Partially Isolated Quasi-Switched Boost Integrated and Fully
Isolated Three Port DC-DC Resonant Converters for DC
Microgrid

By

Praneydeep Rastogi
M. Tech, VIT University, Chennai, INDIA, 2015

A Dissertation Submitted in Partial Fulfillment of the

Requirements for the Degree of
DOCTOR OF PHILOSOPHY

in the Department of Electrical and Computer Engineering

©Praneydeep Rastogi, 2022

University of Victoria

All rights reserved. This dissertation may not be reproduced in whole or in part,
by photocopy or other means, without the permission of the author.



Partially Isolated Quasi-Switched Boost Integrated and Fully
Isolated Three Port DC-DC Resonant Converters for DC
Microgrid

By

Praneydeep Rastogi
M. Tech, VIT University, Chennai, INDIA, 2015

Supervisory Committee

il

Dr. Ashoka K.S. Bhat, Supervisor

(Department of Electrical and Computer Engineering)

Dr. Fayez Gebali, Departmental Member

(Department of Electrical and Computer Engineering)

Dr. Phalguni Mukhopadhyaya, Outside Member
(Department of Civil Engineering)




iii

Supervisory Committee

Dr. Ashoka K.S. Bhat, Supervisor

(Department of Electrical and Computer Engineering)

Dr. Fayez Gebali, Departmental Member

(Department of Electrical and Computer Engineering)

Dr. Phalguni Mukhopadhyaya, Outside Member
(Department of Civil Engineering)

ABSTRACT

Environmental challenges have popularized the use of renewable energy sources as a credible source
of energy. The integration of renewable energy source, energy storage device such as battery and the
load has led to the concept of microgrid and when the microgrid contains the local DC distribution
network, it is known as DC microgrid. DC microgrid has multiple power conversion stages which
can work in a stand-alone condition serving the local energy needs. But multiple power conversion
stages lead to complexity and affects the overall system efficiency. To mitigate this problem, multi-
port converters or converter systems are used. A three-port converter is a type of multi-port converter
system which integrates energy source, storage device and the DC load. This DC load can be a DC

bus or the external load. This very three port converter system inspired the work of this dissertation.
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Furthermore, due to lack of any work on the quasi-switched boost operation with three port partially
isolated DC-DC converters which use the resonant network such as LCL and LCL-T type networks
guided this dissertation towards this particular research area. Other than partially isolated three port
converter, the fully isolated three port DC-DC converter has also been focussed upon.

The dissertation starts with the DC microgrid description and the literature has been reviewed to
recognize the power converters which are/can be used for DC microgrid application. This review
was able to spot the specific research gap where there is absence of any quasi-switched boost
integrated three port partially isolated resonant network topology as mentioned above, so a new quasi
boost integrated three port partially isolated high frequency transformer isolated fixed frequency LCL
resonant network DC-DC converter has been proposed in Chapter 3 along with the gating scheme
which provides the quasi-switched boost operation and the required power flow among the ports
during different modes of operation. The detailed operation, analysis, design and PSIM simulations
are provided with an example of 500 W converter with 200 V DC output having 2 V- 24 V input
voltage for RES (port 1) and 9 V — 12 V ESD (port 2) to gain an insight of the performance of the
new topology. The important design formulae have been derived. Additionally, loss analysis has also
been done. During performance evaluation the partial soft switching operation has been observed
along with the quasi-boost operation for a low voltage rating input sources which has an effective
power flow for a three-port conversion. The output DC voltage has also been regulated effectively
and the ZCS turn on and turn off for the diodes of the output rectifier bridge were maintained during
the full operation. This topology can provide an effective way of integrating the RES, ESD and the
load for the DC microgrid application.

In Chapter 4, another topology has been proposed which uses the above-mentioned quasi-switched
boost operation but with a different resonant network, i.e., LCL-T type network and with a new gating
scheme which has been derived from the gating scheme proposed in Chapter 3. This gating scheme
with the LCL-T type resonant network provides the quasi-switched boost operation for partially
isolated high frequency transformer isolated DC-DC converter. It also regulates the output DC
voltage and facilitates partial soft switching. It also provides the additional soft switching operation,
i.e., ZVS turn off for the two switches which get turned on to provide the quasi-boost operation during
the shoot through state. The ZCS turn on and turn off for the diodes of the output rectifier bridge were

also maintained. In this case also, the detailed operation, analysis, design and PSIM simulations are



provided with the same example as given in Chapter 3 along with derivation of important formulae

and design equations. This topology can prove to be a good candidate for DC microgrid applications.

In Chapter 5, the fully isolated three port high frequency transformer isolated fixed frequency LCL
and LCL-T resonant network-based DC-DC converter has been proposed. This topology has been
proposed to have RES and ESD ports isolated from a load port by using a three-winding transformer.
The modified gating scheme has been used to provide the power flow and voltage regulation. This
converter system has shown the soft switching operation ZVS turn on/ZCS turn off for the switches
in different modes of operation. The proposed gating scheme provided the three parametric control
out of which two were controlled for three port power flow and regulated output DC voltage. The use
of LCL-T on ESD provided the voltage gain greater than 1. Furthermore, the detailed operation,
analysis, design and PSIM simulations are provided with an example of 500 W converter with 200 V
DC output having 35 V- 48 V input voltage for RES (port 1) and 33 V —36 V ESD (port 2) along
with derivation of important formulae for active power flow and design equations. This topology with
the proposed gating scheme shown the good voltage regulation and power flow which can provide
the three-port conversion for the DC microgrid. The research work has been concluded with clear
stating of major and minor contributions in Chapter 6 which ended with some suggestions for future

work.
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Chapter 1

Introduction

This thesis proposes three new configurations of three port dc-dc power converters, two of them
partially isolated and one fully isolated. The gating scheme for power flow control and voltage
regulation are also proposed. These configurations along with their gating schemes are
designed/meant for applications in stand-alone DC microgrids where multiple power converters are
the inseparable part of power conversion stages. These topologies facilitate integration of various
components such as renewable energy sources (RESs), energy storage devices (ESDs) and loads
(residential, transportation and industrial loads) in DC microgrid leading to an efficient power
conversion and controlled power flow. The research undertaken in this dissertation led to the
development of two integrated quasi boost resonant network (LCL and LCL-T) high frequency
transformer isolated fixed frequency partially isolated three port dc-dc converters and one fully
isolated three port high frequency transformer isolated fixed frequency LCL and LCL-T dc-dc
converter and their gating scheme. Modelling, design, analysis and testing of proposed configurations

have been carried out with the help of steady state analysis and PSIM simulation, respectively.

The layout of the chapter 1 is as follows:

Section 1.1 provides the introduction for the DC microgrids. Section 1.2 provides the DC microgrid
system architecture and its classification. Section 1.3 gives the description of design components of
DC microgrid. Section 1.4 provides the brief about the power quality and other issues in DC microgrid
system. Section 1.5 explains the advantages and disadvantages of the DC microgrid. Section 1.6
presents the important aspects about control system of DC microgrid. Section 1.7 concludes the
literature review for the research work and presents the motivation and objectives for carrying out

this particular dissertation research.

1.1 Introduction

Micro grids are local energy networks that involve Renewable Energy Sources (RES) and energy
storage systems/devices (ESSs/ESDs). Recently, environmental issues associated with conventional
energy sources and ageing of current transmission and distribution system lead to the usage of

microgrids and smart grids. A microgrid can be a low voltage, medium voltage or high voltage power



Chapter 1 2

network as per the requirements containing distributed energy sources such as PV, wind turbines, fuel
cell and energy storage systems (e.g., batteries, super capacitors, and flywheel). Microgrids normally
are interconnected to low or medium voltage DC distribution networks through interfacing power
converters which allows to provide power to the distributed loads in case of standalone configuration

or provide the surplus power to the grid [1].

The DC microgrids in standalone condition involving the domestic loads can provide the power
security, reliability and increase the quality of the available power which often suffers from the non-
accessibility or grid outages. As various RESs generates DC voltages or generated AC voltages
converted to DC depending upon type of RES, power converters are required to transfer power from
multiple energy sources to various loads with a possibility of interfacing multiple microgrids to form

a bigger regulated DC bus-based grid [2],[3].

DC microgrid (Fig. 1.1) requires many AC-DC, DC-AC and DC-DC conversion stages in which
various converters are employed according to their rating to ensure regulated DC bus voltage and in
turn a controlled power flow. The effective utilization of various RESs along with ESSs is one of the
primary challenges of DC microgrid. Isolated and non-isolated power conversion stages are required

for interfacing various RES and ESS with micro grid [4].

RES-1 AC load

AC Load o

AC-DC
Converter

DC-DC AC-DC
Converter Converter

2| Filter Filter

DC bus

DC bus #(‘ DC bus

C-DC Bi-directional
Converter

DC-DC Bi-directional
Converter

Energy Storage o DC Load

Fig. 1.1. Basic DC microgrid.

DC microgrid can also solve the need for clean energy and energy efficient system. As it also provides

the clean energy for large number of residential loads such as computers, high energy efficient
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lighting systems and battery chargers, etc. and transportation such as electrical vehicles, industrial

loads such as data centers, industrial AC or DC drives, etc. providing an effective solution to the

primary problems of pollution and carbon emissions [5].

1.2 DC microgrid system architecture and its classification

The classification of DC microgrid can be based upon various factors such as voltage levels,

configuration, capacity wise functional layers, etc.

The microgrid based on voltage levels are generally related to 24 V- 48 V, 480 V, 1500 V or 6 kV

(proposed). Additionally, it can also be divided into classes based on configurations and functional

layers. It can be further divided into sub-categories and as shown in Fig. 1.2 [5],[6],[7].

DC
microgrid
|
| | ]
Based on Based on Based on
voltage configuration functional layer
|
| ] ]
. . Interconnected . .
— 24V -48V Radial Ring or Loop or Mesh —  Picogrid
— 480V Unipolar —{  Unipolar | | Unipolar | 4/ Nanaogrid
6kV . . .
1 (proposed) Bipolar ~  Bipolar —  Bipolar

Fig. 1.2 DC microgrid classification

1. DC microgrid architecture and its classification in ac grid tied condition:

The ageing of existing ac grid which includes the transmission and distribution outages hampering

the continuous power supply to the critical loads can be overcome by using surplus power

generated from a single DC microgrid or number of DC microgrids. This energy transfer reduces

the burden of primary ac grid to the certain extent resulting in increased power reliability, security

and more contingency ready power systems [5].

The regulated dc bus based microgrid disconnects itself from the main grid and controls its load

in case of occurrence of any kind of fault in the main ac grid. The regulated dc bus can be achieved
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by using the control method such as droop control. The DC microgrid and grid are connected at
the point of common coupling (PCC). Such a DC microgrid system leads to the various structural
configurations such as radial, ring etc., which can be extended to its standalone condition also if

not interconnected to ac grid. The classification of DC microgrid in a grid tied mode is as follows

[5]-[8]:

a) Radial configuration in which DC bus is interfaced with AC grid at one end and power flows
along a single path towards the load. DC microgrid system has got number of Energy Storage
System (ESS), RES and loads (both AC and DC) (Fig. 1.3). It can provide simplicity, multi

voltage level and ability to share power with neighboring buses.

b) Ring or Loop configuration consists of two or more paths between the AC grid interface and
the customers (Fig. 1.4). A centralized control is used to control power flow and voltage balance

among different buses.

c) Interconnected/Mesh of configuration provides the continuous power flow even if one of the
source AC or DC fails (Fig. 1.5). This type of configuration can be Mesh type also known as
multi terminal which consists of multiple AC grids interconnected with DC grids through an AC-
DC converter or it can be zonal type where distribution system is subdivided into number of zones
and each zone has two redundant DC buses. This type of system is multi-bus, multi-microgrids,
and multi-loads which have increased reliability, security and effective power sharing among

different loads.

Each of the above-mentioned configurations of DC microgrid can have two types of different
system based on wiring which are unipolar and bipolar shown in Fig. 1.6 and Fig. 1.7,

respectively.
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2. DC microgrid architecture and its classification in standalone mode:

The DC microgrid as standalone (already shown in Fig. 1.6 and Fig. 1.7) (without any
connection to ac grid) can have a power architecture which uses unipolar and bi-polar dc—bus
system, but in case of interconnection of multiple dc microgrids a ring-based system which
provides the sub-optimal path for the energy flow with the advantage of isolation of fault is
possible by switching off the nearest circuit breakers. This can remove the faulty system
allowing other parts to perform normal operation [8] and allows the critical loads to obtain
power from multiple energy nodes using a conventional multiple-contact switches or multi-

terminal converters.

Furthermore, another type of multi-bus configuration can be used if different microgrids are
treated as unit or zone, where each zone or unit have its own set of energy ports and loads
may or may not a form a singular dc microgrid. This configuration can provide more power
and more modular approach at the architectural level. The dc zonal electric distribution system
as shown in Fig. 1.8 can be connected to the common dc-bus or number of dc buses depending

on the voltage and power sharing.

The stand-alone architecture has the capacity to provide the local power solution at the small

scale as well as on the larger scale as per the requirements.

e ~
Zonal Zonal Zonal
MG 1 MG 2 MG 3
e e

Fig. 1.8 Zonal connection of multiple DC microgrids in a ring type configuration [8].
1.3 Design Components of DC Microgrid

The important parameters which are required to be considered for the design of a DC microgrid
which consists of various RESs, power electronic converters, ESS system and different kind of

loads is described here [5], [9], [10]:
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Selection of Voltage Level: Depending on the load, the voltage can be 24 V- 48 V, 400 V,
1500 V or 6 kV (proposed in [8]) which also depends upon the type of application. The
regulated dc-bus and controlled power flow is also considered.

Modeling and Control: The important component for modeling of microgrid is to recognize a
RES or number of RESs. After RES type of DC bus arrangement (radial or mesh with unipolar
or bipolar arrangement) [5] along with the Power Electronic circuitry. The control includes
the power flow control along with the necessary protection against the faults.

Stability [5]: The stability depends upon the various factors such as current sharing, voltage
balancing and impedance ratio at output and input side. The power converters also affect the
stability of microgrid as DC converters.

Protection and Grounding [5]: Protection in DC micro grid is most challenging as there is
absence of natural zero in case of DC as against AC. When multiple RES interconnected in a
microgrid the significance of grounding becomes more prominent. The isolated grounding
schemes for DC microgrid helps in the protection of the system by controlling the circulating

currents due to voltage fluctuations in a regulated dc bus.

1.4 Power quality and other issues in DC microgrid system

There are various power quality issues related to dc microgrids owing to capacitor bank switching,

load variations, power availability fluctuations from RES. The increased use of converters at

higher switching frequencies could cause electromagnetic interference (EMI). Moreover, DC side

capacitors and the inductance of DC bus cable or feeder can cause multiple resonance frequencies

leading to harmonics and stability issues. Some of the power quality and other issues can be listed

as follows [5]:

a)
b)
©)
d)

Voltage transient from AC grid if connected to AC grid.

Harmonics due to resonance in line elements, filters and power electronic converters
Electromagnetic Interference.

Communication failures among different controllers leading to failed coordination and
synchronization.

Inrush currents flowing through EMI filters which are used for connecting converters to DC
bus and DC bus faults.

Voltage imbalance in bipolar DC bus due to impedance mismatch and circulating currents.
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Voltage standardization is also a problem at hand and its co-existence with the existing AC system
which when solved can provide a sustainable DC Microgrid system as a replacement to AC grid or

as working alongside with AC grid (in islanded or interconnected mode) [7], [10].
1.5 Advantages and disadvantages

DC microgrid provides the solution to the local energy demand and can drive the multiple loads as

explained earlier. DC micro grid system, therefore, can provide the various advantages listed below

[1]-[11]:

a) The energy generation from RESs and its distribution can easily be done in DC grid system
with lesser number of converters.

b) There is no skin effect in dc transmission which reduces losses and conductor cost.

c) The frequency synchronization and reactive power control are not required.

d) DC microgrid increases stability, reliability, controllability, and power quality of the system.

Even though, there are many advantages, but the system has some disadvantages which one can’t be
done away with completely which DC microgrid involving supply from RESs and storage systems
from ESS have no constant output voltage and the direct connections lead to voltage fluctuations and

inrush currents. Moreover, following problems are faced in protection:

a) Several stages of conversion are involved when there is a transition from DC/AC or AC/DC
as per the requirement standalone or grid-tied operation.

b) Grounding and corrosion also a cause of concern.

c) Elimination of circulating current if parallel converters are used.

d) Protection of DC microgrid such as overvoltage, overcurrent, etc.
1.6 Control of DC Microgrid [4]

Control of DC microgrids is one of the important components among different modules in a dc
microgrid. Its control allows the selected operation mode of converters and load shedding as per the
requirement. The control can be centralized, de-centralized or distributed depending upon the
requirements. The stability of DC microgrid is dependent upon the type of control method, type of
RES, etc., which are explained later. These control methods depend on the controlling of certain
parameters and can be listed as follows: (a) current and voltage, (b) source dependent variables, e.g.,

MPPT for PV modules and wind turbines, or state-of-charge (SoC) estimation for ESSs, (c)
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decentralized coordination functions, such as local adaptive calculation of virtual resistances (VR),

distributed dc bus signaling (DBS), or power line signaling (PLS).

1.6.1 Brief description of DC microgrid control methods [4]

The inertial regulation in microgrid control is important component. The drop-in voltage is the
important parameter to decide which section of microgrid will provide power to the load. The droop
coefficients of storage and grid side converters can be established as dc voltage change rate which
when disturbed provides the important information about the system inertia. Droop control helps in
achieving dc bus voltage regulation by means of cooperative operation among paralleled converters
without digital communication links (DCL). This method has certain disadvantages though which are
load dependent voltage deviation which leads to deterioration in current sharing leading to the need
for secondary tertiary controllers and droop method is incapable of providing coordinated control
whereas, methods like hysteresis control near switching point prevents the frequent change of
operation mode of converters [12]. Other methods such as vector control based on PI controller and

model predictive control are also used.

