0ns MEASLIRE
+
Tum-ON R Turm-OFF
urn-> ~ Transient
! Transient
I i e | 20nSec
L J,N " MWW
| €
=== lg:1A/div I 26 nSec
i LV W P I
2 W il
CH2 1004 M G0ns CHZ 7 1.73Y CHZ 2004 M 100ns
G-hug-19 12:36 156.273kHz G-hug—19 1311
(b). (©)

Fig. 5.17. (a) Switch voltage (V) [Yellow] and current (lg) [blue] of top Switch (b) LM5113 based GaN-
FET Vs [Yellow] and current (lgs) [blue] @ turn-ON (c) LM5113 based GaN-FET Vs [Yellow] and current
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Fig. 5.18. (a) Switch voltage (Vgs) [Yellow] and current (lgs) [blue] of top Switch at (a) turn-ON (b) turn-OFF.

The energy loss during switch-ON time is more compared to switch-OFF time for
MOSFET. This energy loss increases with higher switching frequency but for GaN-FET

this loss is very less. Loss comparison for different configuration is mentioned in Table-

5.5.
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Table-5.5
Switching and conduction loss comparison @ 156 kHz

GaN-FET@ Proposed driver for Si- GaN-FET@ LM5113 driver
EPC2110 MOSFET@IRF640 for EPC2110

Gate Conduction | Low Medium Medium

Loss

Energy Loss 85uJ 6670uJ 22ud

On Time

Voltage Ringing | Less (=20 nsec) Less (=30-50nsec) More (=200nsec)

5.3.3.2. Transient performance using voltage mode control
The closed loop performance is tested in proposed GaN-FET driver fed synchronous buck
converter. Simple voltage mode control [13] is implemented to check tracking performance

for step reference voltage change. Reference voltage is changed from 5V to 10V.
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Fig.5.19. Closed loop voltage mode control of GaN-FET synchronous buck converter tracking performance
using PI controller.

A faster transient response is observed in the GaN-FET converter compared to Si-MOSFET
based circuit as shown in Fig. 5.19. Different performance parameters are listed in Table-
5.6 to show the performance improvement.

Table-5.6
Transient performance comparison @ 156 kHz

GaN-FET@ Proposed driver for Si-MOSFET@IRF640 GaN-FET@ LM5113 driver

EPC2110 for EPC2110
Settling Time 2.1 msec ~3.5-4.2 msec ~2.1msec
False Yes Limited higher NO
Triggering frequency
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Protection Operation.

Voltage Less No ringing. Medium
Ringing

Peak Gate | 5.2V-5.3V 12V-15.4V 5.6V-6.5V
Voltage

This chapter conveys the performance improvement of GaN-FET (EPC2110) based
synchronous buck converter using L-D based new FET driver with negative bias. The
proposed driver provides false triggering protection of DC-DC converter under loaded
condition. The Vgs ringing is low at higher switching frequency compared to other driver
found in literature. The switching loss of GaN-FET (EPC2110) is low compared to Si-
MOSFET (IRF640) and the transient response is also faster. The proposed driver is also
capable to limit bootstrap voltage below 6V for load current above 5A which ensures

reliable switching operation of DC-DC converter. It performs better than LM5113 based
driver and small inductor-based driver in terms of % robustness.

5.4. Performance Improvement of BDC using Proposed GaN-FET Driver
The proposed L-D based GaN-FET driver is used for designing GaN-FET based
implementation of CIBDC as shown in Fig. 5.20.
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Fig. 5.20. Proposed coupled-inductor based bidirectional converter (CIBDC) using two secondary
branches.

The operation and MOSFET based implementation of CIBDC are discussed in the previous
chapter in details. Therefore, the major achievement using GaN-FET based implementation
of CIBDC is discussed here. Using TO-220 package of GaN-FET the size of 250W
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converter is reduced and other benefits like soft switching of all switches are still valid. Due
to reduction in the conduction loss the efficiency of the CIBDC is increased. The
component details for the prototype is mentioned in Table-5.7.

Table-5.7
GaN-FET Based CIBDC Circuit Parameter

CIBDC Specification

Input Voltage = 48 V Power Output = 250 W Output Voltage = 384 V
Switching Frequency=50 kHz
Design Parameters Value Part Number
Coupled Inductor Lm= 45 pH, Turns Ratio 25:25 (n | Ferrite Core PQ 32/30
= 1), Licakage = 7.15 pH
GaN Switches (Si, Sy, Ss, | TPH3212PS (Vas = 650 V, Rgs = TPH3212PS
S4, Ss, Se) 0.085 Q, I;=31 A.) @ 250W
Capacitor Cy, Cy, Cs3 Simulated:12 pF, hardware: 10uF
Capacitor C4 Simulated:15 pF, hardware: 10uF
Capacitor Cv 100 pF
Capacitor Cpyv 470 pF

The designed bidirectional DC-DC converter is capable of delivering high voltage
conversion ratio in both buck and boost mode of operation. In this CIBDC topology higher
conversion factor i.e. >10 in boost and <1/10 in buck mode are obtained with unity turns
ratio (n=1). Voltage stress is less in GaN-FET switches in both the operating modes which

enables to select low voltage, low ON state resistance of GaN-FET devices.

Three Windiﬁg .
Coupled Inductor &

Fig. 5.21. Hardware prototype of 250W GaN-FET based CIBDC

This helps to reduce conduction loss. Again, all the active switches are soft switched i.e.,
ZVS. Therefore, switching loss is negligible which further improves the conversion
efficiency. The proposed converter as shown in Fig. 5.21 utilized two parallel inductor

current paths to share input currents during boost as well as in buck mode which reduces
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current rating of individual coils and helps in reducing input current ripple. Due to
topological advantage the leakage inductance energy is directly transferred to load. The
detailed analysis of topological derivation, current and voltage stress along with efficiency
calculation in steady state is discussed in the previous chapter. The maximum measured
efficiency is 96.12% in buck mode at 170W and 96.63% in boost mode at 190W. Further,
1-1.5% efficiency improvement of CIBDC is possible by selecting switching frequency
greater than 100 kHz which minimizes reverse conduction loss of GaN-FET switches to a
negligible value. The benefits and one major disadvantage of using GaN-FET in place of
MOSFET is mentioned in Table 5.8.

Table-5.8

Advantages of GaN-FET implementation over MOSFET
Loss Component Advantages
Conduction Loss Less than MOSFET
Switching Loss Less than MOSFET
Transient response Betterment in approximately 10-15% in transient behaviour
Loss Component Disadvantages
Reverse diode conduction 3" quadrant operation of GaN-FET has increased conduction loss
to achieve soft switching compared to MOSFET
SMD assembly SMD assembly is difficult in case of GaN-FET

5.5. Summary
The main objective of this chapter is to design proposed CIBDC using GaN-FET. The

operation of the CIBDC is already explained in chapter 4, therefore this part is not
repeated in this chapter. However, the difficulties especially reliable gate driver for GaN-
FET is discussed in details in this chapter. L-D based reliable GaN-FET driver is also
proposed which performs well in synchronous buck converter. The same driver circuit is
adopted while implementing GaN-FET based CIBDC. Due to application of GaN-FET
based switch the peak efficiency of the CIBDC is enhanced by 1-1.5%. Physical
antiparallel diode is not present in GaN-FET, but third quadrant operation is possible by
adjusting the gate voltage. However, reverse conduction or third quadrant operation to
achieve soft switching operation of GaN-FET increases the reverse conduction loss. This
extra conduction loss restricts to achieve more efficiency from the CIBDC. The peak
efficiency of 250W CIBDC using GaN-FET switch is 96.12% in buck mode and 96.63%

in boost mode.
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Ch apter-6

Reduced nput Ripple Current (RIRC)
Operation of BDC

The efficiency, voltage gain, less voltage and current stress can
be achieved using coupled inductor based BDC with GaN-FET
switch. However, the application to energy storage in microgrid
of EV will not be successful due to large inductor ripple current
at low voltage which is essentially for the battery side. This
ripple current needs large input filter capacitor at LV side so
that capacitor can supply ripple current. Otherwise, battery
needs to supply the ripple current which means less battery life
and regular maintenance. The large ripple current at LV side of
BDC can be eliminated by choosing proper topology or circuit
arrangement. Interleaved structure based high gain non-isolated
BDC can solve the input ripple current problem. However, due
to large component count the efficiency of the interleaved high
gain non-isolated BDC is less. In this chapter an alternate way
to reduce input ripple current without sacrificing on component
count and efficiency is proposed. This proposed circuit structure
helps to achieve higher efficiency, large voltage gain, less input
ripple current. Thus, necessary of connecting large filter
capacitor at LV side is eliminated by this proposal.




6. Input Current Ripple Reduction of BDC

6.1. Introduction
In the previous chapters, it is discussed that the efficiency, voltage gain, less voltage and

current stress can be achieved using coupled inductor based BDC with GaN-FET switch.
However, the application to energy storage in microgrid of EV will not be successful due
to large inductor ripple current at low voltage side which is essentially the battery side.
This ripple current needs large input filter capacitor at LV side so that capacitor can
supply ripple current. Otherwise, battery needs to supply the ripple current which means
less battery life and regular maintenance. The large ripple current at LV side of BDC can
be eliminated by choosing proper topology or circuit arrangement. Interleaved structure
based high gain non-isolated BDC can solve the input ripple current problem. However,
due to large component count the efficiency of the interleaved high gain non-isolated
BDC is less. In this chapter an alternate way to reduce input ripple current without
sacrificing on component count and efficiency is proposed. This proposed circuit
structure helps to achieve higher efficiency, large voltage gain, less input ripple current.
Thus, necessary of connecting large filter capacitor at LV side is eliminated by this

proposal.

6.2. Interleaved structure at low voltage side
Bidirectional DC-DC converters (BDC) are an integral part of applications like energy

storage interface in DC microgrid [1], and electric vehicle (EV) [2] etc. Generally, energy
storage is of low voltage (LV) type i.e., 12V-48V and high voltage (HV) side is at 300 V-
400 V. Two-switch topologies of non-isolated BDC [3-4] are not capable to provide such
high gain requirements in both buck and boost modes due to extreme duty ratio
requirement. The voltage gain requirement [1-2] of BDC in some application ranges from
5-10 times in step-up and similarly in the step-down mode. To meet the gain requirement,
BDCs uses various techniques which can be isolated and non-isolated in nature. Isolated
BDC can provide gain requirement using transformer winding and duty ratio adjustment.
The number of active switches is generally greater than eight or more in full bridge isolated
BDC [5-6]. Half bridge topologies [7] are good choice for BDC, however, the complexity
in soft switching and control [8] of these types of BDC left a good scope of non-isolated
BDC. There are different circuit principles used to achieve high gain in these types of BDCs
like SEPIC derived [9], switched capacitor based [10-11], coupled inductor based [12]-[16]

etc. Voltage gain of non-isolated BDC can be further enhanced by using hybrid structures
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like, SEPIC with switched capacitor, quasi-Z source with switched capacitor [17] etc. These
converters also provide good dynamic response. However, large component count is
inevitable using hybrid structure, which limits the operating efficiency. All high gain non-
isolated BDC circuits have common problem of large ripple current at low voltage (LV)
side. This is a major concern of BDC applications for energy storage interface. Large ripple
current degrades the performance and life of the battery. Large capacitor can manage the
input ripple current [18], but this is not desirable as it increase the size and cost of the
system. The conventional interleaved BDC circuit [19-20] is capable to significantly reduce
the input ripple current at LV side and ideally at D=0.5 ripple current value can be zero.
However, it does not improve the voltage gain factors i.e., 1/(1-D) in boost mode and D in
buck mode [20], [21]. Zero voltage transition (ZVT) network based BDC is also found in
literature where auxiliary switch is used to achieve ZVZCS operation [22] in the main
switch. However, limited voltage gain restricts its application in 48V-400V system. Fig.
6.1 (a) shows generalized topology of interleaved BDC [10], [23]-[28] with higher voltage
gain using two parallel inductor-switch combination at LV side.

s2 L S
= ‘gm—ﬂ_‘% Network-‘N* ¢
T = \/ILZ H -switched |4
g’ § v F% capacitor-diode V
= 5 S,-H [23-24]. |} VHV
F.O o~ I—l 83 -coupled inductor | !
l; \ i ™) with switched | ¢
i W—qm\__li:ﬁ—tl‘ capacitor [25-28] —
ILg vy T
Vivo.. 15 S: -
@
B
- 1
=
=05 N, £
=
S N
8.2 0.4 0.6
Duty Ratio (D)
(b)

Fig. 6.1. Interleaved two phase BDC with high voltage gain and less input current ripple (a) general structure

(b) input ripple current at LV side in p.u.
The structure mentioned in Fig. 6.1(a) has many advantages including less input current

ripple and common ground that has less EMI problem. The complementary operation of
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two switches (S: and Sz) with input inductors confirms opposite slope inductor currents
which reduces the input current ripple.

6.3. Limitations of Interleaved structure in BDC design

The basic BDC operation can be achieved using synchronous boost converter where

switching sequence controls the mode of operation. The basic BDC is shown in Fig. 6.2.

P S2

T p——
In R I'—l_ §
VT C_Zharglng C R
Alin___ i S]_
3 .A- —

Fig. 6.2. Conventional synchronous BDC

The input LV current ripple without using filter is same as inductor current ripple. To reduce
ripple current large size inductor is required. The voltage conversion factor for boost mode
is 1/ (1-D) and in buck mode it is D. However, LV ripple current can be reduced without
increasing inductor size. To eliminate the input LV ripple current interleaved structure
based basic BDC can be used as shown in Fig. 6.3. The ripple current is less and in 0.5 duty
it becomes zero. However, voltage conversion factor is same in this BDC circuit. Two

slopes of the loop currents i.e. iz and iz are opposite as shown in Fig. 6.3.

ILl AIL]

N el

Fig. 6.3. Ideal interleaved structure loop current and input current at D=0.5.

The variation of input ripple current with changes in duty ratio is shown in Fig. 6.1(b).
However, the voltage lifting of these interleaved BDC solely depend on the network ‘N’,
as shown in Fig. 6.1(a) which may be switched capacitor or coupled inductor network etc.
The major problems of these voltage lifting networks are: (a) larger energy storing elements
(L and C) to pump enough energy to the network ‘N’ (0.5Li? or 0.5CV?); (b) elevated
current stress on switches especially at main switch of LV side (c) additional switch

compared to single switch coupled inductor based BDCs. The above problems left a
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research gap to find an alternative BDC circuit using only one main switch at LV side which
performs similar to interleaved high gain BDC with a feature to reduce input ripple current
(RIRC) at LV side and reasonable voltage transfer ratio. A zero-input ripple current based
high gain boost converter is proposed in [29], however, a large input inductor is used and
still it does not guarantee RIRC operation throughout wide duty ratio range. Recently
parallel coupled inductor based high gain interleaved BDC is proposed [34] whose current
ripple performance is similar to Fig.6.1 (b) and has high conversion factors. This is a
promising solution of non-isolated BDC circuit. In the proposed approach, the BDCs ensure
less component count and better voltage gain compared to the method shown in Fig. 6.1.
Additionally, all semiconductor switches operate at ZVS-turn ON in both operating modes,
resulting in a higher efficiency. The proposed method also utilizes parallel path structure to
achieve current sharing in both operating modes resulting in RIRC at LV side.

6.4. Proposed interleaved circuit arrangement using single switch

The RIRC operation at LV side can be achieved topologically using two methods i.e., either
using (a) already existed two main switch based interleaved structure, where switching of
two inductors are complementary (Fig. 6. 4(a)), or Fig. 6. 4(b) using capacitor branch
parallel to the inductor (Fig. 6.4(b)) using one main switch.

— » ) Asymmetry in charging and
o % N~ T Tien- - 2 f%. discharging path of currents
= T L T - 2 . < : .
A N gy Discharging £ =", ,C, Discharging
= ymmetry in
% o S t chagingand © £[ - A - i S :
= = 2 S discharging =5 /\ Ty C1| 3
= 8 Ll £ 3 paths = O, :
A\ d A o
R R |
o L1 oS V VT Charging ¥
V E Qhargmg i S
Wiz 08, Al=0 21 L
@). (b)

Fig. 6.4. Interleaving with (a) two inductor two switch (symmetric network) (b) one inductor and one capacitor

with one switch (asymmetric network).

The proposed solution uses one main switch at LV side with input inductor and a parallel
capacitor. To ensure a reduced ripple current, the inductor and capacitor should charge and
discharge in a complementary fashion completing their individual loop current paths
through Vv and Si. The proposed LV side structure has asymmetry in inductor charging
and
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Fig. 6.5. Input current ripple at D=0.5: (a) ideal interleaved (symmetric network) and (b) proposed single

>

switch asymmetric network.

discharging with capacitor charging and discharging as their paths are different, but slope
is opposite with respect to input current. This asymmetry eliminates one extra switch
requirement and also helps to improve the voltage gain. But due the asymmetry in the
charging and discharging path, the magnitude of capacitor and inductor current slopes are
different. It is possible to achieve ideal zero ripple current at D=0.5 as shown in Fig. 6.5(a)
in interleaved BDC due to equal and opposite current slopes (m1=my). In proposed solution,
ripple current is not zero at D=0.5 due to asymmetry in current slopes (mizmy) as shown in
Fig. 6.5(b). However, the proposed solution has advantage of uniform p.u. ripple current as
illustrated in Fig. 6.8(d) over a wide duty ratio range. The comparison details are presented

in next section.

6.5. Topology derivation using proposed interleaved structure at LV side

The circuit structure at LV side as shown in Fig. 6.4(b) is utilized to design the BDC circuit.
During boost stage design of proposed BDC half cycle resonating branch [36] is adopted
with coupled inductor where capacitor is connected in parallel to primary inductor to

achieve high voltage gain and ripple current reduction simultaneously.

Charging | SJ Main Switch

1 Aucxilary Switch

Fig. 6.6. Proposed coupled inductor based BDC for achieving RIRC operation.
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By incorporating parallel capacitor branch and modifying the boost stage circuit [36], a new
soft switched BDC circuit is derived which has very less LV side input current ripple and
has superior conversion factor in both operating modes. The diodes [36] are simply replaced
by switches and tertiary winding is used in coupled inductor to achieve BDC stage, which
ensures RIRC operation. The schematics of the proposed BDC incorporating parallel
capacitor branch with coupled inductor primary is shown in Fig. 6.6. The proposed BDC
utilized two main switches and three auxiliary switches with less winding turn ratio (n = 1)
to achieve higher voltage transformation factor and RIRC operation. Synchronous
rectification-based operation ensures ZVS turn ON of all active switches in both operating
modes, which improves conversion efficiency.

6.5.1. Input current ripple performance at LV side

The complete input current equation during the main switch (S1) ON time is vital to know
the input ripple current. There are two loops of the input current during the main Switch S;

turn-ON in the boost mode.

I J Main Cy
Switch
Charglng Loop-1 Auxilary
___________________________ Switch

(b). (©
Fig. 6.7. Proposed BDC at S; ON in boost mode (a) main circuit with two input current loops (b) equivalent

circuit for loop-1 (c) equivalent circuit for loop-2.
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The two loops current, i.e., one through the coupled inductor primary winding and another
through the capacitor and coupled inductor secondary windings passes through the main
Switch S; as shown in Fig. 6.7 ().

The KVL equation (1) for the loop-1 circuit as shown in Fig. 6.7 (b) at 0<t<Ton can be

written as

Viv=Ln

diLﬂ; ® R ) 6.1)

Where L is the magnetizing inductance, Ri is the equivalent resistance by combining
switch S; ON state resistance and winding Nt resistance. Leakage inductance L is
neglected as it has very less value compared to Lm. During S; ON time, the input current
(linz) is approximately same as magnetizing current. Considering the minimum value of the
lin1 to ILmin, the time domain solution of equation (6.1) can be derived as:

Ry Ry

. V . .
Iing (€) :% 1-et -HLmineLm (6.2)
1

Similarly, for loop-2 as shown in Fig. 6.7 (c) the KVL equation is

digee (t .
Vi = LX %()-FRzlsec(t) (6-3)

Where Vy is the effective voltage = (Vc2+Ves)-(Viv+Ves), Lx is the effective inductance =
3L2 (L2 is secondary winding inductance), Rz is the effective resistance including switch
(S1) ON state resistance. The current in this loop is in the falling slope. Considering the
maximum value of the lsec 10 lsecmax ,the time domain solution of equation (6.3) can be
derived which is

-th 'R72t

. V. T .
Iinz(t) = R X11-e . Flgecmax® b (6.4)

2

The resultant input current can be derived by adding individual loop current for 0<t<Ton i.€.

iin (t) = iinl(t) + iinz(t) (6-5)
v R, Ru Ry, Ra,
i ()=—Y|1-e"n |+ et —=X|1-e" |+, e (6.6)
Rl RZ
The maximum value of the input current condition is derived by putting d/dt (lin(t)) =0
which is
. . fRe_Ry
Vﬂ_ Ril\ min — &_i_ Rolsecmax e t['—j L;] (67)
Lm Lm LX LX
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Equation (6.7) can be written as

A=Be (6.8)
The time for maximum value can be derived from (6.8) and using this time value, the
maximum input current value is also derived which is mentioned in equation (6.9) and

(6.10) respectively.

1 B
t==Inl 2 6.9
2 n[A] (6.9)
Ry ) Ry Ry
. Vv ACLn |V ACLy | . A\CLy . A\CLy
_'Lv .
linmax = R, 1_[§j _R_XZ 1_[Ej +|Lmin (E] Flsecmax [Ej (6 10)
. : R, R L L
V, R, . V R.i — ‘2 1 — m — —x
Where, A = | -tV _ "1 Lmin = x4y T2seemax | C=—=-— t,=—" gnd t,=—
oA ( Lm Lm j ° (Lx " Lx j LX Lm ' Rl ’ RZ

As in (6.6) it is clear that the minimum current can be found at the end of ON time i.e.,
t=DTs. By putting this timing value, the minimum input current value is derived. Thus, the
input ripple current is

Aiin :iinmax _iinmin (6.11)

-DT, 1 1 DT,
Aiin :{Vﬁ_il_ . ][e DtlT (AJCHJ_F(V_X_FiSeCmaXJ[(AJCtZ —e I?ZT J (612)
Rl min B R2 B

The magnetizing inductor (Lm) current ripple is

VDT
m — L

m

Ai (6.13)

Therefore, p.u. ripple current at LV side, which is a function of duty ratio can be calculated

Iin

from the ratio for the proposed BDC as shown in Fig. 6.8(d). For conventional single

switch BDC with coupled inductor of hybrid structure
A, =Al |, (6.14)
For interleaved structure BDC, the p.u. input current ripple ratio is found approximately
[20] as
A, 1-2D A, 2D-1

—n ="""vD<0.5 gnd — =—=VvD>0.5 (6.15)
Al 1-D

Lm 1-D Iim

6.5.2. Performance comparison with conventional interleaved structure

This non-ideality as per equation (6.15) of ripple current in interleaved structure is due to
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the dead time requirement between two complementary switches. In the proposed BDC
OFF time ripple current is not derived as converter in steady state the ON-time ripple is
same as OFF time ripple and there is no range of duty as single switch is used unlike
interleaved structure. The RIRC operation of the proposed BDC for different duty ratio i.e.,
D =0.5 D<0.5and D > 0.5 region is shown in Fig. 6.8(a), Fig. 6.8 (b) and Fig. 6.8 (¢)
respectively. The p.u. input current ripple compared to other methodologies is shown in
Fig. 6.8(d). From the theoretical results, it is clear that the input current ripple is almost
constant throughout wide duty ratio change unlike interleaved structure. Input current ripple
is less in interleaved structure as compared to current proposal in the duty ratio range
between D=0.44 to D=0.55. However, in other regions the proposed solution performs

better as also shown in Fig. 6.8 (d).

[ ]
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Ileax
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= BDC RIRC  Proposed BDC
>q\ 0.5 ‘r/ structure
< ~with RIRC
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8.3 0.4 0.5 0.6
Duty Ratio (D)
(©. (d)
Fig. 6.8. Input current ripple of proposed BDC at (a) D = 0.5 (b) D < 0.5 (c) D > 0.5 and (d) comparison of

input current ripple with conventional as well as interleaved BDC.

6.5.3. Operating principle of boost stage
To achieve RIRC and high conversion factor, five MOSFET switches, one diode, coupled

inductor and four capacitors are used in designing the proposed BDC. Simplified coupled
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inductor modelling with leakage inductance Lik is applied for the steady state analysis.

Capacitor voltage ripples are neglected to derive gain factors. Coupling coefficient (k) =

m

L

m Ik

~lwhereas n is winding turns ratio (Ns = Nt & n = Ns/Np). Boost and buck mode

of proposed BDC in continuous conduction (CCM) is discussed below. In CCM, the boost
operation of BDC is divided into five modes as shown in Fig. 6.9. Circuit diagrams for each
operating mode are shown in Fig. 6.11.

Mode 1 [to-t1]: In the beginning (to) of this mode, Sa is switched OFF at ZVS condition as
shown in Fig. 6.9. The current flows through D1 and body diodes of Switch Ss4. Switch
voltage of S; is zero due to body diode conduction. The equivalent circuit of the mode is
shown in Fig. 6.11 (a).

Mode 2 [ti-t2]: This mode starts with ZVS ON of S; at time t;. The magnetizing current
(iLm) starts rising. Coupled inductor secondary and tertiary winding polarity turned on the
body diodes of Switch Sz and Ss as shown in Fig. 6.11 (b). It ensures discharge

characteristics of capacitor C4. The loop current equations in this mode are

di, _digy _Vviy (6.16)
dt a L,
digy _Vep—Ver (6.17)
dt n’L,
digs _ Ves tVer —Ves —Viv (618)
dt n’L,

Mode 3 [t2-t3]: Similar to previous mode, Sz and Ss are turned ON at ZVS condition. The
capacitor C4 continue to discharge and magnetizing current (iLm) continues rise as shown
in Fig. 6.11 (c). By selecting the proper capacitance values of C1 and C; along with coupled
inductor secondary winding inductance (Lsec) half cycle quasi resonant current (0.5t)
operation is possible during DTs interval (DTs= 0.5t;) which makes Switch S; current stress
lower [36].

Mode 4 [ts-t4]: It starts with turn OFF operation of switch Si1, Sz and Ss. The polarity of
leakage inductance naturally makes body diodes of S and S4 in conduction as shown in
Fig. 6.11 (d). This ensures zero voltage of corresponding switches. Leakage inductance
energy is transferred to the capacitor C1. Capacitor C4 is in now charging through diode D;.
The electrostatic energy stored in capacitor Cz, Cs3 and magnetic energy of coupled inductor

winding is transferred to HV side. iLm starts releasing energy at this mode.
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Mode 5 [ts-t5]: Sz and Saare turned ON at ZVS condition at t4 where iLm continues in falling
slope. The stored energy of capacitor C», Cz and coupled inductor is transferred to the HV
side as shown in Fig. 6.11 (e). Stored leakage inductance energy is fully transferred to C;
before end of this mode which ensures natural ZCS OFF of S,. The current equations in

this mode are

dijy _dis; Ve —Viy (6.19)
dt  dt L
dig, Vi —Ves—V
s4 _Yvv "Ve3 " Vc1
= 6.20
dt n’L, (6.20)

Mode-1 | Mode-2 | Mode-3|Mode-4]Mode-5

Fig. 6.9. Key waveforms of proposed BDC in boost mode.

6.5.4. Operating principle of buck stage

There are seven sub-modes in buck operation of proposed BDC as shown in Fig. 6.10. The
circuit diagrams for each mode are shown in Fig. 6.12. The switching time of one cycle is
Ts.