A comprehensive control strategy must include the voltage source converters control, energy storage
control, limited renewable source power control and load shedding control. Energy storage element
such as battery can act as a buffer to adjust the imbalance between the renewable power and load. It
can also be used for absorbing the high frequency power components and presents the opportunity
for the sources with slow dynamic response such as fuel cells to become a supply of smooth energy

[13]-[20].
1.6.2 Classification of DC microgrid control

Based on the above stated factors the various control methods for dc microgrid can be classified into

following sub-categories [13]:

1. Centralized Control: Distributed local controllers (DCL) do not exist, and power lines are
used as the only channel of communication.

2. Distributed Control: Data from distributed units are collected in the centralized aggregator,
processed and feedback commands are sent back via DCLs.

3. Decentralized Control: DCLs exist but are implemented units and coordinated control

strategies are processed locally.
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Furthermore, the control structures for combining the multiple generation units are broadly classified
into two types [15], [16], and [17]: (i) Centralized control structure: Each energy source operates in
current/power control mode where the central control is in-charge of voltage control, and (ii)
Hierarchical Control: Local energy resources are treated as distributed generation units. These units
have good and same dynamic response and storage elements are responsible for voltage control and

other sources work as current sources.

The other important aspect of dc microgrid control is stability [18]-[24]. DC microgrid is a small
inertia system and large disturbance may result in sudden voltage sag resulting in transient instability.
Large disturbances may result in unnecessary transition of converter operation modes and load
shedding. Transient stability depends on the distributed power generation technology and depends

upon: (a) type of control method; (b) penetration of renewable energy; and (c) property of load.

Based on the discussion in this section, it can be concluded that the control of DC microgrid is
necessary for the integration of multiple generating units based on RES and storage units consisting

of batteries or ultra-capacitors.
1.7 Motivation

The available literature has been surveyed/reviewed in Chapter 2 for studying the DC microgrid and
their power converters which are used for the power conversion stages in DC microgrid. It was found
that many power converter topologies/configurations are proposed for dc-dc conversion for the usage
in various applications. Some of which were targeted for usage in dc microgrid and some other
topologies which were not directed towards dc microgrids, but they can potentially be used for the
same with or without modifications. But there is a lack of a detailed study which can provide the
proper insight on the role of power electronic converters and their operation for dc microgrid
applications in a standalone condition. Despite the fact that one detailed study has been attempted in
[5] but this study is leaning more towards the microgrids in general and discussed both AC/DC and
DC microgrids. For DC microgrid this study discusses its architecture, classification and control in
relation to the interconnection to ac grid more and was still unable to provide all the definitions

pertaining to the dc microgrid in standalone condition.

So, in chapter 1 all definitions, terminologies and important components of dc microgrid have been

discussed and these definitions have been extended for the dc microgrid in standalone condition
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wherever possible which enables one to have proper insight of the needs and conditions of such a
system. In continuation to this chapter, chapter 2 covers several configurations of power converters
which are meant for dc-dc conversion or dc-ac conversion in dc microgrid. Then these configurations
are classified into certain categories according to the type of conversion and topological features

which further elucidates role of power converters in the above-mentioned system.

This study helped in identifying that for integration of RES and ESD, especially in partially isolated
multi-port system (three port) there is no configuration and gating control which has got the boost
(quasi-switched boost) feature based on the two-port configuration given in [25] for both RES and
ESD ports with the resonant network based high frequency isolated dc-dc conversion. This can help
in having a comparatively low voltage rating at RES and ESD to provide the supply to dc-bus/external
dc load of a much higher voltage rating for a low power set-up. This motivation led to the proposal
of the configurations and their gating schemes explained and studied in chapter 3 and chapter 4,
respectively. These two configurations with their gating schemes facilitate in filling the gap for dc

microgrid power conversion stages in standalone condition.

After partially isolated three port conversion, it has been observed that in case of fully isolated three
port system such as given in [26] there are very few configurations which has got different resonant
networks at the two ports and the gating scheme which can provide the complete decoupled power
flow and soft switching. So, this motivated to take up the task of designing the two resonant network
LCL and LCL-T in chapter 5 with a modified gating scheme which provides the advantage of having
a three parametric control to have variable input voltage range, variable input power range, variable
output power range and constant output voltage operation with a decoupled power flow and soft

switching.
Based on the above discussion and motivation, objectives to be achieved are enlisted next.
1.7.1 Objectives

Based on the motivations for the dissertation, the objectives which are meant to be achieved are

listed below,

1. Detailed survey of available/potential power converter topologies which are or can be used

for dc microgrid in standalone condition.
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2. To propose soft switching based partially isolated with integrated quasi-switched boost
network dc-de converter topologies and to propose soft switching based fully isolated dc-dc
converter topology for dc microgrid in standalone condition.

3. Modeling, analysis, and design of the proposed converter configurations.

4. Verification of the designed converters and their performance evaluation by using PSIM

software simulation tool.

In order to achieve these objectives, detailed research has been carried out which is presented in this

dissertation. The outline of the dissertation is described in the next section.
1.7.2 Dissertation Outline

The outcome of the research which was carried out based on the motivations and set objectives is
presented in detail. The outline and brief description of the different chapters in which the research

work is described are listed below,

In Chapter 2, the literature survey has been done for the converter topologies and their gating schemes
which are presently used for power conversion stages in standalone DC microgrids. There are some
other converter configurations have been reviewed which can potentially be suitable for dc microgrid
applications. The survey which was carried out led to the proposal of three new configurations, two
of them based on partially isolated three port quasi-switched boost integrated resonant network dc-
dc conversion and another fully isolated three port resonant network dc-dc conversion, respectively,

along with the gating schemes for power flow control and voltage regulation.

In Chapter 3, partially isolated three port quasi-switched boost integrated high frequency transformer
isolated fixed frequency LCL converter for dc microgrids with a new gating scheme to control the
power flow and output voltage with a partial soft switching depending upon operating mode
conditions has been proposed. This configuration works in three modes of operation which are
explained in detail along with the equivalent circuit diagrams. The proposed gating scheme which is
being used for power flow control and voltage regulation has also been discussed in detail. The steady
analysis has been done for the converter and important formulae for the design of converter have been
derived and explained. For LCL resonant based conversion analysis, approximate complex AC circuit
analysis method has been adopted. Then the stepwise design procedure is illustrated with an example

of a 500 W, 2 V to 24 V (port 1), 9 V to 12 V (port 2), 200 V (port 3, constant output dc voltage)
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converter in order to demonstrate the integration of low voltage rating RES and ESD in a low power
set-up to the high voltage dc bus/external load for the dc microgrid applications. The performance
evaluation was done with the help of PISM 11.6.1 a software simulation tool. The important features

and advantages are also discussed.

In Chapter 4, partially isolated three port quasi-switched boost integrated high frequency transformer
isolated fixed frequency LCL-T converter for dc microgrids has been proposed with a new gating
scheme and like in the previously proposed configuration this gating scheme also controls the power
flow, output voltage and partial soft switching but additionally provides the soft turn-off also for the
two switches during the shoot through state. This configuration also works in four modes which are
explained for 3 modes in detail along with the equivalent circuit diagrams. The proposed gating
scheme which is being used for power flow control and voltage regulation has also been discussed in
detail. The steady-state analysis has been done for the converter. For LCL-T resonant based
conversion analysis, approximate complex AC circuit analysis method has been adopted. Then the
stepwise design procedure is illustrated with an example of a 500 W, 2 V to 24 V (port 1), 9 V to 12
V (port 2), 200 V (port 3, constant output dc voltage) converter in order to demonstrate the integration
of low voltage rating RES and ESD in a low power set-up to the high voltage dc bus/external load for
the dc microgrid applications. The performance evaluation was done with the help of PISM 11.6.1 a
software simulation tool. The theoretical and simulation are compared and presented. The important

features and advantages are also discussed.

In Chapter 5, fully isolated three port high frequency transformer isolated fixed frequency LCL and
LCL-T based dc-dc converter for dc microgrid with a modified gating scheme which provides the
constant output voltage, controlled power flow and soft switching has been proposed. This
configuration also works in four modes which are explained in detail along with the equivalent circuit
diagrams. The proposed modified gating scheme which is being used for power flow control and
voltage regulation has also been discussed in detail. The steady analysis has been done for the
converter and important formulae/power relations for the design of converter and active power flow
control have been derived. For LCL and LCL-T resonant based conversion analysis, approximate
complex AC circuit analysis method has been used for the modified gating scheme [27]. Then the
stepwise design procedure is presented and is illustrated with an example of a S00 W, 35 V to 48 V
(port 1),33 Vto 36 V (port 2), 200 V (port 3, constant output dc voltage) fully isolated three port dc-
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dc converter to demonstrate the controlled power flow using a three winding transformer and the soft
switching in the switches of the resonant converters and diodes of output rectifier bridge for the dc
microgrid applications. The performance evaluation was done with the help of PISM 11.6.1 a
software simulation tool. The theoretical and simulation results are compared and presented. The

important features and advantages are also discussed

In Chapter 6, the conclusions of dissertation are drawn which clearly enlists the major/minor research
contributions made towards the power converters and their gating schemes for dc microgrid
applications. Some suggestions for future work are also made which can be carried out in order to

extend this research work.



Chapter 2 16

Chapter 2

Literature Review of Power Converter Topologies/Strategies for DC Microgrid

in Stand-Alone Operation Mode

This chapter presents literature review for the power converter topologies/strategies for DC

microgrid in stand-alone mode.
2.1 Introduction

The power conversion as previously stated is the most important aspects of the DC microgrid. The
power conversion can be DC/DC, AC/DC and DC/AC as per requirement. The power conversion
requires the power converters for this purpose which connect the different renewable energy sources
including energy storage units and loads through a DC bus. For energy storage systems, bi-directional
DC/DC converters are required to store and supply energy from super capacitors or battery.
Therefore, converters topologies combine the various entities of a microgrid and can be used for

driving different types of AC and DC loads.

The most desirable features of power converters for their use in DC microgrid are that they must
ensure the low input or output voltage/current ripples, high resistance to switching over voltage or
lighting surge, must provide the room for external control while ensuring high efficiency and low

cost [28].

To propose/design the suitable power electronic converter for the said application, first they are
required to be classified into the specific categories. These categories are not only dependent on the
type of conversion but also on whether they are of isolated (high frequency or low frequency
isolation) or non-isolated type. Furthermore, the converters can also be divided into voltage source
and current source type which can be hard switched or soft switched. These broad categories facilitate
the choice of configurations targeting the specific area of application such as in DC microgrid.
Additionally, if the power converter is non-isolated (Fig. 2.1) and soft switching type which uses ZVS
or ZCS, the type of switching technique which makes the power conversion more efficient presenting

yet another sub-category, i.e., power conversion on type of switching technique [29]. Similarly, in
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case of isolated and soft switching type of converters, the load resonant based soft switching
techniques are used along with different kind of modulation techniques such as fixed frequency and
variable frequency with parallel or series or series-parallel resonant networks such as LC, LCL, LCC

etc., (examples are shown in Fig. 2.1, 2.2, and 2.3) [30]-[38].

After non-isolated/isolated type categorization, type of power flow can also be another parameter

which makes them either unidirectional or bi-directional power converters.

Therefore, in this chapter different types of power converters are studied. The above-mentioned
discussion can be elucidated with the help of examples and are explained in this chapter. The
converters which are covered in this chapter are either: (1) specifically designed for DC microgrid
applications or, (2) if not designed specifically for DC microgrid but can potentially be used for the

same with/without modifications.

This section presents the literature review of the power converters which are/can be used for DC
microgrid application. Section 2.2 briefly describes the RES module integrated converters (MICs)
Section 2.3 explains the application of modular converters in DC microgrid Section 2.4 gives the
converter strategies for integrating ESD Section 2.5 describes the multi-port DC-DC converters
Section 2.6 gives a brief description of the control system which is being used in multi-port system
Section 2.7 enlists the other converter topologies which can be proved useful for DC microgrid
Section 2.8 explains the grid interface AC-DC converter topologies for DC microgrid. Section 2.9

concludes the literature survey leading towards the research work.
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Fig. 2.1. Example: Non-isolated unidirectional boost-buck type DC-DC conversion for DC Microgrid
DC power-based RES [28].
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Fig. 2.2. Example: HF isolated type converter unidirectional type AC-DC conversion for DC Microgrid AC
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Fig. 2.3. Example: HF isolated type converter bidirectional type DC-DC Conversion for DC Microgrid for
ESS based system [28].

2.2 RES Module Integrated Converters (MICs)

The DC and ac MICs can provide the effective way of connecting various RESs together to provide
a fault tolerant and reliable power supplies. The series and parallel connection of multiple MICs
connected to RESs provides an effective approach of interfacing DC/DC and AC/DC converters with
its respective RES such as PV and wind power. This strategy provides an opportunity for large scale
and effective utilization of RES with its various ESS which are dependent upon an advanced smart
grid infrastructure where the users can manage their own energy consumption. And can use plug-

and-generate and plug-and—store energy devices at home and in industrial applications.

The 400 V DC bus system with various RES and ESS forms the Future Renewable Electric Energy
Delivery and Management (FREEDM) system proposed in [39] has got the advantage in the form of

PV converter having a single power stage. If solid state transformer is used, it provides the interfacing
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with existing ac grid and can also be used to provide a direct connection to LVDC microgrid and do

away with PLL, current regulator or anti- islanding controller for PV as a RES.

Therefore, the PV module integrated converters (MICs) as shown in Fig. 2.4 are becoming popular

due the following reasons [39]:

a) The MIC is an integrated part of the PV Panel. MICs remove losses due to the mismatch

between panels and support panel level, maximum power point tracking (MPPT).

b) Panel level hot spot risk is reduced due to partial shading in a PV panel, and lifetime can be

increased.
c) Its plug and play feature simplify the installation.
Topologies suitable for both parallel and series MIC configurations are [39]:

All non-isolated type and isolated type converters can be used as MICs. Some of these are: (a)
non-Isolated type: boost converter, buck-boost, Zeta converter, CuK and their derivative
converters, and (b) isolated type: flyback and forward converters, current fed push-pull

converters, full bridge and half bridge based hard switched or soft switched converters.

Other configurations are also possible which can be derived from the type of converters which
are mentioned above. For wide DC range and bidirectional mode, step-up converters are
preferable. The soft switching technique if applied to such converters, then it can further provide
the more efficient bi-directional power flow with a variable DC input voltage by reducing the

switching losses [39].



Chapter 2 20

Module integrated de-dc conversion Module integrated dc-dc conversion

Fig. 2.4. Parallel connection and series connection for MIC for PV array [39].

2.3 Modular Converters

The preferred DC bus voltage for large scale system is 600-900 V such as metro and light rail
transit system and 1000-1500 V for system such as traction, marine and aircraft systems which can
be as high as 6 kV for shipboard DC power system [8], [40]. Modular converters can be used for such
high voltages and power ratings. Isolated converters are useful as modular converters in which low
voltage and current rating are available for active devices with better circuit efficiency, balanced input
voltages, less current output ripple and simple control system along with soft switching reducing

switching losses.

One such converter system is a modular asymmetric PWM (APWM) based converter and is proposed
in [41] for DC microgrid system to provide power to DC loads. For high input voltage and load
current applications, the converter is having three half bridge circuits connected in primary series and
secondary parallel to reduce the voltage stress on the primary side switches and current stress of
secondary rectifier diodes. APWM is used to control power switches and regulate load voltage.
Capacitors are used to balance the input voltage at the primary side. Current doubler rectifier topology

is used to achieve current ripple cancellation.

Further, non-isolated type topologies with the above-mentioned features can also be investigated for

the effective modular conversion in case of high power and high voltage scenario.
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2.4 Converter strategies for integrating ESD

Like MIC, and modular converters are useful for integrating RES to the DC microgrid. Similarly,
ESD can be integrated to the microgrid by using the ESS with the power electronic converter
interface. So that ESS in DC microgrids can play the role of controlling the voltage of the microgrid
by injecting or absorbing active power along with the reactive if connected to ac grid and provides
the bidirectional power flow. The different strategies for ESS (with optional grid interconnection) can
be illustrated as follows [42]. (1) A non-isolated DC/DC converter, DC/AC converter and an isolation
transformer in cascade shown in Fig. 2.5(a). (2) An isolated DC/DC converter, and a DC/AC
converter in cascade shown in Fig. 2.5(b). (3) An isolated bi-directional step-up/step-down DC/AC
converter shown in Fig. 2.5(c). (4) A bi-directional step-up/step-down DC/AC converter and a
transformer in cascade shown in Fig. 2.5(d). The input is variable DC source owing to different RES

and particularly for super capacitors as ESS.
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Fig. 2.5. Different Arrangements for Bi-directional DC/AC Converter System having Energy Storage Systems [42]: (a)

Non-isolated Bidirectional DC/DC and DC/AC converters and a transformer, (b) Isolated Bidirectional step-up/step-

down DC/DC and DC/AC converter, (c) Isolated Bidirectional step-up/step-down DC/AC converter, (d) Non-isolated

bidirectional step-up/step-down converter and a transformer.
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Dual active bridge converters (DAB) for ESS a type of bi-directional conversion system is also very
popular which provide control of power flow. The DAB configuration can have a multi-port
configuration and attain ZVS at turn-on with no auxiliary component.

Therefore, DAB with one of the control techniques such as phase shift modulation, self-sustained
oscillation control or self-sustained phase shift control can be an effective solution to provide the
multiple conversion stages in DC microgrid especially for ESS system which uses ESD. However,
DAB has narrow ZVS operating range, high circulation currents and wide voltage variation. As dual
stage conversion leads to reduced efficiency with increased cost so one stage can be isolated and other
stage can be non-isolated to have better efficiency. The methods such as employing extra magnetic
inductor on the secondary side converter can help in achieving soft switching more effectively. The
synchronous switching of DAB by controlling the switching frequency along with extra magnetic
inductor provides the seamless backward and forward mode transition. The DAB output current is
always in continuous current mode (CCM) and minimum gain is always being maintained. Therefore,

with these advantages can be proved to be a useful choice for ESS systems [43], [44], [45].
2.5 Multi-Port DC-DC Converters

Multiport converter (MPC) system is an effective way for accommodating different kinds of
energy sources, storage system and existing AC grid integration if required for DC microgrid. This
type of converter system is based on the various topologies based on the DC-link and magnetic
coupling. This system can overcome the disadvantage existing in the conventional strategy of such

as explained in MICs in which individual source requires the separate DC-DC conversion stage.