Mode 1 [to-t1]:

Switches S, Sz and Ss are turned OFF as shown in Fig. 6.12 (a). Body diode of switches
S1, Ss and S4 become forward biased due to the winding polarity. It helps to achieve ZVS
ON of Switch Sy at time t1. ZVS turn OFF operation is also possible for S; and Ss due to

body diode conduction.
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Mode 2 [t1-t2]:

This mode is shown in Fig. 6.12 (b) where Switch S4 is turned ON under ZVS. The reverse
current which is flowing into HV side becomes zero as shown in Fig. 6.12 (b).

Mode 3 [t2-t3]:

In this active mode like buck converter, energy is transferred from the HV side to the LV
side through capacitor Cs, C; and coupled inductor. Inductor polarity helps to turn ON body
diode of the Switch S, as shown in Fig. 6.12 (c). The loop current equations in this mode

are
dij - dig, _Ve1—Viv (6.21)
dt dt Lm
diss _ Viy =Ver —Ves —Ver (6.22)
dt n’L,

As shown in Fig. 6.10, the magnetizing current (im) is rising in this mode. But the direction

of increment is in negative region which signifies opposite power flow.

A

S2|S4 (1-D)Ts |

1>

5153

T

is1/
Ica

Fig. 6.10. Key waveforms of proposed BDC in boost mode

Capacitor C; charges through the body diode of Switch S, and C4 charges through D1. ZVS
ON operation is possible due to the body diode conduction.

Mode 4 [ts-t4]:

Mode 3 ensures zero voltage of Switch S, which enables ZVS ON operation of S in this
mode. This mode stops when Cy is fully charged. The circuit operation is similar to previous

mode as shown in Fig. 6.12 (d).
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Mode 5 [ts-t5]:

The circuit operation is similar to previous mode as shown in Fig. 6.12 (e). In this mode
capacitor Cy is discharging. The operation of proposed BDC from mode 3 to 5 is like active
state of buck converter.

Mode 6 [ts-ts]:

In this mode, the main Switch Sy is turned OFF and the body diode of switches S, Sz and
Ss become forward biased. This mode is same as freewheeling state of the buck converter.
Capacitor C», Cz charges and C; discharges as shown in Fig. 6.12 (f). ILm starts falling as
inductor is releasing energy. The switch voltages of Si, Sz and Ss are zero as body diodes
are in full conduction. This enables possible ZVS turn ON in next mode.

Mode 7 [te-t7]:

In this mode, Switches S1, Sz and Ss are turned ON under ZVS condition. The current paths

are similar to Mode 6 as shown in Fig. 6.12 (g).

()
Fig. 6.11. Boost Mode of proposed BDC in CCM: (a) Mode 1 [to-t1] (b) Mode 2 [t1-t2] (c) Mode 3 [to-ts]
(d) Mode 4 [ts-t4] (€) Mode 5 [ta-ts].
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Fig. 6.12. Buck Mode of proposed BDC in CCM: (a) Mode 1 [to-t1] (b) Mode 2 [ti-t2] (c) Mode 3 [to-t3]
(d) Mode 4 [ts-ts] (€) Mode 5 [ts-ts] (f) Mode 6 [ts-ts] (g) Mode 7 [te-t7].

6.5.5. Voltage gain and boundary condition

A. Boost Mode Voltage Gain:

The voltage gain of the proposed BDC to achieve RIRC operation can be derived from volt

sec balance equation of coupled inductor primary (Vim), secondary (Visec) and tertiary

windings (Vit). The active boost state of BDC is shown in Fig. 6.11 (c). Leakage

inductance voltage is denoted by Vi« These voltages are related to input low voltage
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through coupling coefficient (k). In this article for simplicity in analysis k=1 is considered.
Therefore Vim=VLv, Vik=0, Visee=VLT=nVLv. C1 and C4 voltages can be derived from volt
sec balance from secondary and tertiary winding voltage loop.

_ D(n+1)

Cy LV

o (6.23)

_VLV
Ve, =D and v

Similarly, using volt-sec balance, capacitor C», C3 and output voltage can be derived.

Viv nv
V. =| n+—=¥ RLLY 6.24
c, [ 1-DJ Ve, o (6.24)

The voltage gain in boost mode including effect of coefficient of coupling (k) is

2nk +4D(k -1) +2(2-k)v
Viv = Vo :( =V

n (6.25)

The voltage gain (6.25) variation for different coupling coefficient is shown in Fig. 6.13.
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Fig. 6.13. Static voltage gain in boost mode for different coupling coefficient.

The output voltage can also be derived and boosting factor in CCM is

2n+2 VHV _ 2n+2
Yov = Yo =5 Y Mew =y " 1D (6.26)
- LV

The comparison of voltage gain factor (Mccwm) during boosting mode for n=1 is shown in
Fig. 6.14 (a). The boundary conduction mode condition is also derived from CCM and
DCM voltage gain and output capacitor charge balance equation in terms of normalized
time constant.

From the boundary condition critical conduction mode is derived in terms of normalized

time constant (tLmb) Which is.

(6.27)
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B. Buck Mode Voltage Gain:
Applying similar approach, the voltage gain in buck mode operation of the proposed BDC

is derived. For coupling coefficient k = 1 the capacitor voltage equations are.

Vv (n+1)(1-D)
Ve, = % Ve, :( D Viv (6.29)
Voltage gain in buck mode is.
v
M ccu Yy D (6.30)
Vipy 2n+2

Comparative result of buck stage gain at k=1 between current proposal and existing
solutions is shown in Fig. 6.14 (b).

C. Voltage stress, current stress and comparison

The steady state voltage stress of main Switches (Si, S4) and auxiliary Switches (Sz, Ss, Ss)
are important for selecting correct voltage rating of MOSFET. Voltage stress (Vsw) of main

switches i.e., S1 and S4 of proposed BDC are,

Yiv _ Vv gng v, :V% (6.31)

V = _LV
S 1D 2n+2

Similarly, auxiliary switch voltage stress for Sz, Sz, and Ss are respectively

=_HV =B and ve. =—V 6.32
2 S5 oN+2 HV ( )

The normalized voltage stress for HV (Ss) and LV (S1) switch is compared with other
topologies as shown in Table-6.1. VVoltage stress is comparatively less than other solutions
found in literature. This enables to select low rating MOSFET switches which has lower

155



ON state resistance.

Table 6.1
Switch Voltage Stress Comparison Of Main Switch
Proposed [12], [13], [14], [10] [17], [18] [11] [19], [20],
[15, [26]] [16], [21]

HV Side | v, n Vi Viy Vi Vi

_HY_ .y —HV_ HY ZHY
(Se) 2n+2 net n+2 3 2+D 2 Viv
LSV Slde VHV VHV VHV Vﬂ VHV Vﬂ VHV
(S 2n+2 n+1 n+2 3 3-D 2 1-D

D. Switch Current Stress:

The average, RMS and peak current of Switches S1.5 is derived from the operating principle
of proposed BDC as shown in Fig. 6.11 and Fig. 6.12 for both the operating modes. The
low voltage side input average current (lin) is derived from power equivalence of input to
output. The tertiary winding branch capacitor C4 average current is zero from charge
balance. Similarly, the magnetizing current (iLm) is derived from charge balance of high

voltage side capacitor.

Vv [(n+1)]
M 6.33
= DR, (6.33)
The magnetizing current (iLm) ripple value is
Vv, DT,
Ai, =—=— 6.34
Lm 2Lm ( )

By proper selection of capacitor values of Cy and Cz, main switch current (S1) peak value
can be reduced by maintaining half cycle resonating time equal to switch ON time as

mentioned in [36]. The peak value of Switch Sy is

ISl_ Peak — Iin_Peak + Iwinding 2_Peak (635)

_ 2V (n+1) N Viy &

I = 6.36
S1_Peak (1-D)RL 1-D |_2 ( )
Similarly, the peak current for high voltage side Switch Ss is
2v,, (n+1) v D@-D)T
IS4_Peak = HV( ) +- 4D - (6.37)
n(-D)R.  4n(n+1)L,
The peak switch currents of Sy and Sz are respectively,
. - H ~ VLV Ceq
Is_peak = Iim_peax AN ls3 peak =75 T, (6.38)

From the operating waveform as shown in Fig. 6.9 the RMS values of S; to Ss is derived.
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i ~2+n—+Di and | ~L ﬁ (6.39)
S1-RMS (2+2n)\/5 LV S3-RMS 2(1-D) Lz .

DT 2
. 2(1+n) : . 17 Cop . 2m
lspmrms = ——— /DbuHV and lgs ps = . [— Veeq | SIN—t dt (6.40)
1-D T '([ Leql T
iS4—RMS ~ i|_m-min (1_ D) (6.41)

v,D /C 1-D
D,=—%— [ (1-cos(2nD))x| —
Where, D, Iy 2( cos(2n ))x(n 1]

Similarly, current equations for buck mode are derived. The RMS values of switch currents
are essential to calculate theoretical conduction loss of the proposed BDC. The RIRC
operation and main Switch S; (LV side) current stress is compared to other topologies as
mentioned in Table-6.2.

6.5.6. LV side input current ripple comparison

The low voltage side current ripple comparison is mentioned in Table-6.2. Due to
topological advantages the current ripple performance is constant throughout all duty ratio

operation.

6.5.7. Theoretical loss calculation

The RMS values of switch currents can be calculated in both the buck and boost mode of
CIBDC which is explained in previous section. These RMS current values are essential for
calculating theoretical conduction loss of active switches. Thus, total conduction loss in
buck mode is

5
P i2 R (6.42)

u-buck — IRMS_Buck  IDS-ON
Similarly, total conduction loss for boost mode is,
6 -
P =Y'j? R (6.43)

Cu-boost = IRMS _Boost  DS-ON

Parasitic resistance value of coupled inductor windings and capacitor create extra ESR

conduction loss in both the operating modes. The ESR loss of boost mode is
4
02 02 02 2
i R +i R +i R +;'Ci_ms R, (649

P =i : :
ESR-boost ~ Cigps pri ESR - IRMs windingz ESR  IRMS winding3 ESR
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Similarly, the ESR loss in buck mode is

4
-2 -2 -

P =i +i +i? Z

ESR-buck = igps pi ESR  IRMS windingz ESR IRMS_winding3 ESR i RMS 'ESR

(6.45)

Due to soft switching operation of all active switches, the switching loss is neglected in
both the operating modes. Ferrite core is used for designing the coupled inductor and core
losses are derived from the data sheet, loss density curve [47] with respect to flux density
change for a given frequency. Based on the converter operation the change in the flux
density is

AB=_ VnvD(1D) (6.46)
2AcN, Ty, (n+1)

Where, primary side turns ratio is Nz, core area is Ac. Thus, core loss can be easily
theoretically derived as

Poore=| W/em® | x Volume (6.47)
Therefore, considering all losses of CIBDC, the efficiency (6.48) is derived for both

operating modes.

.- Py (6.48)
P, +P

cu_buckiboost T Peore T PESR_buck/boost

6.5.8. Parameter design and soft switching condition

Coupled inductor number of turns (n) is derived from voltage gain equation of boost mode
of BDC which is

(6.49)

The magnetizing inductance is derived from the normalized time constant at boundary as

mentioned in equation 6.50. Therefore, to ensure the CCM operation in proposed BDC

m = > 6.50

RLTs z-Lm 2-Lmb ( )

R . D(1- D) (651)
2fS (n+1)?

High voltage side capacitance (Cnv) is derived from change in capacitor charge based on

change in capacitor ripple voltage (AV).
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TABLE 6.2
COMPARISON OF LV SIDE MAIN SWITCH CURRENT STRESS AND INPUT CURRENT RIPPLE AT BOOST MODE@200W

Topology
Input Current Ripple Waveform Switch RMS Current Main Switch Current Waveform Peak Switch Current RIRC
Tin (A) IS1(A)
5
Proposed | ,? o~ ) _ 2+n+D . 8 7 /) ~ Vv (+D) Vi (G YES
4 ls1.rms = Iy . / / = + [Better than
35 | \ Y (2+2n)vD (I-DR.  1-DYL, Interleaved]
3 0
4.46414 4.46415 0.19228 0.1923
Time (s) Time (s)
lin (A) 1s1(A)
2
[25] QA . v s v v AT, (1 AT 2 / / _Viy(h+2)"  v,DT; YES
M6 LW LW LW/ =i.y,/D| 1+ 1+ = 8 [-f /- /- n?(1-D)’R 2L, [Interleaved
j(];: v. 4 Y. V. I Lmin 3 L min 4 ,/ ,/ ,/ - Structure]
: ] J
0.62322 0.62324 0.62326  0.62328 0
Time (s) 0.18844 0.18846 0.18848
Time (s)
lin (A) Is1(A) 2
26 " ; , P ~ vy (n+1)?  v,DT, vES
L2 =1, 0+ B A== DR, L,
m / / / [Interleaved
4 i 4 I/ /. /.
0 Structure]
3.8 + +
062452 0.62453  0.62454 01827 018272  0.18274
Time (s) Time (s)
lin (A) IS1(A)
14 : _1+n+D . NO
[14] 12 /) /) /) s1-rMs = @2+n) D'V 12 / / / Vv(M+D)@24n) vy [Ce
P w7 e | v / / (1-D)’R, 1-Dy\ L,
/. \ /. \ /. \
0 - 0
1.9636 1.96362 1.96364 0.1827 0.18272 0.18274
Time (s) Time (s)
lin (A) IsT (A)
[21] | ¢ ° YES
Al 1 Al
AT AV A =iy J D (1+ - (“——L D I/ / _ Viyb VDT [Interleaved
2 v/ \v/ \v/ \v/ I Lmin 3 I Lmin 2 I (1_D)2R L Li Structure]
0 D=0.4

0.63344 0.63346 0.63348
Time (s)

0.52615 0.52616 0.52617 0.52618
Time (s)
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COMPARATIVE ANALYSIS OF DIFFERENT NON-ISOLATED BDC

TABLE-6.3

Topolog | No of Passive No of Power Flow Suitable for Voltage Gain Power Measured Efficiency RIRC
y Components Switches 350-400 Volt Level
and Diodes interface with Boost Buck Boost Buck
48 volts
Coupled Switch-5 Bidirectional | Yes, and less no n+2 D 250W 95.5% 94.6%
Propose | Inductor -1 Diodes-1 of winding turn D n+2 YES
d Capacitors-6 (n=1) [Better than
Interleaved]
Inductor -2 Switch-8 Bidirectional Yes (for n>2) n+2 nD 1kwW 96% 96%