The DC link in such a system has various advantages other than interconnecting multiple DC ports
to the common regulated DC bus which is to provide interconnection using a DC buffer capacitor
(also useful in case of grid tied mode high frequency ac link or low frequency ac link at a grid

frequency).

In multi-port system, the ports involving power converters are interfaced by adopting the methods
such as time-sharing concept, DC link coupling via a DC bus, magnetic coupling through a high-
frequency transformer, three switch boost topology, etc. [46]-[48]. The switching cells of each port
can exhibit the bi-directional nature which include the buck/boost topology, half bridge, full bridge
topology, boost half bridge, and boost full bridge. For higher power systems, poly-phase interleaved

structure for the switching cells at the input side are more prevalent due to lower current ripple (that
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is because regular operating frequency is device switching frequency times the number of interleaved

cells).

One such multi-port system is as shown in Fig. 2.6. The multiple sources which can be RESs and
ESSs for the multiple input DC-DC converters can be designed as the multiport system which
integrates the various RES and ESS together while providing bidirectional power flow. A DC port
can be voltage source or load super capacitor [49]. In such a system voltage levels and voltage-current
characteristics of energy sources and storage devices are normally different from those of loads.
Integrated multi-port converters utilize a single power conversion stage to interconnect all ports

instead of the individual DC-DC conversion stages [50].
Multiport configurations can take the shape of any of the following topologies,

a) Multi-input topologies: multi-input topology (as shown in Fig. 2.6) can interface the multiple
sources with a common DC load. It has been under usage in RES power system to achieve

Maximum power point tracking (MPPT) of multiple sources.

b) Multi-output topologies: multi-output topology is used for multiple outputs at different

voltage levels out of single DC input.

c) Multiport bi-directional topologies: A multi-port bidirectional converter can be used to

interface multiple storages or DC buses useful in electrical vehicles and DC microgrids.

Based on above mentioned reasons, it can be said that multiport system treats the whole system as a

single power converter which is cost effective and more efficient.

RES - -
ESS v —

Fig. 2.6. Multiple input topological system for interconnecting multiple RES and ESS [51].

| SNq D +

The multiport system can be broadly classified into three categories: a) fully isolated, b) partially

isolated, and c¢) non-isolated.
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2.5.1 Multiport fully isolated converter

The fully isolated multi-port converter system in the form of three-port system is shown in
Fig. 2.7 uses the multi-winding transformer to connect three full bridges or half bridges which can be
hard switched or soft switched as per requirement. The transformer provides electrical isolation along
with matching of voltage levels. Each port having different winding that means isolated type
involving the transformer is advantageous over the multi-port converters without transformer
isolation which suffers with voltage restrictions. However, the converter system operation range is
being limited due to variable renewable source voltage and battery storage. To overcome this

problem, integrated multi-port converter system provides a good choice as stated earlier.

Port 1( i _%}

HF DC/AC

Conversion
{ Port 3

<:> AC/DC Conversion
(Bi-directional optional)

Port 2 o
CtZ Vv }

HF DC/AC
Conversion

=

Fig. 2.7. Fully isolated multi-port (three-port) converter system.
To simplify the analysis of three port converter system, it can be treated as two port system assuming
the third port to remain as opened. This simplification can be further extended to study multi-port
system as well. The conventional phase shift controlled resonant converters can also be employed in

a multi-port converter system.

In multi-port isolated bidirectional converter system, the bidirectional converters can be used in multi-
port configurations for renewable energy system with energy storage which combines of DC-AC,

AC-DC, and DC-DC stages [49]-[55].

It involves the use of resonant converters such as series resonant converters (SRC) (proposed as the

configuration as already shown in Fig. 2.7) can provide the following advantages [26]:

a) All ports can be bi-directional including load ports, ESS and loads like motor loads with

regenerative braking.
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b) Centralized control of power flow by gating schemes such as phase shifting of square wave

output of the different bridges.

c) Higher switching frequencies with realizable component values when compared to other

multi-port system not involving only resonant networks.
d) Reduced switching losses due to soft switching.
e) Voltage gain can be increased depending upon the operating conditions.

The multi-port concept allows simultaneous power flow through the transformer and the converter
exhibits bi-directional nature naturally. The power exchange is dependent upon the parameters such
as phase shifting angle of the involved converters. For a system like this it should have the multiple
voltage sources to be able to supply the load independently and should also allow load sharing among
different sources. In this system, light load conditions to be served by the main energy source, and

regenerating power should be able to get consumed by the ESS.

The bi-directional soft switching converter can also be used as DC transformer between DC bus and
bidirectional interlinking converter which is particularly useful in ac-grid tied configuration. The bi-
directional conversion can also be useful to create hybrid power system which can integrate the RES,

the battery and ultra-capacitor. Many such converters are listed in [55].

Furthermore, if multi-port system is expected to accommodate high voltage applications, the multi
cascoded configuration can be useful [56]. The multi-stage connection causes reduction in efficiency
which can be overcome by using multi-cascoded configuration. Moreover, the volume of transformer,

the voltage and current stress on some components on the converter are also reduced.
2.5.2 Multi-port partially isolated converter systems

It is as shown in Fig. 2.8 in which a three port is depicted as an example showing a shared common
ground between port 1 and port 2 which are isolated from port 3 and one such system is proposed in

[57].
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Fig. 2.8. Partially Isolated Multi- Port System for RES, ESS and load.

2.5.3 Multiport non-isolated converter

Non-isolated three port converters, i.e., which don’t have any kind of isolation among different ports

are useful for low power applications with example is as shown in Fig. 2.9.

- ort 3
Port 1¢) Port 2(5&,“:(} - <:> (%)P

Optionally
Bi-directional

DCDC

Conversion

Fig. 2.9 Non- isolated multi-port system for RES, ESS and load.

For non-isolated multiport converters high voltage gain converters are required when input/output
voltage rating requirements are high along with variable voltage RES. In isolated multiport converters
such as in three port converters voltage and current can easily be matched by using transformers
which is not possible in case of non-isolated converter system causing certain voltage restriction
issues regarding voltage matching and current sharing.

Topologies such as given next can serve as an example for the non-isolated conversion, which
provides solution to the above-mentioned problem. The variable structured three port non-isolated
converter has ports which are flexible with voltage restrictions and provides wider range of operations
and has compact size with only one inductor.

The converters such as buck, boost or buck-boost converters can be inserted with storage switching
diode (SSD) to make into a variable structure converter system. The variable structure with SSD
makes the converter capable of providing voltage to the load independent of ESS. The converter can
have multidirectional power flow as per the situation arises. The variable structure two switch buck-

boost converter and SSD are shown in Fig. 2.10(a) and (b), respectively [58],[59].
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Fig. 2.10. (a) Variable structure two switch (buck-boost) converter and (b) Storage Switching Diode (SSD) Cell [58].

The operational principle involves the various modes which are as follows-
a) Dual input requirement: The RES and ESS both supply as RES is inadequate.

b) Dual output requirement: The RES provides the supply to the load and ESS absorbs the
surplus energy.

c) RES-ESS requirement: The load is removed, and RES charges the battery.
d) RES Load requirement: The ESS is removed and RES transfers to the load individually.

e) ESS Load requirement: The RES is idle and the ESS provides the power to the load
individually.

It is important to mention here is that same modes are also applicable in isolated type of converters

which were mentioned previously in the discussion. Depending upon the flow of load current the

power flow may involve all the three ports or no ports at all.

The DC microgrid architecture with DC link capacitors-based configuration [60] as shown in Figure
2.11 are expensive and very bulky which can be removed by the configurations which are mentioned

below and provide the high conversion efficiency since the multiple conversion stages are reduced.
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Fig. 2.11 DC microgrid architecture with DC link capacitors-based configuration [60].

DC link inductor (DLI) based configurations are shown in Fig. 2.12 and Fig. 2.13, respectively. They
use the pulsating voltage source cell (PVSC) connected to DLI which functions as the input source
whereas pulsating voltage load cell (PVLC) also provides the pulsating voltage to the DLI but acts as
an output load. Hence, pulsating voltage cell (PVC) can be either PVSC or PVLC depending on the
source and load respectively. The DLI design is like the filter inductor of a traditional buck or boost
converter [60].

For MPC another family can be derived based on DLIs. The MPCs can be generated by
interconnecting multiple PVCs through the DLIs. The PVCs can be output type, input type or
bidirectional type. The advantages such as low voltage stress, positive output voltage as against
conventional buck-boost converter, high efficiency and flexible makes it an attractive choice.
PVSCs in such configurations can act as the source type or load type and can be of bi-directional in
nature. If all PVSCs are of bidirectional in nature, then it will become a multiport bidirectional type
converter system, the three DC buses are inter-connected through DLI. The converters used in PVCs
can be Cuk, Zeta, forward type converter, push-pull and half bridge derived cells. By principle of
duality PVLC, can be derived from any boost type of converter. Similarly, PVLCs can be SEPIC,
push-pull, and half bridge converter derived cells (other converter topologies are also applicable). If
the buck-boost converter is used then it can be a dual input, dual output, hybrid port boost, or
bidirectional buck boost (the DC bus voltage is kept constant by using droop control method). The

operational modes for such a system can be dual input single output (DISO), single input single output
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(SISO), and single input dual output (SIDO). The converters can provide the buck or boost operation

either in combination or individually depending on the operating modes.
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2.6 Control in MPC

Fig. 2.13. Two switch buck-boost converter with DLI [60].

system

Now, along with the different converter configurations in MPC, their control in a multi-port

system also plays the crucial role and allows the coordinated functioning of the multiple ports. The

control loops involved are usually input current regulator (IVR) and output voltage regulator (OVR).

The independent control of each converter stage and control loops provides the challenges in their

decoupling and optimization of converter design [61]-[63]. The methods like hardware decoupling

provides a solution to stated challenge and is discussed in [63] which improves the response of the

multi-port system and allowing the control system to get simplified.

The control objectives for different ports include the input power control at RES port, voltage

limiting/power limiting control and charging/discharging control at ESS/ESD port and constant
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voltage control at DC bus port/DC load port. The (n-1) control variables are available for n-port
converter system. This means that for example in a three-port converter system only two converters
will be controlled using methods such as mutual phase shift control (as proposed in [64]). Therefore,
the important components in control strategy can be summed up as (a) power regulator for RES; (b)

battery voltage/current regulator for ESS; and (c¢) DC bus voltage regulator.

The control such as unified logic control scheme provides the smooth interface and seamless

transition among different operation modes.

The nominal voltage, duty cycle of switches at different ports and maximum power available at
different ports are design considerations for designing the suitable multiport system for DC microgrid
interfacing different RES such as PV based system, wind-based generation system, fuel cell based

generating system which leads to effective power management.
2.7 Other Converter Topologies

There are also other converter topologies and power control techniques either are proposed for DC

microgrid or potentially can be used for applications in DC microgrid.
(a) Isolated unidirectional buck-boost converters

The isolated buck-boost converters are derived by inserting a transformer in non-isolated buck-boost
converter. These converters can easily be derived from the type of converters such as one has already
been discussed in the form of two switch buck-boost converter with DLI by separating the buck cell
from the boost conversion stage using a transformer, but this kind of cascaded two stage conversion
architecture causes additional conduction and switching losses. This disadvantage can be overcome

by integration of non-isolated interleaved boost converters and isolated buck converters [65],[66].

Furthermore, optimized phase shift modulation strategy which is based on derivation of optimized
phase shift angle (based on the output power, input and output voltages) from the controller output
and the normalized voltage gain can be employed to achieve soft-switching operation of all the
switching devices for the full operational range resulting in the reduction of the switching losses. The
conduction losses can be reduced by integrating the boost converter with the full bridge diode rectifier
to build a bridgeless interleaved structure [66]. Such converters can operate with the voltage

multiplier or coupled inductor for the higher voltage operation with a reduced voltage stresses on the
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semiconductor devices and reduced turns ration of transformers and can be utilized in DC microgrid

for regulated DC/DC conversion.

In the high—frequency isolated bridgeless boost rectifier (IBB) as explained in [66] and shown in Fig.
2.14. The input stage of an isolated converter is being made as the primary side of the circuit of IBB
converters which can be full- bridge, half bridge or three level half- bridge etc. depending upon the

application.

The control strategy for this converter includes the methods such as phase shift control on both
primary and secondary side of the circuit providing the buck and boost operation on the either side.

This type of conversion is useful for unidirectional power flow.

+

DC bus

SOT T ¥ |

Fig. 2.14 Full bridge IBB converter [66].

]
I3T

13T

(b) Impedance source-based converters (ISCs):

The variable impedance source based soft switching converters which has an advantage of
providing features of both voltage source and current source converters can also be proved as a good
choice for DC microgrid. The galvanically isolated impedance source converters are a promising
topology for DC microgrid which can have Z-source impedance network [67]-[68] but with a
disadvantage of discontinuous current. But by replacing it with the Quasi Z-source (QZS) impedance
network [68] this disadvantage can also be done away with. Furthermore, Y-source network can also
be a choice for such converters. These converters can be classified into the transformer based, coupled
inductor based and combination of transformer and coupled inductor. Such a classification is based
on the difference in the energy transfer scheme. The various impedance source (IS) based

configurations are mentioned in Fig. 6 of [68].
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The transformer-based impedance source converters as shown in Fig. 2.15 are further classified into
the following [69]-[70]. Transformer based impedance source with: (i) Single phase full bridge
switching stage, (ii) three phase full bridge switching stage, (iii) half bridge switching stage, (iv) push
pull switching stage, and (v) single switch switching stage. These configurations can also be made by

replacing transformer with coupled inductors or making a combination of both.

Impedance Switching Isolation Rectification Output
source (1S) stage transformer stage filter

LA [l| = ek | T
Ar

PWM

Fig. 2.15. Impedance source (IS) galvanically isolated DC-DC converters [68].

The input parallel output series (IPOS) impedance source-based converters are useful for high input
current and high step-up voltage. Soft switching Quasi Z-source isolated DC-DC cells-based
converters are used for providing supply to the HV bus, being used for efficient energy harvesting

and distribution [71]-[72].

The Quasi Z-source (QZS) network is connected in parallel at the input side and voltage-doubler
rectifiers (VDR) are connected in series at the output side. If any cell is shed or inactive then the
output current will flow through the VDR diodes bypassing the cell. ISCs provide wide voltage
regulation and enable phase shedding in [POS architecture. Multiple cells can allow the high input
current whereas single cell is enough to provide the high output voltage. A single switch QZS isolated
DC-DC cells with a VDR provides the output voltage for microgrid and DC voltage blocking
capacitor in series with the isolation transformer provides the soft switching resulting in increased

efficiency by minimizing the losses [73]-[86].
(c) Integrated interleaved converters:

Similarly, the interleaved integrated boost-based LLC (IBI-LCL) ZVS-ZCS soft switching
converter as shown in Fig. 2.16 can also be proved useful in RES based DC microgrid. It has a good

dynamic performance for closed loop control providing an effective power flow related to input
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voltage changes and load variations. The interleaved boost converter with LCL full bridge converter

provides extended regulated range with the reduced input current ripple [87]-[96].
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Fig. 2.16 Generalized topologies of two kinds of interleaved integrated boost LC, LCL and LCC converters
(a) DC-DC converter; (b) grid-connected ac—DC converter [87].

2.8 Grid interface AC-DC Converter Topologies for DC Microgrid [6]

After the description of the various topologies which are useful for DC microgrids in
standalone condition. Some of the topologies when they are interconnected to AC grid can also be
studied. Therefore, this study has been done in this section and is explained briefly. These converter
topologies for interconnection of DC microgrid with existing AC grid can be classified based on the

power flow being unidirectional or bi-directional.

Converters with unidirectional power flow, i.e., from existing utility grid to DC microgrid are

explained here and has been mentioned in [6]:
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Diode and controlled rectifiers provide the unidirectional power flow with significant lower order
harmonics which demands the need of methods such as passive filters. The AC grid provides the

supply to DC bus or DC link through the controlled rectifiers or diode rectifiers.

Diode rectifier followed by a boost converter at the DC link side which provides the improved
line current quality and power factor of the system. It is like an active circuit (power factor

correction topology) in the DC microgrid system.

Another topology which is known as electronic inductor (EI) which consists of controlled
rectifier and boost rectifier, it can control the DC link current and voltage under variable loads.
Further, these power converters can be connected in different kind of connection or approaches
such as in parallel connection and can be turned into multi-level modular configuration to

increase the power levels.

Converters with bi-directional power flow, i.e., from DC microgrid to AC grid or from AC grid to

DC microgrid are, for example:

a)

b)

The dual active bridge (DAB) based electronic transfer and solid-state transformer (SST) are also
considered as a promising future technology for future microgrids. The SST concept enables equal
functionality feature as that of an active front end (AFE) with passive distribution transformer.
SST is used to replace passive distribution transformer operating at the line frequency of 50/60
Hz and provides the direct connection to low voltage DC connection to the DC microgrid.
Therefore, SST can serve the dual purpose which is to provide AC-AC interface through HF
transformer and another one providing AC-DC interface for grid-tied DC microgrid. This type of

arrangement with SST makes it a three- port system.

Another topology includes the bi-directional power converters which provides the AC-DC
interface through L, LC, or LCL filter being connected at the point of common coupling (PCC)
to the AC-grid.

2.9 Conclusion

The objectives of DC microgrid in standalone mode based on the literature survey can be summed

up as follows:
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a) Maximum utilization of multiple RESs.

b) Maximum utilization of ESS/ESD.

c) Effective control of power flow.

d) Reliable power supply for DC and ac both types of load.
e) Interconnection to other microgrids.

The above objectives can be achieved by having effective power conversion stages at different levels
of DC microgrid. The unidirectional and bi-directional power conversion can be of DC-DC type, AC-
DC type and DC-AC type depending upon the type of RESs and loads being driven in standalone
mode of DC microgrid. The type of power converters and their interfacing to various components of

DC microgrid such as RES, ESS and load along with their control play the crucial role.
The various objectives of power converters can be enumerated as follows:

a) Power converters which can withstand with wide variation in input voltage occurring due to

nature of RESs/ESDs and loads.
b) Power converters which can provide buck, and boost operation as per the requirement.

c) Power converters which can provide the supply either to the regulated DC-bus or directly

to both kinds of ac and DC loads.

d) Power converters which can provide the bi-directional power flow towards and from

regulated DC-bus.

e) Power converters which can provide the bi-directional power flow towards and from

ESS/ESD.

f) Power converters which can provide the bi-directional power flow towards and from

regenerative type of load if present.

Further, the effective system is required for the connection of multiple power conversion stages

involving the use of power converters. The system should be able to,

a) Provide effective power sharing among different types of power converters providing

regulated power supply to DC bus of DC microgrid or directly to the different kind of loads.
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Provide effective interfacing of multiple input sources which can provide the single output or
multiple outputs as per the requirement.
Provide effective interfacing of ESS/ESDs with RESs and load/DC-bus.
Provide effective and smooth control of unidirectional/bidirectional power flow.

Provide interconnection of multiple microgrids.

The major challenge in selection of DC microgrid voltage for the standalone mode is non-availability

of voltage standardization. Hence, the selection of voltage can be dependent upon as follows:

a)

b)

c)

d)

e)

f)

Type and rating of loads (related to domestic and small-scale commercial buildings in the

present case),

Flexibility to provide supply either to common DC-bus or directly to the loads,
Optimum utilization of RESs and ESS,

Maximum efficiency,

Ease of design of power electronic and magnetic components for effective power conversion

and flow,

Ease of design of control loops.

Therefore, in this research work output voltage level of 100 V-200 V with a power rating of 500 W

is chosen which can provide supply to the wide variety of loads and/or the common DC-bus with an

option for interconnection of multiple DC microgrids of same voltage level and fulfilling the above

stated requirements.

Based on the literature survey and above discussion the configuration/family of power converters and

the system which can be selected for the stand-alone DC microgrid with the above-mentioned rating

are,

a)

b)

Family of galvanically (high frequency (HF) transformer [97]) isolated quasi-switched boost

integrated/non-quasi boost integrated resonant network based soft switching converters.

The system which can be used for interconnection of RES, ESS/ESD and various loads (other

microgrids if required) and is multi-port system (three port system).
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The integrated boost and quasi-switched boost integrated converters such as mentioned in [25], [87],
[98]-[102] with gating scheme such as given in [103]-[105] can provide a system with reduced power
conversion stages due to inherent property of providing buck and boost operation through the
combination of voltage source converter and current source converter into a single converter. The
three-port system of such type of converters with a suitable gating scheme will still increase the
advantage by providing the ability to interface multiple RESs, ESS/ESD and loads [100]-[103]. No
work is reported on the application of quasi-switched-boost integrated or related converters in a
three-port system which also integrates resonant networks such as LCL and LCL-T [27], [106]-[112]
with high frequency transformer isolation. The soft switching conversion can be opted for a greater

efficiency as compared to hard switching for fully isolated, and partially isolated type of converters.

Therefore, the main objective is to propose and develop the three-port system for configurations of
partially isolated quasi switched boost resonant network-based converters and fully isolated resonant

network-based converters.
The configurations of selected power converters of a particular family depend upon,

a) Partial soft switching resonant network based partially isolated DC-DC conversion in a three-

port system,

b) Soft switching resonant network based fully isolated DC-DC conversion with the effective

power flow in a three-port system,

c) Boost integrated/quasi switched boost conversion in partially isolated three port system with

improvisation in switching stage of soft switching converters.
d) Unidirectional and bi-directional power flow (for ESD).
Hence, the focus will be to propose the following configurations:

a) Integrated quasi switched boost resonant networks based partial soft switching DC-DC
converter forming a three-port system.

b) Fully isolated three port DC-DC conversion resonant network based soft switching.

Further, the derivation and implementation of suitable gating techniques is to be proposed for the
effective power flow control and regulation of DC output voltage. Also, to present operation, analysis,

design and simulation of the converters.
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Chapter 3

A Three Port Partially Isolated Quasi-Switched Boost Integrated LCL
Converter for DC Microgrids

This chapter [113] proposes a new three port partially isolated full bridge LCL dc-dc converter with
integrated quasi-boost network for RES and ESD ports. A gating scheme is also proposed for the
control of power flow among the three ports which are RES port (port 1), ESD port (port 2) and load
port (port 3) and output dc voltage regulation. The gating scheme also assists in the partial soft
switching, i.e., ZVS turn on for the inverter switches during the non-shoot through state under certain
operating mode conditions. This converter is capable of operating in four modes with the quasi-boost
operation for the two input ports, i.e., for ports 1 and 2. This converter can work for wide variations
in input voltages at input ports, and for wide variation of load. A detailed operation of the converter
for different modes of operation is presented using operating waveforms and equivalent circuits for
operation intervals. A steady-state analysis leading to design equations along with a design example
is presented. Specifications of the design example are: input voltage at port 1 is 2 V to 24 V (RES),
input voltage at port 2 is 9 V to 12 V and each port is capable of providing supply to the load of rating
500 W at constant dc output voltage of 200 V. Detailed PSIM simulation results are given to support
the theory and compared with the results.

3.1 Introduction

The need for multi-port converter for a dc microgrid in a standalone condition has already been
covered in chapters 1 and 2, but for the sake of continuity it is being briefly explained in this section.
In order to mitigate the environmental challenges caused by conventional energy sources while also
suffering with the power transmission and distribution system outages led to the usage of microgrids.
DC microgrid as explained earlier is a local energy dc network that combine sources such as PV,
wind turbines, fuel cell which are renewable energy sources (RES), with the energy storage devices
(ESD) (e.g., batteries and super capacitors) in a low to high voltage power network working
independently [1] and when in standalone condition, it normally consists of low to medium voltage
distribution networks directly connected or combining power converters providing power to the
distributed domestic loads. Therefore, dc microgrid improves the availability of the quality power in

the system [2]-[4].
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Reducing the number of power conversion stages in dc microgrid can increase overall efficiency and
reduce complexity which directly affects the cost of the system. A three port partially isolated
converters such as mentioned in [113]-[114] can provide an effective solution that accommodates
renewable energy source, storage device and the dc load in a single power conversion system. This
facilitates better utilization of energy sources, higher efficiency, cost effectiveness, compactness and

robustness.

Most partially isolated topologies can enjoy the boost/buck feature at RES port and ESD port as per
the requirement but faces the stiff voltage restriction when delivering the power to load port. But
there are few converters proposed with the boost operation at RES port. Other than that, topologies
which use the concept of shoot though duty cycle for buck/boost operation are also very limited which
uses the three-port conversion and a resonant network (LC, LCL etc.) and sometimes high frequency
transformer isolation for dc-dc conversion. Some of these topologies are proposed in [75] and [103]
which are based on Z-source and quasi-Z-source operation but not being used for dc-dc conversion
per se as they are either connected to ac grid or ac load. On the concept of shoot though duty there is
one another topology proposed in [25] which is having integrated quasi switched boost operation, but
such operation has never been used for three port conversion and no resonant network has been used
either. This topology also uses a voltage doubler rectifier. Therefore, in this chapter, an attempt has
been made to use the quasi-switched boost operation for three port conversion using a LCL resonant
network which assists in the partial soft switching for certain operating mode conditions. For the
three-port power flow control, and quasi-switched boost operation for RES and ESD port while
regulating dc output voltage a gating scheme is proposed which uses the concept of shoot through

duty cycle for the boost operation.

The proposed converter (Fig. 3.1) uses two boost inductors with a single capacitor which forms

the boost network at two ports. The main features of this configuration are:

1. Boost feature at RES and ESD ports helps in voltage gain and reduces the size of step-up

transformer in DC-DC converter.
2. Boost/buck feature at ESD port allows the lesser voltage rating of storage device.

3. Zero-voltage switching (ZVS) turn-on for all the switches or some of them depending on the

operating mode conditions during non-shoot through states reducing the switching losses.
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4. Hard switching of only two switches during the shoot through state reduces the losses as compared
to the converter where all the four switches undergo hard switching during the shoot through state

[90].
5. Zero-current switching (ZCS) turn-on and turn-off for output rectifier diodes.

Some other advantages are: fixed frequency operation and protection from dc saturation of isolation

transformer.

Objectives of this chapter are: (a) to give a detailed operation of the converter with a systematic
interval analysis for different operating modes, (b) to present steady state analysis leading to the
equations needed for designing the converter, (c) to give a systematic design procedure with a design

example, (iv) to present simulation results for different modes of operation.
These objectives are realized in different sections of the chapter as listed below:

Section 3.1 provides the introduction for the proposed configuration. Section 3.2 provides the
description of the proposed converter configuration and gating scheme for the same. Section 3.3 states
the assumptions used in the operation and analysis. Section 3.4 presents the converter operation for
different modes. Section 3.5 presents steady-state analysis leading to design equations. Section 3.6
presents a design example to illustrate the systematic design procedure. Section 3.7 gives examples
to illustrate the calculations for the design example when operated with different modes and loss
calculations for Modes 1 and 2. Section 3.8 presents the simulation results obtained from PSIM
software for the design values obtained in Section 3.7. Conclusions to the chapter is given in Section

3.9.
3.2 Converter configuration and gating scheme

The proposed converter (Fig. 3.1) consists of the renewable energy source (RES) in port-1, energy
storage device (ESD) in port-2 and dc output voltage in port-3 connected to a dc bus or a dc load as
shown. Inductors L1 and L2 are connected in series with RES and ESD, respectively. Port-1 RES, L1,
dc bus capacitor C;, D1 and Dp2 along with the four switches, i.e., Si, $2, S3, and S4 form the QSB
network-1. Port-2 ESD, L2, and along with the four switches, also form the QSB network-2. Across
the terminals A and B, LCL resonant circuit is connected that includes high-frequency (HF)
transformer. Leakage inductance of the transformer is used as part of L, and magnetizing inductance

is used as part of parallel inductance L:’ connected across the secondary side. Diode rectifier
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connected across the secondary-side rectifies the resonant current that is filtered by capacitor Cr to
obtain a constant dc voltage. This LCL resonant circuit together with rectifier and filter works similar
to that of LCL resonant converter and helps the QSB networks in achieving partial soft switching for
the switches and ZCS turn-on and turn-off for the output rectifier diodes. PV array or rectified output
of a small-scale wind energy generator can be used as a RES, whereas, a battery or an ultra-capacitor

can be used as the ESD.

This three-port conversion system operates in four different modes. (1) Mode 1: When the ports 1
and 2 both provide power to the port-3, i.e., load port. (2) Mode 2: When only port-1 is supplying
power to both ports 2 and 3. (3) Mode 3: When only port-2 is supplying the majority of power to the
port-3. (4) Mode 4: Port-1 supplies almost all the power to the load and port-2 provides very small

power. Operation of this mode is very close to mode-1 and is not explained here.

Fig. 3.2 shows the gating signals used to control the switching of the proposed conversion system.
During the shoot through interval, DswTs, all the four switches are gated allowing turn-on of all the
switches. The shoot through interval should provide the necessary boost factor for the voltage
provided by RES and ESD. This interval controls the output load voltage at port-3 for all the four
modes of operation, whereas, depending on the mode of operation, gating pulse-width DTs is
controlled for controlling the power flow in different ports. This is explained for each mode of

operation in the operation details for these modes.
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Fig. 3.1. Three-port quasi-switched-boost integrated LCL HF isolated converter.
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3.3 Assumptions used
The following assumption are used in the operation and analysis of the converter.

1. All the switches, diodes, inductors and capacitors are ideal. Voltage across capacitor Czis
assumed to be approximately constant.

2. Effect of snubber capacitors is taken into account in the operation but neglected in the
analysis.

3. Only fundamental components of voltages and currents are used in the analysis for LCL
converter part. The voltages at all the ports are assumed to be almost constant.

4. The HF transformer isolation transformer leakage inductance is used as part of series resonant

inductance and magnetizing inductance is used as part of parallel inductance.

3.4 Operation

Operation of the three-port conversion system is presented in this section using equivalent circuits
for different intervals of operation. This three-port conversion system operates in four different

modes.

1. Mode 1: When the port 1 and port 2 both provide power to the port 3, i.e., load port.
2. Mode 2: When only port 1 is providing supply to both port 2 and port 3.

3. Mode 3: When only port 2 is supplying majority of power to the port 3.

4. Mode 4: Port 1 supplies all the power to the load and port 2 does not provide any power. This

situation may occur very rare when Port 1 power matches exactly required load power.

Section 3.4.1 presents the mode-1 operation of the converter system when two sources supply
power simultaneously. Mode-2 operation of the converter system when source containing RES supply
power to the ESD and load is presented in Section 3.4.2. Section 3.4.3 explains the mode-3 operation

of the converter system when ESD supply power to the load.
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3.4.1 Mode 1

In Mode 1 when port 1 and port 2 provide supply power to the load port, i.e., port 3. Fig. 3.2 shows
typical steady-state operating waveforms. Devices conducting during different intervals are also
marked in this figure. This converter operates in 8 intervals for this mode. Fig. 3.3 to 3.9 shows the
equivalent circuits for the 8 intervals of operation of this mode.

The operation during different intervals is explained next.
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Fig. 3.2. Mode-1, waveforms are in the following order: Gating signals where the shaded portion is shoot through
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period of the switching; vag and ir,; switch currents i, to is4; inductor voltages and currents of L, and L,; and diode

currents of Dy, Dp; output rectifier diode currents.



Interval 1 (to <t < t1): There are two sub-intervals in this interval (Figs. 3.3(a) and 3.3(b)).
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a) At the end of interval 8 of last switching period, i.e., at the beginning of this interval, at ¢ = o,

b)

switches S3 and Ss are turned-off. As a result, snubber capacitors C1 and C: start discharging

towards zero while charging C3 and C4 towards Ve: (Fig. 3.3(a)). D1 and D2 will turn-on when Ci

and C: are completely discharged while C3 and Cs are fully charged to Ve:. As this interval is very

short, it is not shown in the waveforms.

When, the anti-parallel diodes D1 and D2 are conducting as shown in Fig. 3.3(b), the gating

signals are given to S1 and S2. L1 and L are discharging and C: is charging in this interval. Diodes

Du1, Dp2 and Dp are forward biased. On the secondary side, the diodes Do1and Do2 are conducting

since the resonant current iz- is positive (neglecting a small phase-shift due to small current iz;’).

The v4s becomes equal to -V in this interval. When the current through D> reaches zero at ¢t = 71,

this interval ends.

Applying KVL,
v =V —Veg
v =V,

Using KCL,

=~ +

m A\AAJ

L

Dy,

(3.1a)
(3.1b)

(3.1¢)

Fig. 3.3(a). Interval 1(a): Cs and C, Charging; C, and C, discharging; Dg, Dp1, Dp2, Do1, D, are conducting.
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Fig. 3.3(b). Interval 1(b): D1, D>, and Dz, Dp1, Ds2, Do1, D, are conducting.
Interval 2 (t1 <t <t): In this interval, since the gating signals have already been given to the switches
S1and Sz, and since current through D> reaches zero first at £ = #1, S2 turns on under ZVS and will
conduct together with D1 as shown in Fig. 3.4. Inductor Li continues to discharge, energy in L2
changes slightly and, C: continues to charge. Diodes Ds1, Di2, Do1 and Do2 continue to conduct.
This interval ends when current through D1 reaches zero. Also, the current through L, reaches zero,

resulting in ZCS turn-off for Do1and Doa.

+ le - A’

+
+ Vo
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AB\IZSWQ L

Fig. 3.4. Interval 2: Dy, S» and Dg, Ds1, Dy2, Do1, Do2 conducting.
Interval 3 (2 <t <t3) (Fig. 3.5): At t = 2, switch Sz continues to conduct and switch Si turns on under
ZVS since current through anti-parallel diode D1 reached zero at the end of last interval. Voltage vas
= -Vcz, V1 and vLi are charging C-. Diodes Ds, D»1, and Ds2 continue to conduct. On the secondary
side, since the polarity of current iz has reversed, diodes Do3 and Do4 turn-on with ZCS and start
supplying power to the load at port 3. Inductor L1 continues to discharge in this interval whereas L2
stores energy as switch Sz is in on-state allowing the charging for the inductor. Snubber capacitors C3

and Cs stay charged to V.. This interval ends at ¢ = #3 when S3 and Ss are turned-on.
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Applying KCL at point A’,
L1 = lcz - iLr (32)

+
Vo
>

A iLr Lr >

Y lsw2 RL

Fig. 3.5. Interval 3 and 5b: Si, S> and Dg, Dp1, D2, D3, D4 conducting.
Interval 4 (13 <t < ts) (Fig. 3.6): At ¢t = t3, the switches S3 and Ss are also turned-on shorting snubber
capacitors C3 and Csresulting in hard switching to these two switches whereas switches S1and S> are
already conducting as shown in Fig. 3.6. Now, all the switches are ON. In this interval, the capacitor
C: is going to discharge, v4s = - Ve.. Diodes D»1 and Ds2 turn-off and do not conduct since Ve: appears
as reverse voltage across them, Ds continues conduct. Inductor L1 gets charged with voltage across it
ver = (Vi+Vez) and L2 with voltage across it vz = (V2 + Vez), respectively. On the secondary side,
diodes Do3 and D4 continue to conduct. This interval ends when switches S3 and Ss are turned-off at
1=1t4.
Applying KVL,
v =V + Ve, (3.3a)

ULZ == V2 + VCZ (3.3b)
Applying KCL at point A,
iLl + iLZ = _iCZ + iLT (33C)
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L

Fig. 3.6. Interval 4: S\, 2, S3, Ss and Dg, D3, Dos conducting
Interval 5 (ta <t <ts): There are two sub-intervals in this interval.
Interval 5a (Fig. 3.7): Since at ¢ = t4, S3 and Ss were turned-off, snubber capacitors C3 and Cs start
charging to Ve, and, S1 and S2 continue to conduct as shown in Fig. 3.7(a). This interval ends when
C3 and Cy are charged to Ve.. As this interval is considered to be very short, it is not shown in the

waveforms.