[25] Coupled n(1-D) 42 YES
Inductor-1 [Interleaved
Capacitors-5 Structure]
Coupled Switch-8 Bidirectional Yes (for n>2) n+1 D 1kwW 94% 94%

[26] Inductor -2 B E YES
Capacitors-4 [Interleaved

Structure]
Coupled Switch-4 Bidirectional | Yes, and less no n+2 D 300W 95% 94.1%
[14] Inductor -1 of winding turn E E NO
Capacitors-4 (n=2)
Inductor -3 Switch-4 Bidirectional Not suitable 1
[21] Capacitors-3 (Insufficient . D 200W 96.1% 95% YES
. 1-D
Gain) [Interleaved
Structure]

[31] Inductor -2 Switch-6 Bidirectional Yes D 480W 94.3% 95% YES

Capacitors-6 1-D 4 [Interleaved
Structure]

[32] Coupled Switch-5 Bidirectional Yes n+1 D 200W 96% 93% No
Inductor -1 —_*n
Capacitors-5 1D n+1+nD

[34] Coupled Switch-4 Bidirectional Yes 2042 D 400W 95.6% 95.9% YES
Inductor -2 1-D ez [Interleaved
Capacitors-5 Structure]
(circuit-3,
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1/0-2)

[35] Inductor -2 Switch-6 Bidirectional Yes 4 D 2kwW 97% 96% YES

Capacitors-6 E : [Interleaved
Structure]

[17] Inductor -2 Switch-5 Bidirectional Yes D+2 D 400W 90% 92% NO
Capacitors-7 D 3D

[10] Inductor -3 Switch-8 Bidirectional Yes 3 D 800W 93.5% 93% NO
Capacitors-6 1D 3

[12] Inductor -1 Switch-4 Bidirectional Yes n+l D 400W 95% 94% NO
Coupled T —_
Inductor-1 b n+l
Capacitors-5

[13] Coupled Switch-4 Bidirectional Yes n+1 D 300W 94% 94.5% NO
Inductor -1 B E
Capacitors-4

[15] Coupled Switch-4 Bidirectional Yes n+l D 500W 96% 96% NO
Inductor -1 B E

Capacitors-5
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i D
C>—HY— 6.52
HV fSWAVHV ( )

Low voltage side capacitance is designed from buck operation using capacitor charge and

voltage ripple.

Vv (1-D)
T 16(n+1)LfA AV,

Lv (6.53)

Similarly, the values of the intermediate capacitor C1, C2, Cz and C4 are derived based on

the ripple voltage and charge.

i, D 2i, D
>—=— and C, > —LV— (6.54)
nfy, AV, nfe, AVe,
D and C D (6.55)

32 12—
2(n+1)f,, AV, (n+Df,, Avg,

6.5.9. Results and Discussion

The simulation study of proposed BDC is performed using PSIM 9.1.1. A scaled down 250
W prototype converter is designed as shown in Fig. 6.15 (a) to test the steady and transient
state performance in real time microgrid energy storage interface. Performances like input
current ripple in LV side is measured to validate the theoretical findings. Other steady state
performances like soft switching of all active switches for both operating modes are also
tested. The switching frequency is 50 kHz of the proposed converter. The designed

parameters for the prototype are mentioned in Table-6.4.

TABLE-6.4
HARDWARE PARAMETERS

Converter Specification

V|_V =48V VHV =380V Po = 250W
faw=50 kHz
Design Parameters Value Part Number
Coupled Inductor Lm=44 pH, Turns Ratio 25:25 (n = 1), Ferrite Core PQ 32/30
Lleakage =8.26 pH
Switch (31, S, Ss, Ss) FQP34N20 (Vds =200V, Rgs=0.075Q FQP34N20
1:=31 A.)
Diodes (D) FRD IN5401
Switch (Sa) FQP17N40 (Vgs= 400 V, Rgs= 0.27 Q, FQP17N40
1:=16 A.)
Capacitor C1-C4 10uF
CHV ZZOIJF
C|_V 100|JF

Overall control system is implemented using NI-cRIO 9082 FPGA interface. The voltage

sensor module i.e. N1-9225 is used to sense HV side voltage from common DC bus link.
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Digital PWM signals for S; to Ss is generated using D/IO module N1-9401 as shown in Fig.
6.15(c). For isolation stage optocoupler (6N137) is used from NI-cRIO 9082 controller to
MOSFET driver i.e. IR2110. The total system for hardware for verification is shown in Fig.
6.15 (a), Fig. 6.15 (b) and Fig. 6.15(f).

) _ <y P
Heat Sink / PWl(/l Gate 2
Power Input- - 85 f Pulses-0V-15V

LV Side 5 1 /]\ N

y &
' -
Power Output Vi
HV Side } /

Fig. 6.15. 250W BDC converter with RIRC operation (a) Power Circuit (b) Top view of Power Circuit (c)
LabVIEW based NI-cRIO 9082 Controller.

The input current from LV side is summation of capacitor current (ic4) and coupled inductor
primary current (lpri). For duty ratio D = 0.5 and D = 0.3, the two branch currents are
measured as shown in Fig. 6.16 (a) and Fig. 6.16 (b) respectively. The LV side input current
ripple for D=0.5 and D=0.3 is measured without using any LV side filter capacitor to show
performance improvement of ripple current using proposed technique as shown in Fig. 6.16
(c) and Fig. 6.16 (d). These two branch currents are controlled through one main switch
(S1) and possess opposite slopes during ON time as well as OFF time. These opposite slope
characteristics helps to reduce the input current ripple similar to the interleaved structure,
but with only one main switch. The current proposal provides minimum input ripple current

throughout the duty ratio range unlike interleaved structure as discussed in section-6.4.
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Fig. 6.16. Two individual loop currents i.e. ics and Iy at LV side for (a) D = 0.5, (b) D = 0.3 and input
ripple current without Cyv for (c) D=0.5 (d) D=0.3.

Comparative study is performed for different duty ratios to verify the input current ripple

performance of different topologies, i.e. (a) interleaved based (b) without interleaved based

structure and (c) proposed technique. The RIRC performance is mentioned in Table-6.5.

TABLE-6.5

Comparison of RIRC between interleaved and proposed method

Interleaved Ripple Current and RIRC Voltage gain

ForD=0.5 Ripple=0, RIRC=Yes Do not help in improving voltage gain
For D=0.3 Ripple=0.44p.u. RIRC=No Do not help in improving voltage gain
For D=0.6. Ripple=0.51 p.u. RIRC=No Do not help in improving voltage gain

Current Proposal
(DTs=t, & DTs<t;) [29]

Ripple Current Reduction (RIRC)

Voltage gain

ForD=0.5 Ripple=0.17 p.u. RIRC=Yes Helps in increasing voltage gain
ForD=0.3 Ripple=0.27 p.u. RIRC=Yes Helps in improving voltage gain
Other BDCs Ripple Current and RIRC Voltage gain

0.1<D<0.9 Same as inductor ripple current, Helps in improving voltage gain

RIRC=NO
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Interleaved structure provides very good RIRC operation and ideally zero input ripple
current at D = 0.5. However, for other duty ratios especially D < 0.44 and D > 0.55, the
RIRC operation is not maintained. The interleaved structure performance better compared
to conventional BDCs, where no current sharing at LV side is reported. The input current
ripple is same as of the inductor or magnetizing inductance ripple content in the
conventional BDCs, which forces to choose a large inductor size compared to its
interleaved counterpart. Current BDC performs well in terms of RIRC for wide duty ratio
range. Another benefit of the current proposal is achievement of similar characteristics as
of the interleaved structure using reduced switch count. Additionally, the current proposal
not only reduces the current ripple but also helps to improve the voltage gain unlike
interleaved structure. As described in the previous section, the soft switching of all active

switches is also important to achieve higher efficiency operation from the proposed

converter
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Fig. 6.17. Soft switching, i.e. ZVS operation of S; to Ss of the proposed BDC in boost mode (a-e), (f) 1kW
DC microgrid test bed.

Using inherent synchronous rectification operation ZVS is achieved for switches S; to Ss
in both buck as well as boost modes. The soft switching operation of the switches used in
proposed BDC are shown in Fig. 6.17. Similarly, during buck mode of operation, the soft

switching performance is also tested as mentioned in Fig. 6.18.
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Fig. 6.18. Soft switching i.e., ZVS operation of S; to Ss of the proposed BDC (a)-(d) in buck mode and
response during load change from (d) 200W-250W-200W in buck mode, (g) 250W-200W-250W in boost
mode.

Small signal average model [37] is adopted for controller design for proposed BDC and
output voltage is stable during load change as shown in Fig. 6.18 (e) & Fig. 6.18(f). From
all theoretical average and RMS currents of winding, switches, and capacitors different loss
components are determined theoretically to determine the efficiency at different loading
points in buck as well as boost mode. The proposed BDC structure utilized single turn (n =
1) compared to other solutions where (n > 2) is generally used. Thus, the core and copper
loss in the coupled inductor are less compared to other proposals [14], [25-26], [12].
Winding currents during charging as well as discharging are also less as parallel paths are
formed. The practical efficiency is measured using a power quality analyzer APLAB-
PQA2100E. The theoretical and practical efficiency for both operating modes is shown in
Fig. 6.19. The theoretical efficiency is higher as ideal current waveforms are considered for
calculating loss. The Skin effect and other parasitic effects of loss are neglected while

calculating the converter losses under different loading conditions.

Efficiency at Boost Mode Efficiency at Buck Mode
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Fig. 6.19. Efficiency determination of the proposed BDC at different loading: (a) boost mode, and (b) buck
mode at V| v=48V.
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Current BDC has lesser current stress at main switches i.e., 15-20% less peak current value
and has less input ripple current for wider duty ratio range compared to other alternatives
like interleaved based BDC [25-26] and conventional high voltage lift BDCs [14,], [12],
[13] etc. A detailed comparison with other proposal is mentioned in Table-6.3. The loss
distribution of proposed BDC in boost and buck mode at 250W are shown in Fig. 6.20 and
Fig. 6.21 respectively.

ESR-3%

Core
S3-7% p].gy, -OSS4% SI S2 S3 S4 S5 DI Corecopper ESR

(a). (b)
Fig. 6.20. Loss distribution of proposed BDC in boost mode (a) % share of loss (b) individual component wise
loss.

The loss in coupled inductor is more due to coil resistance and higher loss in diode D1 limits

further efficiency improvement of proposed BDC in both the operating modes.

S1-15% FSR-10%
52-2% 6
$3-5% _
$4-3% 24
$5-5% 3
2
D1-5%

Core Loss-3% 0
Copper Loss-51% S1 S22 S3 S4 S5 DIl Corecopper ESR

(a). (b)
Fig. 6.21. Loss distribution of proposed BDC in buck mode (a) % share of loss (b) individual component wise
loss.

6.6. Summary

In this chapter, a new circuit is proposed to reduce the LV side input current ripple, attain
high voltage gain, better current sharing and RIRC operation. The circuit has potential to
replace high gain network to design interleaved structure-based dc-dc converter. The
current proposal reduces the number of switches and provide parallel paths for the current

at LV side to achieve high conversion gain and efficiency to makes it suitable for 48V to
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400V system. The proposed BDC has 15-20% less peak current at main switches and
uniform low input current ripple over a wider duty ratio variation compared to the
interleaved structure. The LV side input ripple current in interleaved structure is 0.44 p.u.
for D=0.3; whereas 0.27 p.u. in the presented concept for same duty ratio. This means up
to 17% reduction of the ripple current is possible. All the active switches in the proposed
BDC topology are soft switched utilizing synchronous rectification, which guarantees
reduction in the switching loss and helps to achieve higher efficiency. The coupled
inductor winding core loss as well as copper loss are also reduced due to smaller number
of turns (n=1 in the proposed case) compared to [14], [25-26]. The measured peak
efficiency of proposed BDC is 96% in the boost mode and 94.5% in the buck mode of
operation. For wider load range, the average efficiency is above 94% for all operating
modes which makes it suitable for integrating storage interface for microgrid.
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Selection Methods of Passive Components tn

BDC comnected to LVDC Microgriol

/

The application of BDC converter connected to microgrid is very
important. As per the discussion, the BDC should operate
instantaneously during any power mismatch between sources to
load. The mismatch problem is critical when source is PV panel
due to its intermittent power generation. Therefore, for
maintaining constant DC link voltage is necessary for stable
microgrid operation and it is a major challenge. The BDC should
operate instantaneously, but power converter cannot alone make
the system fast and reliable. The system components are also
source of delay during transition event. The large delay make
system unstable even though BDC'’s are highly efficient and fast
acting. Therefore, proper selection of system components
especially passive components like capacitor, inductor is very
critical. In this chapter the passive components selection
procedure for BDC connected microgrid is discussed in details.



7. Selection Methods of Passive Components in
BDC connected to LVDC Microgrid

7.1. Introduction
In the previous consecutive chapters, the high efficiency, high voltage gain and low stress

BDC converter with less current ripple is discussed. In this chapter the application of
BDC in microgrid is discussed for reliable operation. The general structure of BDC

connected to microgrid is shown in Fig.7.1.
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Fig. 7.1. BDC connected to microgrid.
The application of BDC converter connected to microgrid is very important. As per the

discussion the BDC should operate instantaneously during any power mismatch between
sources to load. The mismatch problem is critical when source is PV panel due to its
intermittent power generation. Therefore, for maintaining constant DC link voltage is
necessary for stable microgrid operation and it is a major challenge. The BDC should
operate instantaneously, but power converter cannot alone make the system fast and
reliable. The system components are also source of delay during transition event. The
large delay makes system unstable even though BDC’s are highly efficient and fast acting.
Therefore, proper selection of system components especially passive components like
capacitor, inductor are very critical. In this chapter the passive components selection
procedure for BDC connected microgrid is discussed in details.