Interval 5b (Fig. 3.5): In this interval, Si, S2 continue to conduct and this interval has the same
operational equivalent circuit (Fig. 3.5) and equations as interval 3. Inductor L starts discharging
again which causes charging of the capacitance C:, and vas = -V... The diodes Ds1, Dr2 and Ds will
again be forward biased and start conducting. Inductor L2 will store energy. This interval ends when

switches S1 and S2 are turned-off at 7 = #s.

o~ +

m \A A4

L

Dy,

Fig. 3.7. Interval-5a: Charging C; and Ci, Si1, S> and Dg, Dp1, D2, Do3, D,s are conducting.
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Interval 6 (ts <t < t¢): There are two sub-intervals in this interval.
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a) Interval 6a: Since at t = ts, S1 and S2 were turned-off, snubber capacitors Cs and Cs start discharging

towards zero, and C1 and C2 charging towards Ve as shown in Fig. 3.8(a). This interval is short

and not shown in the waveforms. Anti-parallel diodes D3 and D4 will turn-on as shown in Fig.

3.8(b) when Cs and C4 are completely discharged while C1 and C: are fully charged to Ve.. Gating

signals to S3 and S4 are given during this interval. Diodes Ds1, D2 and Dp are forward biased and

continue to conduct.

b) Interval 6b: Anti-parallel diodes D3 and D4 are conducting as shown in Fig. 3.8(b), va =+Vc..

Inductors L1 and L will continue to discharge and capacitor C: continues to charge. Diodes Ds1,

D2, D, Do3 and Do4 continue to conduct and this interval ends at ¢ = #6¢ when current through D4

reaches zero. Current iz reaches zero, Do3 and Do4 turn-off with ZCS.

Applying KCL at A’ and A respectively,

i1t i = ez + 1y

(3.4)

Yo~

o~ +

m \A A4

L

Fig. 3.8(a). Interval 6(a): C) and C, charging; C; and C4 discharging; Dg, Dyi1, Dy2, Do3, Dos are conducting.
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Fig. 3.8(b). Interval 6(b): D3, D4 and Dg, Dp1, Dy, Do3, Dos are conducting.
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Interval 7 (te < t < t7) (Fig. 3.9): In this interval, since the gating signals have already been given to
the switches S3 and S4, and since current through D4 reaches zero first, Ss turns on under ZVS. Ant-
parallel diode Ds continues to conduct and vas =+Vc.. Diodes Dp1, D2 and Dp continue to conduct.
Inductors L1 and L2 will continue to discharge and capacitor Cz continues to charge. Since direction
of resonant current iz reverses to become positive, diodes Do1 and D,z turn-on with ZCS and start

conducting. This interval ends at # = #7 when current through D3 reaches zero.

+ le - A’
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ARE ‘ -
> 1=
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Fig. 3.9. Interval 7: D3, Ss and Dg, Dy1, Dy2, Do1, D2 are conducting.
Interval 8 (t7 < t < Ts+to) (Fig. 3.10): Switch S3 will turn-on under ZVS since the current through D3
reached zero at ¢ = t7. Inductors L1 and L2 will continue to discharge and capacitor C: continues to
charge, and vap=+V... Diodes D»1, Di2 and D5 continue to conduct. Also, diodes Do1 and Do2 continue
to conduct to provide the voltage at the load side. Snubber capacitors Ci and Cz> will stay charged
during this period. This interval ends at ¢ = Ts+#0 ending switching operation for period 7s when S3

and Ss are turned off and the switching cycle repeats with interval 1.

Vi1 = Vl - VCZ (353)
Vi = Vo= Vez (3.5b)
iLl + iLZ = iLT + iCZ (35C)
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Fig. 3.10. Interval 8: S3, Ss and Dg, D1, Dy, Do1, Do are conducting.

Power control is done by reducing the gating signals on either side of DT for S1 and S2 while same
thing is done for S3 and S4 for symmetry. Output voltage is controlled by changing shoot through

interval DsnTs.

3.4.2 Mode 2

In this mode, port-1 containing RES (V1) supplies power to the reduced load while also charging
storage device such as battery or ultra-capacitor (port-2, /2). For this mode, to control the power flow,
gating signals of S3 and Ss are cut equally on either side of DT while gating signals for S1 and Sz are
kept at DT;. Output voltage is regulated by DsiTs. This mode operates with 7 intervals. Fig. 3.11
shows typical operating waveforms for this mode. Operation and equivalent circuits for 5 of these 7
intervals are the same as Mode-1 except current ir2 is negative. Table 3.1 summarizes the equivalent
circuits and devices conducting for Mode-2 those are similar to Mode-1. Equivalent circuits for the

intervals 2 and 6 with different operation are shown in Fig. 3.12 and 3.13, respectively.
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Fig. 3.11. Mode-2, waveforms are in the following order: Gating signals where the shaded portion is shoot through

period of the switching; vag and ir,; switch currents i, to is4; inductor voltages and currents of L, and L,; and diode

currents of D1, Dpy; output rectifier diode currents.
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TABLE 3.1: INTERVALS AND EQUIVALENT CIRCUITS OF MODE 2 SIMILAR TO MODE 1(WITH CHANGES IN EQUIVALENT

CIRCUITS)
Interval of Mode 2 Interval of Mode 1 Equivalent Devices conducting
circuit
Interval-1 (to<t<t)) Interval-1 (to<t<t)
CInterval-la | Interval-Ta | Fig.3.3(a) | ¢ Cs, Cs Charging, C, C; discharging,
Dg, Dp1, Dy, Dot1, D2
Interval-1b Interval-1b Fig. 3.3(b) D1, D>, Dg, Dp1, Dpa, D1, Do
Interval-3 (<t < ;) Interval-4 (3 <t < t4) Fig. 3.6 S1, 82, 83, S84, Dp, Do3, Doa
Interval-4 (3 <t < t4) Interval-5 (t4<t<ts)
Interval-4a Interval-5a Fig. 3.7 Charging C; & Ca, Si, S2, Ds, Dy,
D2, D3, Dos
Interval-4b Interval-5b Fig. 3.5 S1, 82, D, Dot, Do, Do3, Dos
Interval-5 (22 <t < ts) Interval-6 (s <t < t6)
Interval-Sa Interval-6a Fig. 3.8(a) C1, C>charging, Cs, Cydischarging,
Dg, Dp1, Di2, Do3, Doa
Interval-5b Interval-6b Fig. 3.8(b) D3, Da, Di1, Di2, Do3, Doa
Interval-7 (ts <t < Tyst+ty) | Interval-8 (z7<t< Tstty) | Fig. 3.10 S5, Sa, Dp, Dp1, Dpa, Do1, Do

Operation of Mode 2 during different intervals is explained here with a brief details of Mode 1

intervals common to this mode also to maintain continuity in following the operation.

Interval-1 (to < t <t1) (Figs. 3.3(a) and 3.3(b)): Operation is the similar to Mode-1 and equivalent
circuits shown in Figs. 3.3(a) and 3.3(b) of Mode-1 are valid, but with ir2 (= i»2) being negative
charging V2. There are 2 sub-intervals, interval-1a (snubber capacitors charging and discharging, Fig.
3.3(a)) and interval-1b (Fig. 3.3(b)) when diodes D1 and D> conduct, v4s = -Vc.. Diodes D»1 and Di2
continue to conduct. Capacitor C: is charging, L1 is discharging and L: stores some energy. Since iz
is positive, output rectifier diodes Do1 and D,2 are conducting supplying power to the load. This
interval ends at ¢ = #1 when D1 current reaches zero. Also, ZCS turn-off of diodes Do1 and Do2 occurs

since izr = 0 at the end of this interval.

Interval-2 (t1 < t <t2) (Fig. 3.12): In this interval, since the gating signals have already been given to
the switches S1and S2, and since current through anti-parallel D1 reaches zero first at ¢ = 1, switch Si
turns on under ZVS, v4s = -Ve.. Current ir2 (= ip2) is negative; diodes Ds1 and Ds2, continue to conduct.
Capacitor C: is charging with reduced current, L1 continues to charge and L» stores some energy. At
t = 11, since direction of current iz has reversed, Do3 and Do4 turn-on under ZCS and are conducting

in this interval.
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Fig. 3.12. Interval 2: S1, D», and Dg, D1, Dy2, Do3, Dos are conducting.
Interval-3 (t2< t < t3) (Fig. 3.6): Att = 2, S3 and S4 are turned-on, gating for S2 was already given.
Switches S3 and Ss experience hard turn-on switching and all the switches are conducting. Diodes Ds1
and Ds> are reverse biased since Ve: appears as reverse voltage across them and will not conduct.
Capacitor C: is discharging, L1 and L2 will store energy. Output rectifier diodes Do3 and Do4 continue
to conduct. Equivalent circuit (Fig. 3.6) and operation are the same as interval-4 of Mode-1, but

current iz2 is negative. At the end of this interval, at £ = #3, S3 and Ss are turned-off.

Interval-4 (13 <t < t4) (Figs. 3.7 and 3.5): Since S3 and Ss were turned-off at the end of last interval,
snubber capacitors C3 and Cs will charge to V.. (Fig. 3.7). Switches S1 and $2, and diodes Do3 and Do
will continue to conduct (Fig. 3.5). Diodes D»1, D2 will start conducting again. Capacitor C: will start
charging, L1 is discharging and stored energy in L> remains almost the same as from the previous
interval. Operation during this interval is similar to interval 5a and 5b of Mode-1 (Figs. 3.7 and 3.5),

but with negative current iz2. At the end of this interval, at ¢ = #4, S1 and > are turned-off.

Interval-5 (ta<t<ts) (Figs. 3.8(a) and 3.8(b)): Since S1 and S2 were turned-off at #4, C1 and C> charge
towards Vez; Cs and Cs discharge to zero followed by the conduction of D3 and D4. Diodes Ds1, Di2,
Do3 and Dos continue to conduct. Operation and equivalent circuits of this interval are the same as
Interval-6a and 6b of Mode-1(Figs. 3.8(a) and 3.8(b)). Capacitor C: is charging and, inductors L1 and

L> will be discharging. This interval ends when current through D3 reaches zero.

Interval-6 (ts< t < te) (Fig. 3.13): In this interval, since the gating signals have already been given to
the switches S3 and S4, and since current through D3 reaches zero first, S3 turns on under ZVS. Diodes
Di1, Dr2, Do3 and Do4 continue to conduct. Capacitor C: will continue to charge and, L1 and L will

continue to discharge. Before the end of this interval, output diodes conducting may change to D1
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and Do (for a very short interval) due to the small current flowing through iz.’. This interval ends at
t = te¢ when current through Ds reaches zero. At ¢ = f6, since direction of current iz- has reversed, Do3

and Do4 have ZCS turn-off.

J’_ VL] - A,

 lsw3

=+

% \AAJ

L

Fig. 3.13. Interval 6: S5, D4 and Dg, Dp1, Dy2, Do3 and D,4 are conducting.
Interval-T (t6 < t < Ts+to) (Fig. 3.9): Since current through D4 reaches zero at the end of last interval
and Ss is already gated, Ss turns-on under ZVS and conducts together with S3. Resonant current iz
has reversed polarity resulting in ZCS turn-on of D1 and D,2 and conduct during this interval.
Charging current through C: will decrease and then will increase after reaching a minimum value
depending on the values of iz1 and ir2. Inductors L1 and L2 will continue to discharge. During this
interval, when iz1 can become equal to iz- + ir2, currents through Ds1 and Ds2 can touch zero value for
a very short interval. Equivalent circuit (Fig. 3.10) is the same as interval-8 of Mode-1. This interval
ends at the end of a switching period, at # = 7 + fo when S3 and Ss are turned-off, entering interval-1,

repeating the switching cycle.

3.4.3 Mode 3

In this mode, port-2 (72) will be supplying almost full power to the load while port-1 (¥1) supplies
negligible power. Power control is done by reducing the width of DT equally on both sides for gating
signals S3 and Ss. This mode operates with 7 intervals. Operation and equivalent circuits are similar
to the Mode-1 with the changes in the conducting devices as shown in Table 3.2 (intervals 1 and 8 of
Mode 1 are absent). Also, during interval 3, very small current flows through S3. Fig. 3.14 Shows

typical operating waveforms.
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Operation of Mode 3 during seven intervals is explained here with a brief details of Mode 1 intervals
common to this mode (but with some changes in the conducting devices), also to maintain continuity

in following the operation.

TABLE 3.2. INTERVALS AND EQUIVALENT CIRCUITS OF MODE 3 SIMILAR TO MODE 1 (WITH CHANGES IN EQUIVALENT

CIRCUITS)

Mode-3 Interval

Mode-1 Interval

Equivalent circuit

Devices conducting

Interval-1 (to<t<t))

Interval-2 (t; <?<t)

Flg. 3 .4, D[,I,DB Off

Dy, S2, Dy2, Dot, Doz

Interval-2 (11 <t<t)

Interval-3 (2 <t <#)

Fig. 3.5, Ds1, Dg, off

S1, 82, D2, Do3, Dos

Interval-3 (£, <t <#)

Interval-4 (3 <t <ts)

Fig. 3.6

Sls SZ: S39 S45 DBs D03: D04

Interval-4 (<t < ty)

Interval-5b (t4<t<ts)

Fig. 3.5

S1, 82, D, Dp1, D2, Do3, Dos

Interval-5 (t4< ¢ < ts)

Interval-6b (ts<t<ts)

Fig. 3.8(b)

Ds, D4, Dp, Dp1, Dp2, D3,
D04

Interval-6 (¢5< ¢ < tc)

Interval-7 (<t < t7)

Fig. 3.9

D3, Sa, D, Dp1, D2, Do1, D2

Interval-7 (ts < t < Ty+to)

Interval-7 (ts<t < t7)

Fig. 3.9, Dpoff

D3, S4, Dp1, Dy, Do1, Don
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Dy ¢ 5.8 1S D, D5 Devices in
S5 Sl S5,S4l i DSZ Dy Sy conduction
2, T i Dpi
sz Dy i Dp ™ Dy Dy
12 3 4 5]6] 7 Intervals

Fig. 3.14. Mode-3, waveforms are in the following order: Gating signals where the shaded portion is shoot through
period of the switching; vap and iz; switch currents iz, to isws; inductor voltages and currents of L; and L,; and diode

currents of Dy, Dyo; Output rectifier diode currents.
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Interval 1 (to< t <t1) (Fig. 3.15): This interval is similar to interval-2 of Mode 1 with Ds1, D5 off. At
the end of last interval, S3 and S4 gating signals were removed resulting in turning-off switch S4 and
current through D3 jumps to zero. Gating signals are given to S1 and S2. The snubber capacitor Cs gets
charged to Vez, and C1 discharges to zero. Therefore, anti-parallel diode D1 starts conducting and the
switch $2 is turned on resulting in the turn-off of D3 and De1, iz1 = 0. Diode Ds2 continues to conduct
and v4p = -Vez. On the secondary side, diodes Do1 and Do2 conduct since ir- is positive. This interval
ends when current ir- reaches zero at £ = t1 and ZCS turn-off of Do1 and Do2 occurs.

sz = Vz (36)

o+

\AAJ
=

L

Fig. 3.15. Interval 1: Dy, S and Dy, on, D,1, Dy on.

Interval 2 (t1 <t <t2) (Fig. 3.16): This interval is similar to interval-3 of Mode 1 with Ds1, D5 off,
i1 =0. At t=t1 current through D1 reaches zero and the switch S1 turns on under ZVS and conducts
together with S2, vas = -Vez. Output diodes conducting are Do3 and Dos since the current iz has
changed its direction and ZCS turn-on of these diodes occur. Diode D2 continues to conduct. As
port-1 is delivering no energy, L1 is not going to play any role as it was doing in mode 1. This

interval ends when switches S3 and S4 are turned on.

sz = Vz (37)
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o L
L4 L4 +
CS irect_in D03 Vo
g I . —_ <
IR 5 T b3
Y Lsw2 1 f Ry
n

Fig. 3.16. Interval-2: S, S> and Dy on, D,3, Dos on.

Interval 3: (t2<t < t3) (Fig. 3.17): This interval is similar to interval-4 of Mode 1 (Fig. 3.6), but
very small current flows through S3. At £ =12, switches S3 and S4 are turned on shorting the snubber
capacitors C3 and Csresulting in hard turn-on switching for S, but S3 turns-on with ZCS. Switches
S1and §2 are already conducting. Now, all the switches are on, v4s = -Ve: as in interval 4 of Mode-
1 and capacitor Cz is discharging. Diodes Ds, Ds1 and Di2 are not conducting since Ve: appears as
a reverse voltage across them. Voltage across L2 is (V2 + Vcz) and stores energy in this interval.
Do3 and Dos4 continue to conduct. Very small current through switch S3 (isw3) increases linearly
from zero. This current also flows in L1, iz1; vi1 = Vi + Ve.. This interval ends at ¢ = 3 when

switches S3 and Ss are turned-off.

|
=+

AAA

% \AA4

L

Fig. 3.17 (same as Fig. 3.6) Interval-3: S;-Ss on, Dg, D,3, Dos on.
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Interval 4 (t3<t < t4) (Figs. 3.7 and 3.5 or 3.18): This interval is similar to interval 5 of Mode 1 with
two sub-intervals. Since S3 and Ss were turned-off at the end of last interval, snubber capacitors C3
and Cs will charge to Ve: for a short interval (Fig. 3.7). Switches S1 and Sz will continue to conduct
together with Ds1 and Dp2, vap = -Ve: (Fig. 3.18) Output rectifier diodes Do3 and Dos will continue to

conduct. This interval ends when S1 and S2 are turned-off at the end of this interval at 7 = 4.

Yo~
N+

AAA
\AAJ

Ry

Fig. 3.18 (same as 3.5). Interval 3 and 5b: Si, S> and Dg, Dp1, Dr2, D3, Dos conducting.

Interval 5 (ta< t < t5) (Fig. 3.8(a) and Fig. 3.19, same as 3.18(b)): Since S1 and S> were turned-off at
the end of last interval, snubber capacitors Ci and C2 will charge to Ve: and, C3 and Cs will discharge
to zero during a short interval (Fig. 3.8(a)) not shown. This will result in conduction of D3 and Da,
vag = +Vez (Fig. 3.8(b)). Diodes Ds1, Dr2, Do3 and Do4 will continue to conduct. This interval is the
same as Interval 6 of Mode 1 and ends when current through D4 reaches zero at ¢ = ts and ZCS turn-

off of Do3 and Do4 occurs.