7.2. Proposed Capacitor Selection for PV Interfaced Converter

Power electronics converters (PEC) are interfaced in the configurations of photovoltaic
(PV) power generation system [1]. Generally, a capacitor is connected between the PV
panel and power converter to filter voltage ripple and current ripple so that ripple content

will not affect the PV panel [1]. There are three regions of operation of PV sources i.e.,
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constant current region, constant voltage region, and constant power region [2]. Constant
power region is the required mode of operation for extracting maximum power from the
PV panel. Different MPPT algorithms [2] are found in the literature to ensure PV operation
in the constant power region. In the static or slow environmental change conditions PV
panel voltage and current do not change much and therefore these MPPT algorithms can
operate accurately. The selection of capacitance is not important in a static condition.
However, these algorithms perform inaccurately under dynamic environmental conditions
[3] as they rely on the voltage and current sensing information. PV panel voltage changes

with irradiation “variation operated in MPP condition as shown in Fig. 7.2.
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Fig. 7.2. PV voltage change at MPP with irradiation (G) variation.

The capacitor voltage does not change immediately with irradiation variation due to circuit
time constant. Again, the sensing and processing delay of the algorithm takes additional
time. These delays in PV system should be as small as possible for tracking error-free MPP
operation. Several advanced control techniques [4-5] are proposed by researchers to track
reference power changes accurately with irradiation and temperature variation. There are
two approaches i.e., using (a) advanced control technique (b) low capacitance value to
optimize settling time [6], found in the literature to extract maximum power from PV under
rapidly changing environmental conditions. Different adaptive control techniques like
FPPT as proposed by H.D. Tafti et.al. [7] using modern digital signal processor (DSP)
confirms good MPP operation under sudden irradiation change. Again, multi-mode FPPT
is proposed by H.D. Tafti et.al. [8], where small adjustment in voltage is processed in
controller to achieve fast dynamics. For multi-string structure under inhomogeneous
irradiation, maximum power point tracking error is nullified by time-sharing MPPT [9]
technique. This problem is also addressed by S. Selvakumar et.al. [10], where the fast
determination of global maximum power point (GMOP) is achieved in conjunction with a

boost converter.
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However, capacitor selection-based solution to minimize settling time for error-free point
tracking is not yet explored which is simple and cost-effective. Capacitor selection based
on PV micro inverter [11-13] does not concentrate on the impact of capacitance for MPP
operation. Lowering the perturbation period compared to system settling time can improve
MPPT performance but it increases steady-state oscillation. The correct capacitance value
between the PV panel and PEC with accurate perturbation time can eliminate error in MPPT
performance in varying conditions. In this chapter initially impact of PV panel parameter
and capacitance value on MPPT is discussed including ripple power effect. Finally, the
capacitance value is selected for the minimization of settling time which allows low
perturbation frequency operation and error-free MPPT on dynamic environmental
conditions. This also guides the inductor value selection to avoid oscillations in DC link

voltage.

7.3.1. System Configuration and Dynamics

Boost converter is selected as PV interfaced PEC for analyzing and testing the effects of
output capacitance (Cf) on MPPT. The configuration is shown in Fig. 7.3. Simple
perturbation-based technique (P & O) is considered to extract MPP from PV panel in this

work because it is simple and effective [1], [14].
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Fig. 7.3. PV system with boost converter.

Sensed voltage and current signal from a solar PV panel is essential for duty ratio
determination of boost converter to extract maximum power. When irradiation changes at
loaded condition, the capacitor (Cs) voltage, i.e., the PV panel voltage, should change to a
new value as per Fig. 7.2 immediately. However, the circuit time constant introduced by
the capacitor between the PV panel and the boost converter, Cs, restricts the immediate
voltage change as shown in Fig. 7.4. This time delay is considered as source side time
constant delay in this work. This delay together with the time required to sense the capacitor

(Cs) voltage Vr, PV current and the processing time create an additional delay. Therefore,

176



the total time delay considered while analyzing the performance of maximum power point
extraction under irradiation change is the combination of source-side time constant delay
and sensing-processing delay.

The quantity Pki in Fig. 7.4 represents the reference power from PV and Pkaz is the actual
power after implementing the MPPT algorithm. Slow rate irradiation change with
minimum delay ensures constant power region or MPPT operation and considered as ideal

case as shown in Fig. 7.4.
A

|
: ATG>ATcontroI +ATPV

:
N Dela))| ATcontrol
I \ D |
| JI/ | Zero MPPT Error

Delay ATpy |
Sensingand ! !
- processing- Deray‘i """"""""" ‘t """"" e >
1 1 Time [Sec]
ATcontrol

Fig. 7.4. Ideal MPPT dynamics with zero error under irradiation change, where AG is change in irradiation,

ATpv is time delay due to PV time constant.

A high value of Cs is practically recommended to decoupling the power from the DC side
to the AC side and minimize the voltage ripple [10]. However, a large capacitance value
increases the source side time constant so that the voltage change is not instantaneous after
an irradiation change. Thus, change in control signal (voltage and current) takes time as
well as processing the control decision (duty ratio) to track maximum power lags in tracking
actual maximum power. This is considered a non-ideal case of tracking maximum power
and creates a non-negligible error. From Fig. 7.5 it is clear that change in irradiation varies
reference maximum PV panel power but due to delay in control signal the converter is
unable to change duty ratio and hence creates a significant error in tracking maximum
power. This problem is more pronounced when irradiation change time is less compared to
PV panel time constant with capacitor and MPPT tracking error increases as shown in Fig.
7.5. The reference power Pk2 and actual power after MPPT Pka2 are not the same because

Pka2 holds the previous power condition as duty ratio does not change. Therefore, the
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minimum circuit time constant will ensure an accurate MPPT performance. This also
eliminates the usage of complex control techniques like adaptive control [15]-[16] etc. for

extracting MPP.
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Fig. 7.5. MPPT dynamics with tracking error under irradiation change, where AG is the change in irradiation,
ATpv is time delay due to PV time constant.

7.3.1.1. System dynamics from PV equivalent circuit model

System dynamics under irradiation variation can be derived using an equivalent circuit
model of PV. Single diode model [1] of the PV panel is adopted in this chapter as shown in

Fig. 7.6. The output current and voltage from one PV cell are I=lpn-1g-1sh and V respectively.

N e (7.1)

t Rsh
Th VIR, ang V= 7.2
us, I=l - se[exp( v )1] R an q (7.2)

where, ¢: charge of the electron (q=1.6x10"°C) K: Boltzmann Constant. T: Temperature
in K. Rsh: Shunt resistance, Rse: Series resistance, n: Ideality factor and lse: Reverse bias

saturation current.

Irradiation
&
N\

¢
29
«—\—>
1l
N
N

Fig. 7.6. Single diode model of PV panel.
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From the equivalent circuit (Fig. 7.6) of PV, the voltage and current dynamics can be easily
derived both in open circuit and loaded condition. The open circuit PV voltage equation (3)

across capacitor (Cs) is
v()=i. ()R, {u(t)-u(t)ecf R *Ran) ] (7.3)

Where, u(t)= Step voltage, v(t)= PV voltage and ii=PV current.
The output PV voltage contains steady-state as well as transient information. System

dynamics can be expressed by equation (7.4).

-t
V(t)transient :ii (t)RSheCf (RSh +R59) (7'4)
Under loading condition, the transient equation (7.4) can be written as

t(Z+Rg, +Ryp)

i, (t) o CrZRy R,.) (7.5)

V(O yansient =
transient 1 1 R
—+—| I+
Rsh Z Rsh

The transient slope of the PV voltage should be maximum to attain faster transient response

under irradiation change and can be derived from equation (7.4) and (7.5) which is

i (OR IR
-_LOR, __ IR, (7.6)
Cf(Rsh+Rse) Cf(Rsh+Rse)

| M| — ‘ dvoftransient
dt

Where ii(0) =l
Short circuit (SC) condition of PV panel provides worst transient performance. However,
during MPPT operation of PV converter, the impedance is non-zero. Therefore, designing
a maximum M value ensures minimum error in tracking maximum power at rapidly
changing environmental conditions. But finding maximum M value requires information
about series resistance (Rse), shunt resistance (Rsn) which are temperature and irradiation
dependent. In this work PV panel parameters are determined through an extraction model
originally proposed by J.A.Gow etal. [17], which is accurate for power electronics
application. It is described by the following equations.
1,=K,V(1+K,T) (7.7)
&
1,=K,T% "/, Rse=K3+%+K5T, R, =Kge" " (7.8)
Where, Ko=-5.729X107, Ki1=-0.1098, K=44.5355, K3=1.47, K4=1.612X10% Ks=-
4.474X10°3, Ke=-7.31X10% Ks=2.303X10° and Koy=-2.711X102. V= PV Voltage at

different temperature (T), irradiation (G), and T=Ambient temperature in Kelvin (K).
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From equation (7.6) and (7.7), the maximum slope (M) of PV panel KC 200GT is calculated
which is a function of the irradiation, temperature and different values of Cs. Theoretical

results are reported in Fig. 7.7 where the base value of Cs is taken as 1000pF for calculation.
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Fig. 7.7. Change in M with variation in ambient temperature T (K) and solar irradiation G (Watt/m?) for
different capacitor values.

It is evident from Fig. 7.7 that at C+=0.2 p.u. the transient delay is least for different
temperature (T) and irradiation (G) as the slope (M) is maximum. Similarly, for C+=1.5 p.u.
provides longer transient delay as the slope is very small compared to C+=0.2 p.u. Thus,
theoretically, very low capacitance ensures better MPP tracking performance. However, in

practice, the capacitance value should not be too low based on PV panel rating and ripple

power effect.
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Fig. 7.8. The value of M at different ambient temperature in Kelvin.

Fig.7.8 reports the effects of temperature variation on M, considering different p.u. values
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of Cr. Again, according to Fig.7.8 low capacitor ensures higher M value for better dynamic
response under temperature variation and at constant irradiation. Temperature increment
not only degrades PV panel efficiency [1] but also decreases slope (M) which further
degrades MPP performance

7.3.1.2. Ripple power effect on capacitor (Cr) selection

DC link capacitor (Co) before H bridge voltage source inverter (VSI) plays an important
role in capacitor (Cs) selection as this value can be indirectly determined through
comparison of Zi, looking from the output terminal of the boost converter. Therefore, the
steps are initially to find the optimum value of C, for minimizing ripple power when VSI
is connected to the grid and secondly to find out effective input impedance of boost
converter taking the calculated C, value. Finally comparing Zcic and Zin the accurate
capacitor (Cs) value is derived. The system of analysis is shown in Fig. 7.9 and Fig.7.11.
Line inductance is considered as Li and Si-S4 are MOSFET switches. Vg is the dc-link

capacitor voltage.

T g i
T ; VDC BLs
I N IC Sl J 83 J
(_)CO ~ |AC_’
= P>
- g} 21 ¢ ¢
Gate Driver

Fig. 7.9. Single-phase full-bridge inverter.
Let, the low-frequency component output voltage to be sinusoidal and equal to

V=V, sinet and 1,.=I_sin (a)t - go) where o is grid frequency and ¢ is phase angle
difference between Vagand lac. Thus, the instantaneous power injected to the grid is
Pout=Vaclac with v, =V sinat —alL,|_cos(at—g).

The output power can be sub-divided into P =P, +P

e Were if Iac is controlled in phase
to Vac. The derivation of ripple power is mentioned in appendix A,

VoI oLl
b :sz|m cos and Py :_%Cos(za)t—q))— 2' ™sin (20t - 2¢) (7.9)

av

Line inductance is very small and therefore by neglecting it, equation (8) can be rewritten

as
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P o = Vm2|m cos(2at—p) = \/Pa\zl [1_(8"'1_(”) }sin (20t -2¢+y) (7.10)

cos @

Thus, P

ripple

Where, B=, [P. 1—(‘“”—(/’)
cos @

The voltage ripple of dc-link capacitor is determined from ripple power expression. This

=Bsin (2wt — 2p+y) (7.11)

voltage ripple contains dominant 2" order harmonics of line frequency and elimination of
this harmonics is essential for successful decoupling between DC to AC side which is still
a major problem [18]. Capacitor voltage dynamic equation can be written as,

. dv
V, i, +V,C, —=
dt

dc’dc

=Bsin(20t—2p+y )+ P, (7.12)

The ripple power creates an extra circulating loss within the boost converter which degrades
the life of the PV system. Large capacitors are generally recommended to avoid this effect.
The voltage equation across Co can be obtained by solving,

VAR
Peap =P, =Vyel, = - cos (2t — )
2 (7.13)
V,.C Wee __ Vol cos(2at — @)
gL LLEE LU ot —
dc ™o dt 2 ®»

The dc-link capacitor voltage as well as the maximum and minimum capacitor voltage

result as
V.
vV, :\/(N-Zc""—msm(Za)t—(p)j (7.14)
oa)
VmIm
Vdc_max = (N + ZCOCOJ (715)
lem
Vdc_min = N- 2Coa) (716)
V +V . 2
Where, V,, = —==—="0 N = v2 (hj
2 4V, C. .o

Equations (7.15) and (7.16) can be greatly simplified in

lem

V., 7.17
dc _max av 4VaVCO(D ( )
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V.1
Vdc min Vav - (718)
- 4V C o

av -~ o

From equations (7.15) the range of C, can be derived

VI
C, Z[ o ] (7.19)
4'(Vdc_max _Vav)vavw
Therefore, the minimum capacitor is
A
C, in = m_m 7.20
> (decfmax _decfmin)a) ( )

Maximum dc-link voltage can be calculated by taking minimum voltage at 1 p.u. for
different value of capacitances. Similarly, from equation (7.19) the minimum capacitance
value is derived which is 0.2724 p.u. for an average voltage of 1.0 p.u. as shown in Fig.
7.10.
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Fig. 7.10. DC link capacitance (C,) selection region with minimum capacitance point.

The region above the minimum capacitance point as denoted in the Fig. 7.10 is capacitor

selection region for proper decoupling
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Fig. 7.11. System Configuration
Using (7.12) and (7.13) the capacitor current (ic) can be obtained as,
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lem _
. - cos(2at—¢) (7.21)

2
lem _ lem 1 _
(vav+4vav COwJ Zcow(l+sm(2a)t ?))

The dc current (igc) can be measured by applying KCL at the node of boost converter load

which is,

i,.|=i.+i,| as shown in Fig. 7.9 and Fig. 7.11. Further, the capacitor current for
different capacitor values is determined and plotted as shown in Fig. 7.12 (a). It is clear
from the figure that the capacitor current does not vary much with changing capacitor value
at a constant average dc-link voltage. But the capacitor current is prone to change with

changes in average dc-link voltage at a constant capacitor value as shown in Fig. 7.12 (b).

Capacitor Current (Co=1 p.u.) Capacitor Current (Co=0.5 p.u.) Capacitor Current (Vav=1p.u.) Capacitor Current (Vav=1.5 p.u.)
0.4 0.5
0.2

0 0

-0.2
-0.4 -0.5

0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02

Time (s) Time (s)
(@), (b)

Fig. 7.12. Capacitor current (in p.u.) variation with (a) capacitance variation with constant dc-link voltage (in

p.u.) (b) Variation in average dc link voltage (in p.u.) at constant capacitance.

Again, I, =1 _sin(at—g), is only valid if dc link voltage is greater than the maximum value

of ac side voltage (Vdc>Vm). Therefore, 100 Hz ac component ripple can be decoupled with
low-value capacitor Co.
7.3.1.3. Selection procedure
As per the discussion in PV panel parameter Cs value should be low for accurate MPP
extraction under irradiation variation. However, C, is having a minimum value as given in
equation (7.19) for proper decoupling. Thus, comparing the effective equivalent impedance
(Zin) looking from C, with Zcqc, the correct Cr value is determined which ensures proper
power decoupling and error-free maximum power tracking. For a boost converter, the input
impedance (Zin) depends on the duty ratio (D), Ct and inductor Lo. The Rs value is the
combination of Rse, Rsh, and ESR of inductor Lo.

1 s°L,C,R, +sL,+R;

Z = 22
" D? 1+sR,C, (22)

For large Cs value Zin is dominated by inductor L>. However, Cs value should not be too
high to make error-free power point tracking. Hence input impedance (Zin) is plotted taking
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C¢=0.2 p.u. and other parameters from Table-1 with frequency variation greater than 1 kHz.
Again, the impedances (Zcic) of Cqc are plotted under different Cqc values as per the
minimum value requirement as given in equation (7.19). From Fig. 7.13, it is clear that the
Zin is higher than Zqc for all frequencies greater than 1 kHz.

Bode Diagram

50
— 60
v //
30 — = —Zin 1 50
/// —— Zede(1mF)
= 20— — Zedo(200uF) ||
) 40
o 10
S —
% 0 — 30
20 = —

-40
10*
Frequency (rad/s)

Fig. 7.13. Input impedance (Zi») of boost converter with impedance (Zcdc) of Cac.

Thus, proper decoupling is achieved from DC to AC side and high-frequency component
of the boost converter is achieved successfully. Therefore, the PV voltage is regulated
properly using a DC-DC boost converter with small ripple. This is achieved with full-bridge
ac current regulation using small dc-link capacitor and source-side capacitor value
minimization. The settling time [19] depends on the capacitor value both in MPP region
and constant current region (CCR) which are respectively,

= In(a\15) (7.23)

E.;PV(Dn
In @ \ /1-.§§,V J (7.24)

PV
1/ 1 |L C 1
Where &, z—[— —2+R, —fj and o, ~
2\ r, \j C, \/ L, JL.C,

The worst dynamic performance of PV is at short circuit condition, therefore {pv at short

And T, =-

circuit (SC) condition is the guiding parameter of selecting perturbation frequency.

R, [C
s ¥ /L_f (7.25)
2

Therefore, the perturbation time interval (AT) should be greater than TA in short circuit
(SC).
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R
PVSC n

In (Am ) (7.26)

Thus, for low capacitor value, the settling time becomes lower and low perturbation
frequency can effectively track the MPP under steady and dynamic condition. This settling
time is important in MPP tracking performance. For lower settling time, the MPP

performance is better compared to higher settling time as shown in the Fig. 7.14. The error
(j|PF,V — Py ) is calculated using adding difference Pvpp and Pey which is running within

continuous while loop in Lab-View programme under a step variation of irradiation.

A C=0.2 p.u
R >
C+=1.0 p.u.
2.4 Sec—h
P2 ----------------- )

o1

[EEN

wm
eeeee (D eeee-

(]

Y

ti Time (Sec) U

Fig. 7.14. MPPT performance and settling time with different capacitance value.

Therefore, correct selection of the capacitance (Cy) is essential to reduce settling time so
that MPP performance can be improved. It should be mentioned that the PV power should
reach its steady-state before the next MPPT perturbation is applied. Therefore, the settling
time will determine the maximum MPPT sampling rate. Finally, the low capacitance at
source side (Cr) and dc-link capacitance (Co) ensures correct MPP tracking of PV and
successful decoupling of DC to AC side. The system configuration to validate the

theoretical finding is mentioned in TABLE-7.1.

TABLE-7.1
SYSTEM CONFIGURATION
Components Parameters Part Number
PV Panel (One Unit) Voc=32.9 V, Isc=7.61 A KC 200GT
Pmax=200 W
Boost Converter Vin=201t0 40 V MOSFET: IRF640

V=80V, L,=1mH
Co=400uF , C+=200uF
fsw=10kHz

Ferrite Core: PQ
Optocoupler (6N137) based
Gate Driver: IR2110

H bridge Inverter

PWM method= Sin-triangle PWM
Carrier Frequency (fc)=5 kHz

MOSFET: IRF 640
Gate driver: IR2110
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1kVA

Central Controller for boost Programming in  Lab-View Scan NI cRIO 9082

converter and H bridge Inverter  Interface. Module:
NI 9401, NI 9227 (current sensor)
NI19225 (Voltage Sen sor)

PV interfaced capacitor (Cy) C=200 uF@ 350V, 1000uF@450V ST1047, HO45
(Electrolytic)
Transformer Step-Up type, 1IkVA Turns Ratio (1:5)

The performance of proposed error-free maximum PV power extraction system with
correct capacitance value is compared with existing techniques like adaptive control,

flexible multi-MPPT control, though all the existing methods are based on control

techniques.
TABLE-7.2
PERFORMANCE COMPARISON

Methods Processing Delay & Settling Time Tracking Error”
Hardware Complexity (Sec)

PV Micro inverter with P& O algorithm  High

[3] Low  ADC requirement Min-6.5 ~16-17%
(Approx 10kspa)

Computational Barden: Low

PV Microinverter with adaptive P&O Medium

control [10] Fast ADC  Rrquirement. Min-0.034
(Approx.30ksps) Max-5.1 1-2%
Computational Barden:
Medium
Flexible Multi-MPPT Control. [20] Medium
Fast ADC  Rrquirement.
(Approx.30ksps) Min-3.0 Medium
Computational Barden: High
Adaptive FPPT Control [7] Medium
Fast ~ADC  Rrquirement.
(Approx.30ksps) Min-1.2 Min-3.3%
Computational Barden: High  Max-10.5 Max-14.4%
Proposed capacitor selection-based P&O Low
MPPT. Low  ADC requirement
(Approx 10kspa) Min-2.4 Min-2.9%

Computational Barden: Low
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From TABLE-7.2, it is clear that all the existing methods for tracking error-free maximum
power are based on advanced control techniques. These control techniques increase
computation burden and do not guarantee a zero error maximum power extraction under
the changing environment as they are based on same voltage and current dynamics. The
proposed technique guarantees true error-free power extraction as voltage and current
dynamic changes quickly as per change in irradiation and temperature.

7.3.2. Results and discussion

From the previous discussion, it is clear that for low capacitance value ensures better
performance of MPP tracking from PV under varying environmental conditions. It also
confirms better performance at low perturbation frequency when a perturbation-based
technique is used for extracting maximum power. PSIM 9.1.1 software platform is used for
simulating the proposed system and 500W practical PV laboratory prototype system is used
for validating the proposal. From Figs. 7.15 (a) and 7.15 (b) it is evident that MPP

performance is better at C+=0.2 p.u. than C¢+=1.0 p.u. case.

Pmax (Watt) Po(Watt) Pmax (Watt) Po(Watt)
120 120
100 100
80 80
60 60
40 40
35 4 45 5 55 6 4 45 5 55 6
Time (s) Time (s)
(@ (b)
Pmax (Watt) Po(Watt)
120 ‘
100
80
60
40
3.96 3.98 4 4.02 4.04 4.06

Time (s)

©
Fig. 7.15. (a) Power point tracking with C=0.2 p.u. (b) Power point tracking with Cs=1 p.u. (c) Zoomed view
at t=4sec in power point tracking with C¢ =1.0 p.u.
Delay is higher with high Cr in MPP tracking. The high value capacitor takes a larger time
to settle the new voltage value as shown in Fig. 7.16 (a) during irradiation change at 4 sec
whereas the voltage change is almost immediate at low Cs. Therefore, the MPP error is

greater with a large value of capacitor (Cs).
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Capacitor Voltage-Vcf (Volt) Capacitor Voltage Cf(Volt)

16.8 17
16.6
16.4 165
16.2 16
16
15.8 15.5
15.6 5
35 4 45 5 55 6 4 45 5 55 6

Time (s) Time (s)
Fig. 7.16. (a) Capacitor voltage for C+=1.0 p.u. (b) Capacitor Voltage for Ci= 0.2 p.u.

The proposed concept is applied in 500W prototype PV panel system as shown in Fig. 7.17.

The control environmental condition is designed using NI-cRIO 9082.

il Ay PV Emulatior
500 Watt Rooftop
PV Panel

Single Phase w &
Capacltof W N _Inverter Transformer

2 - e .wf
Je Boost ; W
i L‘ ’Convener

) NI-cRI09082 g
g\ B 7

100 Ah Lead Acid 5
Battery

Fig.7.17. Hardware set up.

The MPP power is calculated by measuring PV voltage (V¢f) and current. Temperature
effect is ignored as temperature is almost constant during measurement. MPP tracking
performance is tested for different irradiation variations (600W/m?-500W/m?2-400W/m?-
800W/m?2-600W/m?) with low capacitance (C+=0.2 p.u.) as shown in Fig. 7.18 (b). Under
the same conditions, the tracking performance degrades with higher capacitance (Cs=1.0
p.u.) as shown in Fig. 7.18 (a). The practical results as shown in Fig.7.18 (a) and Fig. 7.18
(b) confirms that MPP error is less with low capacitance i.e., at Cs =0.2 p.u compared to

C=1.0 p.u. The hardware results matches with the simulated results.
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Fig. 7.18. Maximum power point (MPP) tracking performance (a) with C+=1.0 p.u. (b) with C=0.2 p.u. Y
Axis: [Yellow-Pmpr Maximum power point, Blue-PV available power] (20 Watt/div), X Axis: Time
(2.5s/div).

Perturb and observe (P & O) MPPT method is tested at a step irradiation changes from 300
W/m? to 1000 W/m? with higher capacitance and lower capacitance value. It is found that
the same P and O MPPT algorithm performs better as settling time is less (2.4 sec) with
lower capacitance (Cs=0.2p.u.) compared to higher capacitance (Ct=1p.u.) as shown in
Fig.7.19 (a) and Fig. 7.19(b). Fig. 7.19 (c) shows a better tracking performance under a

pulse irradiation variation.
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Fig. 7.19. P&O Performance at step irradiation change (300 W/m2-1000W/m?) with different capacitance
(a) C=0.2p.u. (b) Ci=1.0p.u. (c) Better tracking performance with Cf=0.2 p.u. (300 W/m2-700 W/m2-300
W/m?)

Another testing (step change of irradiation from 300 W/m?2-1000W/m?) is performed

CH3 200
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implementing incremental conduction (IC) method of MPPT for performance verification
with lower value of capacitance. The settling time is less i.e., 2.1 sec for lower capacitance
(Cs=0.2p.u.) whereas it is higher i.e., 4.9 sec for higher capacitance (C+=0.2p.u.) in IC
method of MPPT as shown in Fig. 7.20.

Tek - @ itop M Pos: 80.0mms AUTOSET Tek L @ itop M Pas: 500.0ms AUTOSET
- +
e R e
---Peyi40widiv ---Pey:40widiv
—»f 2.1 Sec < —» /4.9 Seci€—
L e
WW —--Ip\/ZZA/diV W.——/‘. ———IpV:ZA/diV
I+ I+
2 2+
Unda Unda
futoset Hutoset
CH2 2004 1 1.00s CH2 2004 1 2508
CH3 200y 19-D0éc-131%:05 CH3 200y 19-08c-131%:22
(@) (b)

Fig. 7.20. IC Performance at step irradiation change (300 W/m?2-1000W/m?) with different capacitance (a)
Cs=0.2p.u. (b) C+=1.0 p.u.

A comparison is performed with P & O and IC method as mentioned in TABLE-7.3, which
confirms betterment in settling time and error tracking performance with using low
capacitance value.

Table-7.3
Performance Comparison
Methods Settling Time Tracking Error”
(Sec)
P & O Method with C¢=0.2 p.u. 2.4 2.9%
P & O Method with C¢=1.0 p.u. =~5.1 6.8%
IC Method with C¢=0.2 p.u. 2.1 2.74%
IC Method with C¢=1.0 p.u. ~4.9 6.47%

The error in tracking MPP increases with a higher capacitance value as shown in Fig. 7.21.

2.57
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£ 27 1
5 &
(o]
en
&
= 1.5 1
(]
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5
[=9}

1 L 1 Il Il Il Il Il

0.2 0.4 0.6 0.8 1 1.2 1.4

Capacitance (p.u.)
Fig. 7.21. MPP Error for different (Cs) in p.u. @ 500W PV Panel.

However, low capacitance value has a restriction in practical application based on the power
of PV system. For a small power PV system, a low capacitance value is suitable. As shown
in TABLE-7.4 the preferable design of PV based power extraction system is simulated and
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tested. The MPPT performance at partial shading condition is tested with C+=200uF. Two
250-Watt PV panels are connected in series with uniform irradiation at 800 W/m?,

Irradiation is changed to 200 W/m? in one panel during operation to achieve partial shading
effect.