=+

w \AAJ

L

Fig. 3.19 (same as Fig. 3.8(b)). Interval 5: D3, D4 and Ds1, Dp2, Do3, Dos are conducting.
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Interval 6 (ts<t<te) (Fig. 3.20, same as Fig. 3.9): This interval is similar to interval-7 of Mode 1. At
t = ts, when current through D4 reaches zero, S4 is turned on under ZVS and will conduct together
with D3, vap = +Vcz and L2 will continue discharging. Conducting devices Ds1, Dr2 and D3 will
continue to charge the capacitor C.. Output rectifier diodes Do1 and D2 turn-on under ZCS and
conduct since the direction of current iz has reversed. This interval ends when iL; reaches zero

completing the reset of voltage across Li.

+ le - A’

il‘l Ll iDb+ Dbl icz

DB éo +
i
;i)rt 1 L Vo
VL2 CZ’ &
) L, B(’— Ry
Port-2 Tswa
nl | 542 -
n 1=
|l B Dy,

Fig. 3.20 (same as 3.9). Interval 6: Ds, S4 and Dg, Dp1, D2, Do1, Doz are conducting.
Interval 7 (t6 < t < to+T5) (Fig. 3.21): This interval is similar to interval-7 of Mode 1 with Ds off, ir1
= 0. S4 will continue to conduct together with D3, vas = +Vcz and L2 will continue discharging.
Conducting devices Ds1, D2 and D3 will continue to charge the capacitor C:.. Also, output rectifier
diodes Do1 and Do2 continue to conduct. The operation ends when Ss is turned-off at £ = Ts + o, to

enter into interval 1 again.

=+

% AAAJ

L

Fig. 3.21. Interval 7: D3, S4 and Dp1, D2, Do1, Do are conducting.
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3.5 Steady state analysis
3.5.1 Gain for port-1 and selection of boost inductance L

Referring to waveforms shown in Fig. 3.2, voltage across inductor L1, vi1, is shown in Fig. 3.22(a).
Based on the equivalent circuits for the 4 intervals shown in Fig. 3.30(a), equivalent circuits for

voltage appearing across L1 are shown in Fig. 3.22(b) and (c).

V1+ch'
VLIO ;
Vl'ch ﬁ) TH% S _
DT; Dsilr s EDszé% DT=TJ2 ——
(a)
i =iy o V-
Lrig 1
TN Vez
Vi C ||

(b) (c)
Fig. 3.22(a) Voltage waveform across L1, vr1. Equivalent circuit for vi; (b) during non-shoot through state, and (c)

shoot through state.

Using the waveform across L1 and equivalent circuits shown in Fig. 3.22, equation for vr1 can be
written as: vi1 = (V1 — Vez) for a total time length of (D1 + D2 + D)Ts = (1 — Dsn)Ts, and ve1 = (V1 +

Vez) during DsiTs. Applying volt-sec balance for L1,
(Vl - ch)(l - Dsh)Ts + (Vl + ch)( DshTs) =0

Simplifying, boost voltage gain for source V1 is:

Vg 1
v, (1 — 2Dsh> (38)

For design of inductor Li1: From Fig. 3.22(a) and (c), during the shoot through state all the switches

are on, vz1 is maximum and ripple current is maximum. The voltage across v.i is written as:

_ AiLl_
le_LF_VCZ-l_Vl (39)

where, AiL; = Aip: is the peak-to-peak inductor current of inductor L1,
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Using (3.8) in (3.9),
LiAiy, = ( i )+V At 3.10
1811 = 1— 2Dgy0; 1 (3.10)
Where, At = DShTS —-0= DShTS

Further simplifying (3.10),

_ 2V1(1_Dshoot) D T
VT Aipy (1= 2Dgppey)  MOOF S

(3.11)

(3.11) can be simplified as,

2V1(1 — Dsp)

1= A
ILl ' IL1(1 - 2Dsh)
L1

Dy, - T, (3.12)

where, /11 is the average inductor current through L1 and Aizi/IL1 = riz1 is the current ripple factor
for the inductor L1,

__2n(-Dy)
! Tipq 11 (1 — 2Dgp)

Dy, - T, (3.13)

3.5.2 Gain for port-2 and selection of boost inductance L,

Using the waveform across L2 and equivalent circuits shown in Fig. 3.23, equation for vz can be
written as: vi2 = V2 for a total time length of (D1 + D2)Ts, vi2 = (V2 + Vez) during (DsinTs), and viz2 =

(V1 = Vez) during (DT5). Applying volt-sec balance for voltage across La:
(V2)( D+ DZ)TS + (V2 + ch)(DshTs) + (VZ - ch)(DTs) =0

Noting that (D1 + D2+ Ds)Ts = DTsand simplifying, boost voltage gain for source V> is:

Ve 2D

AREGES W) (3.14)
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V2+ch T
v, L
VL2 o : t
VaVe | DT, DanTs 7 5
DT, 278k——— DT =Ty2 —
(a)
. . ; 1%
=1y + Vi . L2712 4, Lo ZLZ_,lpZ + K2 -
L, L, i T+ L, iy T'
T~ Vez ;: Ver
V2 V2 CZ - V2 CZ +
(b) (c) (d)

Fig.3.23(a) Voltage waveform across L,, vi». Equivalent circuits during: (b) and (c) non-shoot  through states and (d)

shoot through state (all switches are ON).

Design of La:

During the shoot through state all the switches are on, vz2 is maximum and ripple current is maximum.

For the equivalent circuit shown in Fig. 3.31(d), the voltage across vz2 is written as:

AI:LZ
vLZ s LZ A_t = VCZ + VZ (315 )
Using (3.14) and (3.15),
_ 2D
LzAle = (Vz(ﬁ + 1)) b DSh - TS (316)
sh

where, Air2 = Air> is the peak-to-peak inductor current,

Simplifying (3.16),

V2 (3D - Dshoot

L
2 D - Dshoot

= ) Danooc  Ts (317)
—°L2, I,

IL2

where, /12 is the average inductor current and Air2/I12= rir2 is the current ripple factor for the

inductor Lo,

% 3D—-D
Lz — 2 ( sh

*Dgp + T, 3.18
5= p) Do T (3.18)

iz 112
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3.5.3 Selection of capacitor C,
From mode 3 when only the port 2 is delivering the power and during shoot through condition, C:

carries peak current.

AV,
icz = (g AT Ip + I
s

1
~ (ripple factor)V,, .

C, Dgp - Ts(Ipy + I1rp) (3.19)

. A
where ripple factor = #

cz

3.5.4 Peak and RMS current in switches S1, Sz, S3, and S4

Expressions for rms currents through the switches S; to Ss are derived in Appendix 1 for the general mode

1 referring to Fig. 3.2 and equivalent circuits shown in Fig. 3.3 to 3.10.

1. Instantaneous current through Si, is1, during different intervals is given by,

( 0, 0 wt<oepnm<wt<?in
_ —Ipp sin(wt — @), ¢ < wt< 2nD,;
1T Nieg = Iy + Iy + I sin(wt — @), 27Dy < wt < 27D, + 27Dy,
—Ip sin(wt — @), 2nDy + 2nDg, < wt< 1w

(3.20)

RMS current through switch Si is given by

2 1 T['Z
Isl(rms) = ﬁ is1d (wt)
@

12 sin 2
LA o (n —+ #) + (1 + 112)*(2mDgp)
s1(rms) — %

+4(Iy + 1) X Iy X sin(2nD; + mDg, — @) sin(nDy)

(3.21)
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2. Instantaneous currents through S2, is2, during different intervals are given by,

Iz + Iy sin(wt — @), a< wt< @
) Iy, + I sin(wt — @), ¢ < wt< 2nD;
527 Nigy = Iy + Iy + Iy sin(wt — @), 21D, < wt < 21D, + 27Dy,
Ipp + Iy sin(wt — @), 2nD; + 2nDg, < wt< 7w
(3.22)
RMS current through switch Sz is given by
1 s
Iszz(rms) = EJ; isgz d(wt)
172 Ity IZp (sin2¢ sin2(a — )
Lsorms = (%) 2 +1I |(m—a) + ) ) + )
+ 2Ip511p(cosg + cos(a — ¢) ) + (I7y + 2I111;5) (2 Dgy)
1/2
+2(I1) X Iyp(—cos(2nD; + 27D, — @) + cos(2mD; — (p))l
(3.23)
where, a is given by is2 = 0 at of = a:
I + Iy sin(a— @) =0
o= ¢ +sin~? (— L2 ) (3.24)
Irp

3. Instantaneous currents through S3, is3, during different intervals is given by,

0 0< wt< @+2nD;
. 14 2nD; < wt < 2nDy + 2mDgy
's3=730 2nD; + 2nDg, < wt<m+@+f
Iy sin(wt — @) — I, T+e+f < wt< 2w

(3.25)
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RMS current through switch Ss is given by

1 21
I = — | iLd(wt)
s3(rms) wT o s3

2

I
1 (1@ + 22 (r—p - p+

sin2¢ N sin2f8
Is3(rms) = o 2

2 2
+ 21p,p112(cos @ —cos )

>+IL22(7T—<P -B)

(3.20)
where, B is givenby iz =0atwr=n+ ¢ + f3:
—sin(fm+ @ +B—¢@)—1,=0
I
B = sin~? ( L2 >
ILrp
(3.27)
4. Instantaneous currents through S, is4, during different intervals are given by,
( 0 0 < wt < 2mD,
. ILl +IL2 27TD1 S wt S 27TD1 + anSh
lsa =30 2nD; + 2nDg, < wt<@+m
—I1,p sin(wt — @) p+n < wt< 2m
(3.28)
RMS current through Ss is given by,
1 I} sin2¢
Is4(rms) = E (ILl + ILZ)Z(ansh) + ;p (ﬂ —¢p+ 2 )
(3.29)

Based on the instantaneous current equations for the switches given above, expressions for switch
peak currents can be written. Worst case approximate switch peak currents for rated power (as a

particular case) are:
Lipeak = Iszpeak = Iz + Inrp, Istpeak = 112 (for Mode-3);

Is3peak = 111 (fOI' Mode-4) (330)
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3.5.5 Diode ratings

1. Average current through Ds, Ips = I11

2. Expressions for average currents through ips1 and ipr2 ae derived in Appendix 2.

Average current through Ds1: Instantaneous current equations for Ds1 during different intervals is

given by
(11, 0< wt< 2mD,
. _ 0 B 27TD1 < wt < 27TD1 + 2T[D5h
1 T3, 2D, + 2nDy, < wt< T
(I1 + 1p2) + Iy sin(wt — @), m < wt < 2m
(3.31)
Then,
1 2T
Ipyyavg) = 5 fo ipy, d(wt)
1 2mD4 s 21
=5 f I, d(wt) + j I, d(wt) + J. ((IL1 + 1) + 11y sin(wt — (p))d(wt)
mT\Jo 21Dy + 2mDgp T
I, Ippcose
=1;,((1—-D —_———
(3.32)
Average current through Dpo:
Instantaneous current equations for Ds2 during different intervals is given by
I+ 15, 0< wt< 2nD,
. 0, 2nD; < wt < 2mDy + 2mDgy,
o2 T 1, + 1y, 21D, + 2nDy, < wt< w
(Ip + 12) + Ipp sin(wt — @), < ot < 21
(3.33)

Then,
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1 2
IDbz(aUg) = %J(‘) LDbzd(wt)

1 2mD4 b4
(j U + 12)d(wt) + f (g + 1) d(wt)
0 2

2m 1Dy + 2mDgp

+ - (1 + I2) + Ipyp sin(wt — @) )d(wt)
)

I, cos
Dsh)_m’_"’

= (1 +12)(1—
(I Lz)( -

(3.34)

3.5.6 Analysis of LCL-type resonant converter

Analysis of LCL-type resonant converter using only fundamental components is available in the
literature [30], [31] and briefly reviewed below. Time domain and phasor equivalent circuits used for
the analysis is shown in Fig. 3.24 where R.c represents the primary-side referred ac resistance
replacing the output bridge rectifier, filter capacitor and load R:. Inductance L, is the inductance L

referred to the primary-side including the effect of magnetizing inductance.

Xis 7 Iz
A N JAL J”XVCS , ]\ﬁct _
- — Lpl
I L P
e i Rac
VaB1®) J&vLp 2
B

Fig. 3.24 (a) Time domain equivalent circuit across terminals A and B. (b) Phasor equivalent circuit for fundamental

frequency across terminals A and B.

Fundamental component of v.45 is given by

Vaps = (22) sin(wst) (3.35)

T

Rac 1s given by:
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Ry = ;R’L (3.36a)
where
1 RL
R, = 2 (3.36b)
Equation (3.35) in phasor form
_ 4V,
Vagt = n_” £ —90° (3.37)
The voltage gain is given by [27],
%4 1
M = V_O = (3.38)
cz 2 2 2
L, 1 5 (T? 1
[t -) () -
where, F :% ,0 = er—LT, ws = 27f;, fs = switching frequency (3.39a)
T 'L
Vo
V, =— 3.39b
) = (339b)
1
W, = (3.40)
VL,C;

Equivalent impedance looking into terminals A and B, from the equivalent circuit diagram is

given by,
Zoqg = (Xpr + Xcs)j + % (3.41)
where Xir= wsLr, Xcs= -1/(wsCs), X1p= wsLp.
Peak currents through L., L, and peak voltage across Cs are given by
I, = %le A (3.42)

VCsp = |1Lrchs| Vv (3.43)
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_ (#vy/m)
lpp =, — A (3.44)

and the impedance angle of the resonant network is given by,

R2.X
X+ Xes + <LLP>

2 2
@ = tan™! 72 RRaC * Ay (3.45)
Lt"tac
<R§w +X sz>
3.6 Design

In this section, a simple design procedure is given based on the operation, steady-state analysis
and design equations given in Sections 3.4 and 3.5. Design procedure is illustrated using a design
example having the following specifications.

A design example is presented in this section to illustrate a systematic design procedure.

Specifications used in illustrating the design procedure are: Rated power 500 W; input voltage at port
1,1.e., V1=24 V; input voltage at port 2, i.e., V2 =12 V; output voltage V5, to be maintained at port 3,
i.e., across load is 200 V; switching frequency fs is fixed at 100 kHz; Cr is chosen as 10 pF to provide
the constant voltage across the resistive load; current ripple is assumed as 10% for selection of L1 and

5% for L. Voltage ripple factor for Cz is chosen as 5%.

Some design constraints are: (1) The converter has to be designed for rated power 500 W for every
port because both port 1 and port 2 should be able to provide rated power to port 3 alone or together.
(2) Port 1 should be able to supply power to the port-3 while excess power is used to charge the ESD
in port-2. (3) If the RES generated power is lower than the required load power, then for additional
load power required will be compensated by energy storage device like battery available at port 2. (4)
The rated 72 is selected such that it is half of the value of rated voltage V1 to ensure the full operation
in partially isolated three port conversion in all the three modes [102]. (5) L1 and L are calculated for

continuous conduction at both the ports.

3.6.1 Voltage gains of ports 1 and 2, L and L,

Voltage gain is obtained using (3.25), Dsnis chosen as 0.25 so that using (3.25), Ve =2V1 =48 V.



Chapter 3

v = (=) = (T=rx0m) =
v, \1-2Dy/ \1-2x025/"

V., =48V
Then D can be found by using (3.14),
Vez 2D
Vo (D= Dsp)
_ 48 2D
e, —m=-—7——=—
12 (D —0.25)
~D=05
L1 can be found out by using (3.13),
_ 2Vi(1 = D) (Dgp T) 2 x24(1-0.25)

1= X 0.25 X (10 x 107%) ~ 86 uH

i - 11(1—2Dg,)  0.1x20.833(1 — 2 x 0.25)

where, /17 is calculated as,

I = % = 5;% = 20.833 4
L> can be found out by using (3.18),
L, = v, (3D - Dsh> (DT, = 12 (3 x0.5— 0.25) 025 x 1075 ~ 72 uH
Tipo X I;2 \ D — Dgp, 0.05x41.66\ 0.5-0.25
where, /1> is calculated as,
P; 500

I,=—=""=41.664
27y, 7 12

72
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3.6.2 LCL converter design

For designing LCL converter, the following values are used: L/L:= 0.2, 0 =2, F = 1.1. These values
are chosen so that the converter can work in above resonance mode and can provide partial soft

switching (ZVS) operation.

Then substituting the values, voltage gain using (3.38) is given by,

m="o_ !
v
ke B) e ) e
_ 1
1) 722 142
\/(1 +0.2(1- W)> +22 (g) (11-17)
~ (.88 p.u.

Therefore, Vo' = (M)(Vez) = (0.88)(48) = 42.22 V.

Turns ratio of HF isolation transformer is given by,

1 _ Vo' _ 41.42 0211
n_ V, 200
Value of load resistance is
V> (200)2
R, = —= = O
L= p, 500 o0

Then the load resistance referred to the primary side of HF transformer is

1 2
R, = (E) x R, = (0.211)2(80) ~ 3.565 0

Resonance frequency f-= fi/F = 90.91 kHz.

Using (3.40), value of resonant inductance L is given by
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_R.Q . (3565)(2)
T w, 2w x90.91x10

L, -~ 12.48 pH

#L,=5xL,=5x1248 x107° ~ 62.42 pH
Substituting values in (3.39a), value of resonant capacitance is given by,

1 1
C, = =
ST 4m2f2L,. 4m?(90.91)2(10%)2(12.48 )(107)

~ 0.2455 pF.

Rac= (8/m)(RL’) = (8/m%)(3.565) = 2.89 Q.
Substituting values in (3.41), equivalent impedance of resonant network,

Rac-jX1p 2.89 x (j39.217)

Zog = (Xpr + Xcs)j + =j(7.813 — 6.482) +

Rac + jX1p 2.89 +j39.217
= 2.874+j1.573 Q
o |Zeq| = 3276 Q

Substituting in (3.42), peak current through L is given by,

_ ez _ 4X48 oo
v |z, | mx3276

Using (3.43), peak voltage across resonant capacitor is,

Ves = |11, Xes| = 18.53 x 6.482 = 12091 V

Using (3.44), peak current through L, is,

C(4Vy/m) | 4 x42.22

I, = = =~ 13714
Lpp Xy, T X 39.217

Using (3.45) impedance angle of the resonant network is given by,

Q= tan‘115—73 = 28.692°
2.874 ’

74
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3.6.3 Capacitor C,

Substituting values in (3.19),

1
- (ripple factor)Vcz

_r
(0.05)(48)

Cy (Dsp)(T) Iz + Irp) = (0.25)(10 x 107°)(41.66 + 18.653)

= 62.83 pF.

Minimum voltage rating of C-, Ve: = 48 V + ripple voltage = 50 V. Select a capacitor with a voltage
rating of 75 V or 100 V.

3.6.4 Switch and diode ratings
Maximum values of switch peak currents, using (3.30):
Islpeak = IsZpeak = IL2+ILrp =41.66 + 18.653 = 60.32 A, ]s4peak =Il12=41.66 A (fOI’ M0d6-3);

Ls3peak = 111 = 20.83 A (for Mode-4). In Mode 3, current through anti-parallel diode is maximum and
is ID3peak = 56 A.

Maximum average currents through Ds1 and D2 occur in Mode-3, using (3.31) and (3.33):
Ippi =155 A, Ipro =24.3 A.

Maximum voltage appearing across the switches and diodes is Ve.. Therefore, switches and diodes

(Dp1 and Dp2) rated for a minimum value of 75 V have to be selected.

3.6.5 Output rectifier diodes:

Py  500W
=2=——=25A.
vV, 200V

Average output current, [,
Average current through Do1, Do2, Do3, Doa:
IDo1(avg) = IDo2(avg) = IDo3(avg) = IDod(ave) = 1o/2=1.25 A.

Voltage ratings of diodes has to be > 200 V.
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3.7 Examples

In this section, examples are given to illustrate the use of equations given in the previous sections for

3 cases of Mode 1, 2 and 3. Also, loss calculations are given for Modes 1 and 2.

3.7.1 Mode 1: An example is considered with rated output power P, = 500 W, shared by ports 1 and
2; port 1 supplying Pi1 =420 W with V1 =21 V and port 2 supplying P2 =80 W with V2 =12 V.

Then the input currents are:
111 =420/21 =20 A and /12 =80/12=6.7 A.
Using (3.8), to maintain Ve: =48 V, gain for port-1 is 2.286 and Ds» = 0.281.

Using (3.14),

48 2D
12 (D —0.281)

Therefore, D = 0.5625 and is higher than rated value of 0.5 by AD = 0.5625 — 0.5 = 0.0625.

For power balance, gating pulses for switches S1 and S2 of port-2 will be cut by = 0.06 from rated
values of 0.5. Gating pulses for switches S3 and Ss will be cut by = 0.0025 from rated values of 0.5.
Therefore, gating pulse widths of S1 and Sz is 0.44 and gating pulse widths of S3 and Sais 0.49.

~D1=D2=(0.44-0.281)/2 =0.159.
Using equations (3.42) and (3.45),
Peak current through L., I, = 18.65 A. and ¢ = 28.69°.

. RMS current through L; is,

I 18.653
lirrms) = 2 === 132 A,

Then using (3.20), (3.22), (3.25) and (3.28), peak currents through switches (including ripple

currents) are:
Lswi(peak) = Lsw2(peak) = ({21 + AlL1/2) + (I12 +A 112/2) + I1p= 46.5 A;
(Where ripple currents in L1 and L2 are: Alzi=(0.1)({1) =2 A and Alr2=(0.05)(Iz2) = 0.335 A)

Lsw3(peak) = I11 + AlL1/2= 21 A,
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Lswapeak) = (L1 + AlL1/2) + (I2 +A 112/2) = 27.9 A.

Switch RMS currents calculated using (3.21) to (3.29) are:

Liiaems) = 21.8 A, Ioams) = 19.4 A, L3ams) = 14.6 A, Laams) = 16.9 A.
Average currents through Dp1 and Dp2,

Ipbiave) = 12.5 A and Ipp2ave) = 13.95 A.

3.7.1.1 Loss calculations:
Approximate losses occurring due to various parts are given below.

Select MOSFET Infineon IRF 2807PbF (75 V; 82 A; Rpson)= 0.013 Q @ 25°C; tion) = 13 ns, rise
time, ¢ = 64 ns; fall time, #= 48 ns) and assume Vz=1 V drop across diodes. Due to temperature rise,

Rps(on) 1s taken as 0.02 Q in calculations.
Conduction losses in the switches,
Petoss = [(Isiams))> + (Is2ms))* + (Is3ms))? + (Lsacrms))* 1 [RDscon)] = 27 W.
Series diodes (D»1 and Dr2) loss, Ppb» = (Ipbi(ave) + IDb2(ave))(Va) = 26.5 W.
Output rectifier bridge loss, assuming 500 W output, P = (lo)(2Va) = (500/200)(2) =5 W.
Assume Q = 100 for the resonant inductor, then Q loss in L, is,
Prr= (Irms)*)(@sL/ Q) = 13.6 W.
Assume losses in transformer and boost inductors 2% of input power, Pir-loss = 10 W.

Switches Sw1 and Sw2 turn-on under ZVS, Sw3 and Sw4 are hard switched during turn-on for the

boost operation intervals. Therefore, approximate total turn-on switching loss is given by [115],

1
Psw—ton—loss = (g) [Isw3(peak) + Isw4(peak)](ch)(tr)(fs)

1
= (g) [21 + 27.9](48)(64 x 107°)(100 x 103)

=25W.
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All the switches have hard turn-off switching during the boost operation intervals: switches Sw1 and
Sw2 turn-off approximately at less than half the peak current flowing through them, and Sw3 and
Sw4 are hard switched during turn-off also (approximately at the peak currents). Therefore,

approximate total turn-off switching loss is given by,
1
Psw—toff—loss = (g) [(Iswl(peak) + Iswz(peak))/z + Isw3(peak) + Isw4(peak)](ch)(tf)(fs)

= (%) [(46.5 + 46.5)/2 + 21 + 27.9](48) ((48) x 10~2)(100 x 10%)

=37 W.

Also, assume miscellaneous losses (includes small power loss of about 1 W for turn-off of Sw3 and
Sw4 in the second half period when they turn-on under ZVS, power loss across anti-parallel diodes,

etc.) 1% of input power, Pumisc-loss =5 W.

Total power 10ss Pioss = Pe-loss+ Ppb+ Pro+ PrLr+ Pirloss T Pmisc-loss T Psw-ton-loss + Psw-toff-loss
=932 W.

Since the input power is limited due to RES and ESD, output power is calculated using,

Po= Pin— Pioss =500 —-93.2 =406.8 W.

Approximate estimated efficiency, n = :—_" x 100 = % X 100 = 81.4%.

3.7.2 Mode 2

An example is considered with output power to load (port-3), P, =375 W; port 1 supplying P;; = 420 W with
V1 =21V input and port 2 is absorbing (charging) with P, =45 W with }>,=9 V.

Then the input currents are:

111 =420/21 =20 A and 12 = -45/9 = -5 A.

Using (3.8), to maintain Ve: =48 V, gain for port-1 is 2.286 and Ds» = 0.281.
Using (3.14),

48 2D
9 (D -0.281)
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Therefore, D = 0.4502 and is less than rated value of 0.5 by AD = 0.5 — 0.4502 = 0.04982.

For power balance, gating pulses for switches S3 and S4 will be cut by = 0.049 from rated values of
0.5. Gating pulses for switches S1 and S2 of port-2 will be cut by = 0.00082 from rated values of 0.5.
Therefore, gating pulse widths of S3 and Sa1is 0.451 and gating pulse widths of S1 and Sz is = 0.499.

D1=D2=(0.499 - 0.281)/2 =0.109.
Using equations (3.42) and (3.45),
Peak current through L., I, = 14.6 A. and ¢ = 24.46°.

. RMS current through L, is,

Iy 14.6
ILr(TmS) = f/ip :f: 10.32 A.

Then using (3.20), (3.22), (3.25) and (3.28), peak currents through switches (including ripple

currents) are:

Lswi(peak) = Lsw2(peak) = (L1 + AlL1/2) + (Ir2 + A 112/2) + I1p = 30.45 A;

(Where ripple currents in L1 and L2 are: Alzi = (0.1)(/r1) =2 A and Alr2= (0.05)(/z2) = -0.25 A)
Lsw3(peak) = 111 + AlL1/2 =21 A,

Lswa(peak) = 121 + AlL1/2 + 12 + Al12/2 = 15.88 A.

Switch RMS currents calculated using (3.21) to (3.29) are:

Liiaems) = 14.7 A, Inams) = 9.18 A, L3ams) = 13.3 A, Lagms) = 10.75 A.

Average currents through Ds1 and Dsz,

Ipbiave) = 7.65 A and Ipp2@ave) = 6.56 A.

3.7.2.1 Loss calculations:

Approximate losses occurring due to various parts are given below (same assumptions as given for
Mode 1).

Conduction losses in the switches,

Peioss = [(Isl(rms))2 + (Is2(rrns))2 + (Is?:(rms))2 + (Is4(rms))2] [RDs(on)] =12 W.
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Series diodes (Ds1 and Ds2) loss, Pps = (Ipbi(avg) + IDb2(ave))(Va) = 14.2 W,

Output rectifier bridge loss, Pro = (10)(2Va) = (375/200)(2) = 3.75 W.

Assume O = 100 for the resonant inductor, the O loss in Ly is, Prr = (Irxms)>)(@sL+/QO) = 8.3 W.
Assume losses in transformer and boost inductors 2% of input power, Pi-loss = 8.4 W.

Switches Sw1 and Sw2 turn on under ZVS, Sw3 and Sw4 are hard switched during turn-on for the

boost operation intervals. Therefore, approximate total turn-on switching loss is given by,

1
Psw—ton—loss = (g) [Isw3(peak) + Isw4(peak)](ch)(tr)(fs)

1
= (g) [21 + 15.88](48)(64 x 1072)(100 x 103)

~1.9W.

All the switches have hard turn-off switching during the boost operation intervals: switches Sw1 and
Sw2 turn-off approximately at less than half the peak current flowing through them, and Sw3 and
Sw4 are hard switched during turn-off also (approximately at the peak currents). Therefore,

approximate total turn-off switching loss is given by,

1
Psw—toff—loss = (g) [(Iswl(peak) + Iswz(peak))/z + Isws(peak) + Isw4(peak)](ch)(tf)(f:9)

= <%> [(30.5 +30.5)/2 + 21 + 15.88](48)((48) x 107%)(100 x 103)

=26 W.
Also, assume miscellaneous losses 1% of input power, Pmisc-loss = 4.2 W.
Total power 10Ss Pioss = Pe-loss + Ppb+ Pro+ PLr+ Puloss T Pmisc-loss T Psw-ton-loss + Psw-toff-loss
=552 W.
Output load power,

Po :Pin—Ploss:420—55.6 =364.8 W.
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Approximate estimated efficiency, 1 = :—_" X 100 = % X 100 = 86.9%.

m

(Note: In this case, total output power to be supplied is power to load and power going to port-2; in

this example, 420 W total power to be supplied by port 1).
3.7.3 Mode 3:

An example is considered with rated output power P, = 500 W, port 2 supplies almost all the power
and negligible power is supplied by port 1: port 2 supplying Pi» = 420 W with V2 =12 V and port 1
input voltage is V1 =2 V.

Then the input currents are:

I11=0.2/2=0.1 A and 112 =500/12 = 41.67 A.

Using equations (3.42) and (3.45),

Peak current through L, /1, = 18.65 A and ¢ = 28.69°.

. RMS current through L; is,

I Lr(rms) = NF] \/5

Then using (3.20), (3.22), (3.25) and (3.28), peak currents through switches (including ripple

currents) are:
Lswi(peak) = Lsw2peak) = (IL1 + AlL1/2) + (I2 + Al2/2) + ILp= 61.5 A;

Lswipeak) = [122 + AlL2/2 + (ILp)(sin(@))] = -(41.67 + 1.04 + 8.95) = -52.7 A. (negative since anti-

parallel diode conducts, intervals 5 to 7 of Mode 3 operation).
Lswapeak) = (112 + Al2/2+ Irp) = 42.8 A.
Average currents through Ds1 and Dsz,

Ipbiavg) = 15.7 A and Ips2ave) = 26.2 A.



Chapter 3 82

3.8 PSIM simulation results

To verify the designed converter operation and performance, PSIM 11.1.6 software is used.
Simulations are done for Modes 1 to 3 and the waveforms obtained are given in Figs. 3.25 to 3.27.
The output voltage is regulated at 200 V by varying the Dsi from 0.26 ~ 0.289 and D is varied from
0.43 ~ 0.5 to control the power flow balance during different modes. Table 3.3 compares theoretically
obtained results with those obtained from the simulations for the given operating conditions. There

is a close agreement between the predicted and values obtained from simulations.

For Mode-1 operation with full-load, Fig. 3.25(a) shows the gating waveforms (vgsi, Vgs2, Vgs3, Vegs4),
switch currents (iswi, isw2, isw3, iswa) and voltages (Vswi, Vsw2, Vsw3, Vswa). These waveforms demonstrate
the full ZVS turn-on for two switches (S1 and $2) and partial ZVS turn-on in the other two switches
(S3 and Ss1). These waveforms are also in agreement with the sequence of devices in conduction
presented in Section 3.6. Resonant tank input voltage (v45) and resonant current (i) and, diode Da1
and Ds2 currents (ip»1, ips2) are shown in Fig. 3.25(b). Boost inductors voltages (vLi, vr2) and currents
(ir1, ir2); and output rectifier diode currents (ipos, iDo2, iDo3, iDo4) are shown in Fig. 3.25(c). All these
waveforms are as predicted in theoretical analysis. Since the currents iz1 and iz2 flow out of the ports
1 and 2, they share the rated power (500 W) supplied to the load (port-3), port-1 supplies P1 at 420
W and port-2 supplies P2 at 80 W.

Aforementioned waveforms are repeated for Modes 2 and 3. Waveforms for the gating and switch
currents and voltages are shown in Figs. 3.26(a) and 3.27(a) for these two modes. Waveforms for v4s
and izr and, diode Dp1 and Dp2 currents (ips1, ipv2) for Modes 2 and 3 are shown in Fig. 3.26(b) and
Fig. 3.27(b), respectively. Remaining waveforms for Modes 2 and 3 are also shown in of Figs. 3.26(c)

and 3.27(c), respectively.

Mode-2 is operating with 75% rated load (P, =375 W) in port-3. Port-1 generates P1 =420 W that
is supplying the load power (P, = 375 W) and excess power generated is charging the storage device

in port-2 (P> = 45 W) since ir2 is negative, i.e., current is flowing into the ESD as shown in Fig.

3.26(c).

For Mode-3 with full-load operation (P, = 500 W), V2 supplies the entire power to the load (Fig.
3.27(c)), negligible current flows through S3 during the shoot through switching transient (not seen
in the waveform isw3 unless amplified by a large scale). Diode D3 conducts for the entire half cycle

as seen in Fig. 3.27(a), only switch S1 has ZVS turn-on and switch Ss has partial ZVS in non-shoot
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through state. Output rectifier diode currents shown in Figs. 3.25(c) to 3.27(c) confirm ZCS turn-on

and turn-off for these diodes for all the modes.
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Fig. 3.25. Simulated waveforms for Mode 1: (a) Gating pulses (Vgs1, Vgs2, Ves3, Ves4), SWitch currents (iswi, fswoy fsw3, Lswa)
and switch voltages (Vow1, Vsw2, Vsu3, Vsua). (b) Tank voltage input (v45) and resonant current (i) and diode Djy; and Dy,
currents (ips1, ips2). (c) Boost inductors voltages (vz1, vi2) and currents (iz1, iz2), and output rectifier diode currents (ipo1,

D02, iDo3s IDo4)-
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Fig. 3.26. Simulated waveforms for Mode 2: (a) Gating pulses (Vgsi, Vgs2, Vas3, Vasa), SWitch currents (igui, fsw2y Gsw3s Lswa)

and switch voltages (Vow1, Vsw2, Vsu3, Vsua). (b) Tank voltage input (v45) and resonant current (i,) and diode Djy; and Dy,

currents (ipp1, ips2). (¢) Boost inductors voltages (vz1, vi2) and currents (iz1, iz2), and output rectifier diode currents (ip,1,

D02, iDo3s IDo4)-
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Fig. 3.27. Simulated waveforms for Mode 3: (a) Gating pulses (Vgs1, Vgs2, Vas3, Ves4), SWitch currents (iswi, fswoy fsw3, Lswa)
and switch voltages (Vow1, Vsw2, Vsu3, Vsua). (b) Tank voltage input (v45) and resonant current (i) and diode Djy; and Dy,
currents (ipp1, ips2). (¢) Boost inductors voltages (vi1, vi2) and currents (iz1, iz2), and output rectifier diode currents (ip,1,

iD02, D03, EDo4)-
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TABLE 3.3. COMPARISON OF THEORETICAL AND SIMULATION RESULTS

Mode 1 Mode 2 Mode 3
Vi=21V, Vi=21V, Vi=2V,
p Vo=12V V2=9V Vo= 12V
arameter
Po =500 W Po=375W Po=500 W
Theory Simuln. Theory | Simuln. | Theory | Simuln.
Dy 0.281 0.289 0.281 0.277 0.25 0.26
D (S:S;, 0.44, 0.43, 0.49, 0.5, 0.5, 0.5,
S354) 0.49 0.48 0.451 0.45 0.5 0.5
Vez (V) 48 49.73 48 47.74 48 49.68
1L (A) 20 21 20 20.8 - 0.04
I, (A 6.7 6.05 -5 -5.9 41.67 | 43.23
b1 (A) 12.5 13.2 7.65 8.58 15.7 16.93
Ibrz (A) 13.95 14.2 6.56 6.73 26.2 24.47
Lsipeak) (A) 46.5 47.5 30.5 30 61.5 62.8
Ls2(peak) (A) 46.5 47.5 30.5 30 61.5 62.7
153(peak) (A) 21 22.1 21 21.8 -52.7 -56
Lsapeak) (A) 27.9 29 15.9 17.1 42.8 44.45
Iir(peak) (A) 18.65 18.2 14.6 14.30 18.65 18.62
Vo V) 200 200.48 200 200.7 200 202.2
Io (A) 2.5 2.5 1.87 1.88 2.5 2.52

3.9 Conclusion

A new dc-dc converter which is a three port partially isolated converter obtained by integrating quasi
boost networks for ESD and RES port with LCL resonant network has been proposed. The gating
scheme to control the power flow and output dc voltage has also been proposed. The converter has
been analyzed for the steady-state operation for all the modes. The necessary design equations and
formulae have been derived which are applied for a design example. Specifications of design example
presented are: input voltage at port 1 is 2 V to 24 V(RES), input voltage at port 2is 9 V to 12 V and
each port can provide supply to the load of rating 500 W at constant dc output voltage of 200 V. PSIM
simulation results have also been presented for the verification of the operation and the performance
of the given converter. The proposed converter and gating scheme provided the simultaneous boost
operation for low voltage rating of 24 V RES and 12 V ESD to almost twice for RES and four times
of ESD respectively. The buck operation is also noticed when ESD is in charging mode, i.e., in mode
2 when port 1 was supplying power to ESD and the dc load. The partial soft switching, i.e., ZVS turn

on was noticed for the all the switches during the non-shoot through state whereas ZCS turn on and
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turn off was also noticed for the output diodes of rectifier bridge. The converter was able to provide
the three-port conversion with constant dc output voltage which can be utilized for dc microgrid

applications.
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Chapter 4

Three Port Partially Isolated Quasi-Switched Boost Integrated LCL-T
Converter for DC Microgrids

In this chapter [114], a new three port partially isolated full bridge LCL-T dc-dc converter with
integrated quasi-boost network for RES and ESD ports is proposed. A gating scheme is also
proposed which has been modified and derived from the gating scheme used in chapter 3. Like the
gating scheme used in chapter 3, this gating scheme also control the power flow among the three
ports which are RES port (port 1), ESD port (port 2) and load port (port 3) and output dc voltage
regulation. The gating scheme also assists in the partial soft switching, i.e., ZVS turn on for the
inverter switches during the non-shoot through state and ZVS turn off for the two switches which
are turned-on for the shoot though state under certain operating mode conditions. This converter is
also capable of operating in four modes with the quasi-boost operation for the two input ports, i.e.,
for ports 1 and 2. This converter can work for wide variations in input voltages at input ports, and
for wide variation of load. A detailed operation of the converter for different modes of operation is
presented using operating waveforms and equivalent circuits for operation intervals. A steady-state
analysis leading to design equations along with a design example is presented. Specifications of the
design example are the same as Chapter 3: input voltage at port 1 is 2 V to 24 V (RES), input
voltage at port 2 is 9 V to 12 V and each port is capable of providing supply to the load of rating
500 W at constant dc output voltage of 200 V. Detailed PSIM simulation results are given to

support the theory. Theoretically predicted results are compared with the simulation results.