Table-7.4
Capacitor Selection Value With Wattage and Error
Capacitor Selection value Power of the Irradiation Variation Error
(Electrolytic) System
1000uF 4000W 800-1000 watt/m? 2W
(Simulated)
1000uF 2000W 800-1000 watt/m? 42W
(Simulated)
800uF 1200W 800-1000 watt/m? 30.5W
(Simulated)
800uF 1000W 800-1000 watt/m? 24W
(Simulated)
200uF @ 350Volt 500W 800-1000 watt/m? 6W

(Simulated and Tested)

The power extraction performance at shaded condition with C+=0.2 p.u is better compared
to high Cs=1.0 p.u. as shown in Fig. 7.22 (a) and Fig. 7.22 (b). As P & O algorithm fails to
track the global maximum point (GMP) under partial shading therefore better algorithm

with low capacitance (Cs) value performs better in terms of tracking GMMP.
Tek . @ Stop M Pas; 1.00s AUTOSET Tek . @ Stop M Pos: 1.00s AUTOSET
- +

-
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a —> 31 » —> 4.8 Secie—
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Ll i e e
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CH3 20,04 19-D0Ec—19 1227 CH3 20,04 19-Déc—13 1222
(@) (b)

Fig. 7.22. PV output at partial shading (a) with Cs= 0.2 p.u. (b) with C=1.0 p.u.
Delay is measured in lab view font panel using waveform chart. NI 9225 (voltage sensor)
and NI 9227 (current sensor) are used to measure PV power and analog channel NI 9263

is used after power scaling for analog power output as a voltage signal as shown in Fig.
7.23.
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Fig. 7.23. (a) NI 9225, NI 9227 module (b) NI 9263 analog output module (c) Programme in Lab-View for
the measurement.

From the analysis, it is clear that the impact of capacitor (Cs) on MPPT performance of PV
panel using fixed perturbation frequency under irradiation and temperature variation is not
negligible. The capacitor (Cs) value is selected based on parameters like maximizing M,
settling time and ripple power. This selection further confirms the perturbation frequency
which guarantees accurate MPP tracking under varying environmental conditions. Based
on 500W prototype study, it is found that in an average extra 4.5W power is lost if Ct value
is selected as 1000uF instead of 200uF. Again, with low capacitance (Cs) value reduces the
settling time in each perturbation. Therefore, perturbation frequency can be limited to
extract correct MPP for different environmental conditions. The capacitor value helps in
extracting maximum power from PV using simple P&O algorithm and also reduces system
delay time during any perturbance of source voltage or load variation.

7.3. Inductor Value Selection for Boost converter and BDC
The inductor value can be designed based on the switching frequency and inductor current

ripple similarly like the procedure used for swiched mode power supply design. However,
for the PV dominated microgrid there is a need to crosscheck another major condition
which if neglected can leads to sustained oscillations in the DC link voltage. The PV panel
as per characteristics can be considered as dependent current source as shown in Fig. 7.24
(@). Therefore, connecting boost converter directly i.e., inductor direct conection with

dependent current source as shown in Fig. 7.24(b) is a wrong and PV panel has to bear the
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ripple current which degrades the PV panel life. Therefore, capacitor is required for
supplying the ripple current and it has a huge impact on MPPT performance which is
discussed before. The capacitor value is already calculated from the analysis discussed in
this chapter. But, if inductor value is selected based on ripple current then there may be
sustained oscillation as there is a formation of LC resonant tank as shown in Fig. 7.24(c)
and if resonating time is same as switching time then oscillation will come at the DC link
output of boost converter. The switching time or perturbance time is already selected based
on MPPT algorithm. So, only component left is inductor. Thus, inductor value should be
such so that

nL,C; >> fi (7.27)

sw

The equation (7.27) guides the accurate value of the inductor for PV connected converter.
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Fig. 7.24. PV panel connected converter (a) equivalent circuit model (b) dependent current source with serier
inductor (b) correct configuration.
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7.4. Design of LVDC Microgrid including Storage Interface

The procedure discussed for selecting capacitor and inductor for PV connected microgrid

system is very important for achieving less time constant for improving transient

performance from the system. Thus, this system configuration with faster BDC ensures

better dynamic performance. A laboratory prototype of 48V, 1kW DC microgrid is

designed using NI-cRIO 9082 as central controller for performance verification of proposed

BDC. The hardware set-up is shown in Fig. 7.25.
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Fig. 7.25. (a) Four parallel PV channel boost converter (b) gate driver circuit using IR2110 (c) total automated

set-up.
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7.5. Importance of Circuit Delay in LVDC Microgrid

When all the subsystems in a microgrid are connected in cascaded both from PV power
string or from battery power string or combined the circuit time constant increases. For
example, PV main string total delay is

Tpy T DC/DC +Tsystem :Tstring-l (7-28)
Similarly, battery power string delay is
Tbattery _H:BDC +Tsystem :Tstring-z (7-29)

For faster switching from PV power to battery power to meet load demand and stabilize the
DC link voltage both these delays should be as small as possible. By making faster DC/DC
or BDC converter will not solve the whole system dynamic performance. Thus, the system

delay is very critical for achieving faster response and enhanced stability.

7.6. Summary
In this chapter the importance of accurate selection of passive components of PV

dominated microgrid system is discussed. The capacitor and inductor value selection
procedure and its impact on system dymamic performance is tested. The guideline for
selecting system components is discussed in detailed in this chapter. The circuit time
constant reduction is equally important as reduction in time constant of BDC or DC/DC

converter for dynamic performance improvement.
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Ch apter-

Cconclusions and Future Works

In this chapter the achievement through this work is summarized as
conclusion and works need to be done for further betterment and
unsolved question is left as future scope.



8. Conclusions and Future Works

8.1. Conclusion
This current work started with several unsolved topological question and requirement to

design high efficiency; high voltage gain bidirectional DC-DC converter suitable for
storage interface in microgrid. The designed converter can also be applied to auxiliary
power supply for EV. Coupled inductor based non-isolated BDC topologies are designed
for less than 1kW rating and peak efficiency achieved is greater than 95%. GaN-FET
based wide bandgap device is also adopted for achieving better efficiency. The main

contributions of this thesis are,

(@) Proposed a new coupled inductor based generalized boost structure which can
provide voltage gain >10 at duty ratio range between 0.4-0.5 using coupled
inductor with number of turns n=2. The proposed circuit has inherent low switch
current stress at low voltage side main switch.

(b) Proposed a new high gain, high efficiency coupled inductor based bidirectional
DC-DC converter suitable for 48V-380V interface system in microgrid. The
designed converter is able to operate at base average efficiency of 93% in all
loading conditions during both buck and boost mode of operation. Single turn
(n=1) winding coupled inductor is used for designing the circuit. The circuit has
parallel path structure at low voltage side to share large current.

(c) Proposed a new L-D based GaN-FET driver for reliable switching operation of
GaN-FET based converter. The proposed gate driver is used for GaN-FET based
implementation of proposed coupled inductor based BDC converter. 1-1.5%
efficiency improvement is found compared to MOSFET after using GaN-FET
switch. The proposed GaN-FET driver ensures zero false triggering event with
larger drain current with dead time.

(d) Proposed a new circuit which can potentially replace the interleaved structure for
minimizing input current ripple of low voltage side. The proposed structure also
helps in designing high voltage conversion factor in both the operating modes.
The ripple current is very low at low voltage side of BDC and it allows to select
very low value of filter capacitor. The source ripple current is almost flat for

variations in operating duty ratio.
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(e) In the last chapter passive component design technique is discussed especially for
PV dominated microgrid. The capacitor selection procedure is proposed for
achieving error free MPPT operation from PV using simple P&O algorithm. The
capacitor selection procedure also ensures less circuit delay from system point of
view. In this chapter inductor selection criteria is also mentioned for achieving
faster microgrid response. This helps BDC circuit to act quickly during mode

changeover and ensures stable DC link voltage for all disturbances.

Therefore, the current study is important for finalizing high efficiency topology of BDC
especially for microgrid and EV application. This work also provides system passive

component selection method for faster response and better utilization of PV power.

8.2. Future Works
The future works which are necessary to investigate in the continuation of this current work
are

(@) The stability of DC/AC/hybrid microgrid using BDC under sudden disturbance
from source side or load side or both needs to be investigated. The implementation
of exact higher order model of BDC is a challenge in microgrid stability issue.

(b) Slow response time from BDC as well as microgrid impacted on frequent line
tripping of grid connected microgrid. This frequent tripping during mismatch events
needs to be investigated. How the system response time impacted on the stability
and relevant guideline needs to be explored.

(c) Internal stability of AC/DC microgrid using BDC needs to be investigated.
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Appendix-A

Derivations:
Chapter-3

Voltage Gain Derivation: Sy is the main switch of the proposed topology. When S; is

ON energy is stored in the magnetizing inductance.

(b)
Fig. A.1 Coupled inductor based generalized boost converter circuit for (a) ON time (b) OFF time.

The voltage equations from Fig. A.1 (a) are

Ve =Via Vi (A1)

L
Vi, =(1-k)v k=—"—
Where, Vi ( )dc and L L

m Lk
Therefore, V|, =kv,., v, =nkv,, (A.2)
VL2 +Vy = VC2 (A.3)
nkvdc Ve = Ve (A4)
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During OFF time of S; the voltage equation from the circuit

Vg Vi + A=KV =V (A.6)
Vi =Vy +(K=2)v,, (A7)

Applying volt-sec balance in primary inductor L1 capacitor voltage C is derived i.e.
kdvy, =[v, +(k-2)v, J[1-d] (A.8)

By solving this equation,

2d(k—1)+(2—k)}
V., =V )
cl dc |: 1— d (A 9)
Similarly, voltage across C can be derived which is
2d(k-1)+(2-k
NKV,. +vd{ (k=1)+( )} =V, (A.10)
1-d
2d(k-1)+(2—k
vdc[nk+ ( 13;( )}:vc2 (A1)

Again, applying volt-sec balance at secondary inductor the output voltage equation is

derived

2d(k—1) +(2—k)

nkdv,, =[v,][1-d]—[nk + 4 1[1—d] (A.12)
[V,1[1-d] = nkdv,, +[nk + 2d(k _11: (2= k)][1— d] (A.13)

By solving this equation output voltage equation is derived i.e.

V,

o

:[nk+4d(k—l)+2(2—k)} (A14)

1-d

<

For ideal coefficient of coupling k=1 the voltage gain of the boost stage can be derived as
v, [n + 2}

L=— (A.15)
v, [1-d
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Chapter-3
Loss calculation and theoretical efficiency determination:

As per suggestion, theoretical loss calculation in the proposed DC-DC converter at 100W is
mentioned based on selected components summarized in Table-Al.

Theoretical loss calculation includes,

Table-Al
@ MOSFET Losses Conduction loss
Switching Loss
(b) Diode Losses Conduction Loss
Switching Loss due to reverse
recovery
(©) Coupled Inductor Losses Core loss
Conduction loss
(d) Capacitor losses Conduction loss due to ESR

The detailed discussion of loss estimation for 100 W is mentioned below.
Diode Losses:

(i) Diode Conduction Loss (Pgc)
IN5401 diode is used in designed prototype. The cut in voltage (Vy) is 0.61 V. The dynamic
on state resistance for the diode is calculated from datasheet which is 12m€Q.

Now, for calculation of diode conduction loss [1-2], RMS and average value of diode current
is essential as mentioned in equation (1)

-2 -
Pic = laaws)fa(on) TV, la aug) (A.16)

**

[1] Application note ST microelectronics ANG604.
https://www.st.com/resource/en/application_note/cd00003894-calculation-of-conduction-
losses-in-a-power-rectifier-stmicroelectronics.pdf.

[2] Mohan, N., Undeland, T. M., & Robbins, W. P. “Power electronics: Converters,
applications, and design”, New York: Wiley, 1995.

For diode D; the RMS current and average current is respectively mentioned in equation
(A.17) and (A.18)

iy mus) = rll_—:)z i,/D, Where D»=0.08 (from equation (13) for D=0.5, n=1 (A.17)
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n+2

ANd iy ) = o P (A.18)

0 b

Similarly, for diode D> RMS current and average current is respectively mentioned in
equation (A.19) and (A.20)

1 % c 21 i
i = |—= v, [Zsin| —t || dt A.19
oams) =4[ I(JL [TS j] (A19)

For D=0.5 duty ratio and t=DT; the diode D> RMS current can be rewritten as

] v Ceq . \Y; Ceq
g 2(rus) = ?1 - and average current iy 2ag) = jl . (A.20)

2 2

Similarly, for diode D3 RMS current and average current is respectively mentioned in

equation (A.21) and (A.22)
id3(RMS) =i,4/1-Dy-D (A.21)

Id3(avg) = io (A.22)
Conduction loss for D1:
lj1aus) = 8:33V/0.08 = 2.35A and gy ) = 8.33X0.08 = 0.664A
Thus, Py = i Taon TV, g ag) = (0.06+0.405)W = 0.46W
Conduction loss for D2:

. 2.1 di 2.1
Id 2(RMS) = ?A =1.05A an Id 2(avg) = 7A = 0.668A

Thus, Py = i s Ts(on +V, laarg) = (0.013+0.407)W = 0.41W
Conduction loss for Ds:
i) = 138805 =0975A and ga(aq) =1.38X05=069A

Total diode conduction loss=1.3W

(i) Diode Switching Loss (Pdsw):
During turn OFF time due to reverse recovery there is a power loss [3-5]. This loss can be
derived by taking ideal diode switching current waveform as shown in Fig. A2.

206



s

id(t)‘

|
' | |
|
| okt
' I : |
. 'L I | |
| —_—— = _|_ R /\
Palt) = /N
: I | |
| | |
| ! N\
Vd(t) | i : : time(t)
' [
Neloodeooodl DN
t {2 tg t

Fig. A2. Diode turn-OFF loss due to reverse recovery.

Peak reserve diode current (irm) can be determined from the data sheet which depends
reverse blocking voltage.

- t
The reverse recovery time (tr)= '(;e__M(H 5) ,where s is the softness factor= t—" = % , tr=tatty
Id a a
dt
Total reverse recovery charge (Qrr)=Qa+Qb= %trrim
The switching loss in diode can be derived
“ Vy maci t Vgi
(Pasa)= L [v, o, (e = metmte g YeluCh ¢ (A.23)
T 6 3

swofy
Where Vamax=Vr=Reverse diode voltage or blocking voltage.
**
[3] Application note ST microelectronics AN5028.

https://www.st.com/resource/en/application note/dm00380483-calculation-of-turnoff-
power-losses-generated-by-a-ultrafast-diode-stmicroelectronics.pdf.

[4] F. Casanellas, "Losses in PWM inverters using IGBTSs," in IEE Proceedings - Electric
Power Applications, vol. 141, no. 5, pp. 235-239, Sept. 1994.

[5] O. Al-Naseem, R. W. Erickson and P. Carlin, "Prediction of switching loss variations by
averaged switch modeling,” APEC 2000. Fifteenth Annual IEEE Applied Power Electronics
Conference and Exposition (Cat. No.0OOCH37058), New Orleans, LA, USA, 2000, pp. 242-
248 vol.1.
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Switching loss for diode D1

Vr=24V, irm=0.2pA from datasheet for 24 volts. Change of diode current (D1) is same as
change in magnetising inductance current in the primary winding of coupled inductor.

Ay iy 12\, Sec=0.27V/pSec
at dt 44

The softness factor (S<1) can be found from datasheet which is 0.3

Thus, tr= iF{M (1+5) =0.96uSec
Idl
dt
o =1t i =0.006nCand q =2 =% —0022pc
"2 ( 1) 433
1+°
S
Thus, the switching loss (Pdisw) = Vdma;'mtb f, =VR'2”Qb £, = 24X0'2X:'022X50x1olsw
=0.0018pW

Switching loss for diode D2

Vr=48V, irm=0.54A from datasheet for 48 volt. Change of diode current (D>) is same as
change in secondary inductance current of coupled inductor.

Ay _ Ol _ 24\ See2.926V/nSec
dt dt 8.2

The softness factor (S<1) can be found from datasheet which is 0.5

Thus, tr= LR_ (1+5) =0.253)1Sec
IdZ
dt
Q ; lt[’f‘iRM :0-063pC and Qb = er = & = 0'0211pC
) ( 1) 3
1+°
S
Thus, the switching loss (Pazsw) = Vdma;'wtb f, :VR'R;Qb £, = 48X0'5X2'0211X50x1015w
=0.0844pW

Switching loss for diode D3

Vr=48V, irm=0.5pA from datasheet for 48 volts. Change of diode current (D>) is same as
change in secondary inductance current of coupled inductor.

Ay _ Gl _ 24\ Sec2.926V/pSec
dt  dt 82

The softness factor (S<1) can be found from datasheet which is 0.5
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Thus, tr= gei_M(H 5) =0.253uSec

dt

Q, = %trriw =0.063pC and Q, = O __ Q; =0.0211pC

1+—
S
it Vgio, Q

. v 48 0.5x0.0211x 50
Thus, the switching l0ss (Papsw) = —dmedmis § b =K “2 k107
6 3 3

%

=0.0844pW

Therefore, total diode conduction and switching loss=1.32W
MOSFET Losses:

Total MOSFET losses [6-7] can be written as

] V. i f
~ 2
PMOSFET = ISW(RMS)rd (on) + S :;Nmax = (tr +tf ) (A-24)

Switching voltage stress (Vswmax) of the MOSFET is 24V and the dynamic ‘on’ state
resistance of MOSFET at this condition is 35mQ.

The switch RMS current is =

0

(nD+n+2)«/5. 1£Aim
—_— 1 l+—-]
(1-D) 3

| o2

i
The rise time (t) and fall time (tf) can be calculated from MOSFET datasheet which are

60nSec and 45nSec respectively.

The maximum switch current (iswmax) =9.1A
2 Vi ma] f _ 3
Puoseer = 12w sy s on) +W(tr +1, ) =1.34+0.1911=1.53W

Therefore, total MOSFET conduction and switching loss=1.53W

**

[6] T. Nag, S. B. Santra, A. Chatterjee, D. Chatterjee and A. K. Ganguli, "Fuzzy logic-based
loss minimisation scheme for brushless DC motor drive system," in IET Power Electronics,
vol. 9, no. 8, pp. 1581-1589, 29 6 2016.

[7] R.W.Erickson and D.Maksimovic, Fundamentals of Power Electronics, 2" ed. Norwell,
MA, USA, Kluwer, 2001.

Coupled Inductor Core losses and copper losses:
Core Loss:

Core loss is calculated form designed core parameter [7] (PQ core), Ag=1.61cm?, In=7.47cm.
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v, DT,
Change of flux density (dB) = % =0.0298T
n

g

The power density (Watt/cm?®) can be calculated from datasheet [7] of core material which
in this case is 0.03Watt/cm?.

Thus, the core loss (Pc) = (Watt/cm3) (Aglm) =0.03X1.61X7.47 Watt=0.36 Watt,
** Steinmetz’s equation can also be used for calculating core loss.
Copper Loss:

The resistance of primary winding and secondary winding is respectively18m€ and 92mQ.

Thus, copper loss for primary winding is (Pcu-pri) = iiri_RMS Fori

. . . H
And copper loss for secondary winging is (Pcu-sec) = lsec_russec

The primary winding RMS current can be calculated from the simplified waveform as shown
in Fig. A.3.

The x value of the primary current waveform is

x="*2; (A.25)
1-D

The RMS current of primary winding and secondary winding of coupled inductor are

2
. X-1 \Y; C V2 (& indnD
sy = \/XZ‘*X(X"pnmm)(l'D)"'—( p;-m'”) (1D)+-2 /ﬁ (1-cos(2nD))+2%ﬁD— St (A.26)

T T , 4n

2 .
. v, C sin4nD
N 1 “eq A
licc(rms) = \/Isec x(1-D-D, )+ 2;2 T D- . (A.27)

2

From the charge balance of capacitor currents as shown in Fig. A.3. the Dy value can be
derived theoretically which is

v.D [C, 1-D
D, = ﬁ L—q (1-cos(2nD))X(mj (A.28)

2

Similarly, from capacitor current switching waveform the RMS value of capacitor currents
are derived

. . V2 C, sindnD
i, (Rms) = \/ufec x(1-D-D, )+ 27':12 L—j D- 4: (A.29)
. 2 ch C, sindnD
I(‘,l(RMS) = \/Ipri_min x Db + 271:_12L_j D- P (ASO)
- -2 . - 2
i sy =1 (01D, (i, ) (1DD,) (A3D)
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Fig.A.3. Simplified current waveform of capacitors and primary current of coupled inductor.

The average value of load current (io) is 1.388A and minimum value of primary current
(Ipri_min) iS 42A

By putting all the values in equation (A.26) and (A.27) the RMS current of primary winding
is 9.88A

Dy value is calculated from equation (A.28) which is 0.08 for D=0.5 and RMS current of
secondary winding is 2.97A derived from equation (A.27).

Therefore, copper loss in primary winding is Pcy_pri=9.882X0.018W=1.75W
Copper loss in the secondary winding is Pey_sec=2.972X0.024W=0.21W
Thus, total winding loss= (1.75+0.21+0.36) W=2.32W

Capacitor ESR loss:

The ESR value can be estimated from datasheet tan (8) and voltage stress information. The
ESR for capacitor Cy is 0.005€, for C2is 0.046€2 and for Co is 0.004Q. The RMS current for
capacitors C1, C2 and C, are respectively calculated from equation (A.29), (A.30) and (A.31).
The RMS current values for capacitors Ci1, C2 and C, are respectively 2.57A, 2.97A and
2.16A.

Thus, ESR loss for capacitor C1=0.033W, ESR loss for capacitor C>=0.40W, ESR loss for
capacitor C,=0.018W

Total capacitor ESR 10ss=0.451W

Therefore, total loss distribution of the proposed converter for 100W, where Vin=12V,
Vou=72V, D=0.5, n=1 and R =51.84Q.
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Loss Component Value (W) (%) Value (W)

Diode conduction loss 1.30W
Diode Switching loss 0.02wW 23% 1.32W
Diode Total Loss
MOSFET Loss (Conduction+Switching) 27.2% 1.53W
Winding Core loss 0.36W

— 2.32W
Winding Copper loss 1.96W 41.28%
Total winding loss
Capacitor ESR losses 8% 0.451W
Total estimated loss of proposed converter 5.62W

Thus, estimated efficiency of the proposed converter at 100W is 94.37% and loss
distribution is shown in Fig. 3.

The measured efficiency is 93.2% at the same 100W condition using power quality analyser
APLAB-PQA2100E. The difference between theoretical estimated efficiency and practical
measurement is due to ignorance of different circuital parameters like skin effect, proximity
effect, exact transient time for switching events etc. Current waveforms are also considered
as ideal for theoretical calculation which create differences in measured and calculated
efficiency.

Switch (Conduction
and Switching

Calculated Loss Distribution of Proposed

g 3 DC-DC Converter @ 100W, Vin=12V, Loss)

: o Diode (Conduction
E Vo=72V and switching loss)
% 2 Coupled Inductor
E (Winding and Core

Loss)
1 Capacitor

0 R
Switch Diode Coupled Inductor Capacitor Loss Distribution of Proposed DC-DC Converter

(@). (b)
Fig. A.4. (a) & (b) Loss distribution of the proposed DC-DC converter.

Similarly, estimated efficiency is calculated form theoretical loss and compared to measured
efficiency at different power points through power quality analyser APLAB-PQA2100E as
shown in Fig. A.5.
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Fig. A.5. Estimated and measured efficiency of the proposed DC-DC converter.
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Appendix-B
Chapter-6
Loss Analysis and Sample Calculation of Coupled Inductor based BDC with RIRC

The RMS currents of active switches, coupled inductor windings, capacitors are required
to estimate losses of the proposed converter. However, different parameters vary based
on operating conditions and in theoretical loss estimation these effects are ignored like
skin effect, proximity effect, transient time for switching events etc. Current waveforms
are also considered as ideal for theoretical calculation.

As per suggestion, theoretical loss calculation of the proposed BDC converter in both
modes are performed based on selected components at 250W. The loss distribution is
added as pie graph in the revised manuscript.

Theoretical loss calculation includes,

@ MOSFET Losses Conduction loss
Switching Loss

(b) Coupled Inductor Losses Core loss

Conduction loss

(© Capacitor losses Conduction loss due to ESR

Loss Calculation of boost mode at 250W:
MOSFET Losses:

Conduction Loss: The conduction loss of MOSFET switch can be easily determined by
using equation (B.1)

Puvosrer = i§W(RMS)rd (on) (B.1)
For Si1:
The RMS current for switch S in boost mode is

2+n+D

iSl—RMS ~ —I B'2

@+2m7D 8.2

For n=1 and D=0.5 the S; RMS current is 6.44A. Therefore, the conduction loss when
switch on state resistance is 0.0750hm is

P ~ 6.444x0.075=3.11W

S1_ conduction

For Sq:
The RMS current for switch S, in boost mode is

. 2+2n - v.p |C 1-D
I, mms = —'\’DbIHV Where, Db:L ﬂ(1-(:05(27:D))><(—j (83)
1-D amiy, \ L, n+1

Putting all values i.e. D»=0.08, n=1 D=0.5 the RMS current for S; is calculated as1.47A.

Thus, the conduction loss of switch S; is
P, ~1.47°x0.075=0.162W

S 2__conduction
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For Sa:
The RMS current for switch Sz in boost mode is

2
1 com, C, 2
e =y~ (vceq L—qsin_“tJ dt (B.4)

T, T

S 2 s

Putting all values i.e. n=1 D=0.5 the RMS current for Sz is calculated as 3.15 A. Thus, the
conduction loss of switch Sz is

Pss_ conduction = 3-15°%0.075=0.744W
For D1:
The RMS current for switch D1 in boost mode is

g ms = 'LT”“ Vi-o and iy . = 'LT"‘ 1-D) (B.5)

IN5401 diode is used in designed prototype. The cut in voltage (Vy) is 0.61 V. The dynamic
on state resistance for the diode is calculated from datasheet which is 12mQ.

Now, for calculation of diode conduction loss, RMS and average value of diode current is
essential as mentioned in equation (B.6)

_j2 i
Pdc = Id(RMS)rd(On) JrVyld(avg) (B.6)

**Note:

(@) Application note ST microelectronics AN604.
https://www.st.com/resource/en/application _note/cd00003894-calculation-of-conduction-
losses-in-a-power-rectifier-stmicroelectronics.pdf.

(b) Mohan, N., Undeland, T. M., & Robbins, W. P. “Power electronics: Converters,
applications, and design”, New York: Wiley, 1995.

.2 -
Pic = laaus)Taon) TV, i avg) = (0.045+0.76)W = 0.80W

For Sa:
The RMS current for switch Sg in boost mode is

iy e = Fen V(L D) (B.7)
Putting all values i.e. n=1 D=0.5 and iLmin=1.567 A, the RMS current for S4 is calculated

as 1.11 A. Thus, the conduction loss of switch Sg is
F)

S4_conduction

For Ss:
The RMS current for switch Ss in boost mode is

2
1 ot C 2n
i = |— V. |—sin—t | dt B.8
sms =y, ( /L nJ (8.8)

Putting all values i.e. n=1 D=0.5 the RMS current for Ss is calculated as 3.15 A. Thus, the
conduction loss of switch Ss is
P ~ 3.15°x0.075=0.744W

S5_ conduction

Thus, total conduction loss
P =3.11+0.162+0.744+0.80+0.092+0.744=5.652W

conduction

The switching loss is negligible due to soft switching of all active switches. Therefore,
the switching loss is considered as zero.
Therefore, total MOSFET loss is 5.652W

=1.11°%0.075=0.092W
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