4.1 Introduction

The three port partially isolated quasi switched boost LCL series type dc-dc converter has been
proposed with the numerous advantages listed in the Chapter 3. In this chapter, LCL-T type
resonant network has been proposed for the quasi-boost conversion integration with three port
conversion. A gating scheme modified from the gating scheme used in chapter 3 is also proposed.
LCL-T resonant network-based dc-dc converter has been studied and its advantages are given in
[108]. In [106] and [107], LCL-T type converter has been studied for the constant current and the
constant voltage applications. The LCL-T resonant converter can be considered as a modified
parallel resonant converter (PRC) with capacitive output filter in which an inductor is added in

series with the high frequency transformer such that it forms the T-type resonant circuit with the LC
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components. Like LCL series type converter, LCL-T is also a three-element resonant network. The
LCL-T type has the advantages of over other counterparts as listed in [98]. The major advantage of
using LCL-T type in dc microgrid application for three port partially isolated quasi switched boost
conversion is to use the advantage of series inductor Lt which can limit the higher peak currents due
to transient overload conditions at the load side in the converter circuit mentioned in [108].
Therefore, the proposed three port partially isolated converter will be able to retain all the

advantages of previously proposed configuration along with this added advantage.

In addition to this, gating scheme is modified to shift the shoot through state at just before the end
of the negative half cycle instead of being given in the middle of the half cycle which can provide
the ZVS turn-off for switches Sz and S4. This will help in reducing the switching losses during the
shoot through state as compared to hard switching of S3 and S4 during the shoot through state in
chapter 3. Additionally, the ZVS turn on for all the four switches during non-shoot through states
under certain operating conditions are retained as was the case with the previous configuration
along with the ZCS turn-on and turn-off for diodes of output rectifier bridge. The proposed
configuration with LCL-T type network is shown in Fig. 4.1.

The proposed converter (Fig. 4.1) operates with fixed-frequency and uses two boost inductors
with a single capacitor which forms the boost network at two ports. The main features of this

configuration are:

1. Boost feature at RES and ESD ports helps in voltage gain and reduces the size of step-up
transformer in DC-DC converter.

2. Boost/buck feature at ESD port allows the lesser voltage rating of storage device.

3. Zero-voltage switching (ZVS) turn-on for all the switches or some of them depending on the
operating mode conditions during non-shoot through states reducing the switching losses.

4. ZVS turn off for the two switches which are turned on for the shoot through state limiting the
turn off losses as compared to the converter where these two switches experience hard turn-off
switching during the shoot through state [113].

5. Zero-current switching (ZCS) turn-on and turn-off for output rectifier diodes.

Objectives of this chapter are: (a) to give a detailed operation of the converter with a systematic

interval analysis for different operating modes, (b) to present steady state analysis leading to the
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equations needed for designing the converter, (c) to give a systematic design procedure with a

design example, (iv) to present simulation results for different modes of operation.
These objectives are realized in different sections of the chapter as listed below:

Section 4.1 provides the introduction for the proposed configuration. Section 4.2 provides the
description of the proposed converter configuration and gating scheme for the same. Section 4.3
states the assumptions used in the operation and analysis. Section 4.4 presents the converter
operation for different modes. Section 4.5 presents steady-state analysis leading to design equations.
Section 4.6 presents a design example to illustrate the systematic design procedure. Section 4.7
gives examples to illustrate the calculations for the design example when operated with different
modes and loss calculations for Modes 1 and 2. Section 4.8 presents the simulation results obtained
from PSIM software for the design values obtained in Section 4.7. Conclusions to the chapter are

given in Section 4.9.
4.2 Circuit details

Fig. 4.1 shows the converter configuration. QSB network-1 is formed by port-1 RES, Li, dc bus
capacitor Cz, Do1 and Doz along with the four switches Si to Sa. Port-2 ESD, L2, C; and along with
the four switches, also form the QSB network-2. Resonant circuit formed by Ls-Cp-Lt is connected
across the terminals A and B, that includes HF transformer with its leakage inductance used as part
of Lt. Resonant current through Lt is rectified by the diode rectifier connected across the secondary-
side and is filtered by capacitor Cr. This LCL-T resonant circuit together with rectifier and filter
works similar to that of LCL-T dc-dc resonant converter and helps the QSB networks in achieving

partial soft switching for the switches and ZCS turn-on and turn-off for the output rectifier diodes.

Fig. 4.2 shows the typical steady-state operating waveforms for Mode-1 together with gating
signals used to control the converter. During the shoot through interval, DsnTs, all the four switches
are turned-on together. Output load voltage at port-3 is controlled using this interval for all the four
modes of operation, whereas, depending on the mode of operation, gating pulse-width DTs is
controlled for controlling the power flow in different ports. This is explained in the operation details

of each mode.
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Fig. 4.1. Three port partially isolated quasi-switched boost integrated LCL-T type converter for dc microgrid.

4.3 Assumptions used

The following assumption are used in the operation and analysis of the converter.

1. All the switches, diodes, inductors, and capacitors are ideal. And the voltage across capacitor Cz
is assumed to be approximately constant.

2. Effect of snubber capacitors is considered in the operation but neglected in the analysis.

3. Only fundamental components of voltages and currents are used in the analysis for LCL
converter part. And the voltages at all the ports are assumed to be almost constant.

4. The HF transformer isolation transformer leakage inductance is used as part of series resonant
inductance and magnetizing inductance is assumed to be large and neglected for simplifying the

analysis.
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Fig. 4.2. Mode-1, waveforms are in the following order: Gating signals where the shaded portion is shoot through
period of the switching; Vag and iLr; switch currents iswi to isws; inductor voltage and currents of L, and L,; diode currents

of Dp1, Dp; and, it and output rectifier diode currents.
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4.4 Operation
Similar to quasi-switched boost integrated LCL-type converter, this converter also operates with
four modes:

1. Mode 1: When the port 1 and port 2 both provide power to the port 3, i.e., load port.
2. Mode 2: When only port 1 is providing supply to both port 2 and port 3.
3. Mode 3: When only port 2 is supplying the majority of power to the port 3.

4. Mode 4: Port 1 supplies all the power to the load and port 2 does not provide any power. This

situation may occur only when Port 1 power matches exactly required load power.

Mode-1 operation of the converter system when two sources supply power simultaneously is
presented in Section 4.4.1. Section 4.4.2 presents the Mode-2 operation of the converter system
when source containing RES supplies power to the ESD and load. Section 4.4.3 explains the mode-

3 operation of the converter system when ESD supply power to the load.

4.4.1 Mode 1

In this mode, both ports 1 and 2 supply power to the load port 3. Typical steady-state operating
waveforms are shown in Fig. 4.2. In this mode, the converter operates with seven intervals. Devices
in conduction during these intervals are also marked in Fig. 4.2. Detailed operation during these

intervals is explained next with equivalent circuits.

Interval 1 (to <t <) (Figs. 4.3(a) and (b)): At the end of interval 7 of last switching period, i.e., at
the beginning of this interval, at t = to, switches S3 and Ss are turned-off. As a result, there is a short
interval 1(a), when snubber capacitors C3 and C4 charge and Ci and C: discharge to zero (Fig.
4.3(a)) resulting in the conduction of anti-parallel diodes D1 and D2, vas = -Vcz (Fig. 4.3(b)). When,
Di and D2 are conducting (Interval 1(b)), gating signals are given to switches S1 and S2. L1 and L2
are discharging and C: is charging in this interval. Diodes Doi, Dn2 and Ds are forward biased and
are conducting. On the secondary side, diodes Doiand Doz are conducting since the current iit is

positive. When the current through D2 reaches zero at t = ti, this interval ends.



Chapter 4 94

Fig. 4.3(b). Interval 1(b): D1, D2, Dg, Db1, Dp2, Do1, Do are conducting.

Interval 2 (t1 <t < t2) (Fig. 4.4): In this interval, since the gating signals have already been given to

the switches Si and Sz, and since current through D2 reaches zero first at t = ti, S2 turns on under
ZVS and will conduct together with D1 as shown in Fig. 4.4. Inductor L1 continues to discharge,
energy in L2 changes slightly and, C; continues to charge. Diodes Db1, Db2, Do1, and Do2 continue to

conduct. This interval ends when current through anti-parallel diode D1 reached zero.
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Fig. 4.4. Interval 2: Dy, S,, Dg, Dp1, Dbz, Do1 and Do, are conducting.

Interval 3 (t2 < t < t3) (Fig. 4.5): Att=t2, switch Sz continues to conduct and S: turns on under ZVS
since current through anti-parallel diode Di reached zero at the end of last interval. vas = -Vcz, Vi
and vi1 are charging C;:. Ds, Dbi1, and Db2 continue to conduct. On the secondary side, since the
polarity of current it is the same as it was in the previous interval, diodes Doi and Do are
conducting supplying power to the load at port 3. L1 continues to discharge in this interval whereas
L stores energy as switch Sz is in on-state charging the inductor. C3 and C4 stay charged to V. This

interval ends at t = t3 when S3 and S4 are turned-on.
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Fig. 4.5. Interval 3: Sy, Sy, Dg, Db1, D2, Do1 and Do, are conducting.

Interval 4 (t3 <t < t4) (Fig. 4.6): At t = t3, switches S3 and S4 are also turned-on shorting snubber

capacitors Cs and Cs resulting in hard switching to these two switches whereas Si and Sz are already
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conducting. Now, all the switches are ON, C; will be discharging and vag = - Vcz. Diodes Dbi and
Dn2 are turned off and do not conduct since Ve appears as reverse voltage across them, Ds continues
to conduct. L1 and L2 get charged. On the secondary side, Do1 and Do2 continue to conduct. This

interval ends when all the switches S1-Ss are turned-off at t = ta4.

lsw3

Fig. 4.6. Interval 4: S, Sy, S3, S4, Dg, Do1, are Dy, are conducting.

Interval 5 (ta < t < ts) Figs. 4.7(a) and 4.7(b): There are two sub-intervals.

Interval 5a (Fig. 4.7(a)): Since at t = t4, all the switches S1-S4 were turned-off, snubber capacitors Ci
and C; are charged to Vcz. C3 and Cs4 getting discharged from the small on-state voltage drops across
the switches S3 and S4, when voltage reverses and equals to the forward voltage drop of anti-parallel
diodes, D3 and D4 will turn-on. This results in ZVS turn-off for switches S3 and Ss4 since these two
switches turn-off almost at zero voltage. Snubber capacitors charging/discharging happens in a
short interval (Fig. 4.7(a)), output rectifier diodes Do1 and Doz continue to conduct. Diodes Dbi, Do2
and Dg will again start conducting. This short sub-interval ends when it reaches zero with ZCS
turn-off for Do1 and Doa.

Interval 5b (Fig. 4.7(b)): Diodes D3 and D4 are conducting, vas = +Vcz. Do3 and Dos4 turn-on with
ZCS and conduct because iLt reverses to become negative. Diodes Dbi, Dv2 and Ds will continue to
conduct. L1 and L2 will continue to discharge, and C; continues to charge. Gating signals to Sz and
S4 are again given during this interval. This interval ends at t = ts when current through D4 reaches

Z€10.
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Fig. 4.7(a). Interval 5(a): Ci, C; charging; Cs, C4 discharge from on-state drop of S; and S4 to forward voltage for
conduction of D3 and Da4. Dg, Db, D2, Doi, and Do are conducting.
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Fig. 4.7(b). Interval 5(b): D3, D4, Dg, Dp1, Dr2, Do3, and D4 are conducting.

Interval 6 (ts <t <te) (Fig. 4.8): In this interval, since the gating signals have already been given to
S3 and Ss, and since current through D4 reaches zero first, S4 turns on under ZVS. D3 continues to
conduct together with S4 and vas = +Vez. D1, D2 and Ds continue to conduct. Inductors L1 and Lo
will continue to discharge, and capacitor C; continues to charge. Do3 and Dos are conducting. This

interval ends at t = t¢ when current through D3 reaches zero.
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Fig. 4.8. Interval 6: D3, S4, Dg, Dy1, Dbz, D3, and Dos are conducting.

Interval 7 (t6 <t < Ts+ to) Figs. 4.9(a) and 4.9(b): There are two sub-intervals.

Interval 7a (Fig. 4.9(a)): S3 will turn-on under ZVS since current through D3 reached zero at t = t6
and conducts together with S4, vas = +Vcz. L1 and L2 will continue to discharge and Cz continues to
charge, and diodes Ds, Dbi, Dbz, Do3, and Dos4 continue to conduct. This sub-interval ends when it
reverses direction resulting in ZCS turn-off for Do3 and Doa4.

Interval 7b (Fig. 4.9(b)): Since iLt reversed its direction and becomes positive, Do and Doz turn-on
with ZCS. All other devices conducting in this sub-interval are the same as those in sub-interval 7a.

This interval ends at t = Ts+to ending switching operation for period Ts when Sz and S are turned off

and the switching cycle repeats with interval 1.
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Fig. 4.9(a). Interval 7a: Sz, S4, Dg, Dp1, Db2, D3, and Do4 are conducting.
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4.4.2 Mode 2
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Fig. 4.9(b). Interval 7b: S3, S4, Dg, Dp1, Dbz, Do1, and Do, are conducting.

In this mode, the power flow will be from RES (V1) to the port 2 and port 3 when port 3 has the

reduced load. The power provided by Vi charges the ESD at port 2 (V2) and also delivers power to

the load at port 3. The DshTs will regulate the output voltage and DTs of Sz and S4 will be reduced by

cutting the gating signals equally on either side. The width of gating signals of S1 and Sz will be

kept fixed at DTs. This mode works with 7 intervals as shown with key waveforms in Fig. 4.10. The

equivalent circuits along with the intervals of operations are the same except for intervals 2, 4b, 5

and 6 as summarized in Table 4.1. For the given intervals the equivalent circuits are shown in Fig.

4.11,4.12,4.13 and 4.14, respectively.

The different intervals of operation are explained briefly next.
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TABLE 4.1. INTERVALS AND EQUIVALENT CIRCUITS OF MODE 2 SIMILAR TO MODE 1, WITH CHANGES SHOWN

101

Mode-2 Interval

Mode-1 Interval

Equivalent circuit

Devices conducting

D02 Off, Do}, D04 on

Int-1 (to-t;) Int-1 (to-t;) Fig. 4.3(b) D1, D2, Dy1, Db2, Dot, Doz
Int-2 (t;-t2) -- Fig. 4.11 Si, D2, Do1, Db2, Dot, Doz
Int-3 (t-t3) Int-3 (t-t3) Fig. 4.5 Si, S2, Doi, Db2, Do, Doz
Int-4 (t:-t4) Int-4 (t:-t4)

Int-4a Fig. 4.6 S1, S2, S3, S4, Do1, Doz
Int-4b Fig. 4.6 (Fig. 4.12): Do1, | S1, S2, S3, S4, Do3, Dos

Int-5 (t4-t5)

Int-5 (t4-t5)2 5(3)
5(b)

Fig. 4.13,
Fig. 4.7(b)

Ds, Do1, D2, Do3, Dos
D3, D4, Do1, Db2, Do3, Dos

Int-6 (ts-te)

Int-6 (ts-te)

Fig. 4.8 (Fig. 4.14):
53, D4 on, D3, 54 off

S3, D4, D1, D2, Do3, Dos

Int-7 (t(,-Ts+to)

Int-7 (t7-TS+to)

Fig. 4.9(a)

83, S4, Dbl; Dbz, Do3, Do4

Interval 1 (to <t < t1) (Figs. 4.3(a) and (b)): The operation is similar to interval 1 of Mode-1 along
with the equivalent circuits given in Fig. 4.3(a) and Fig. 4.3(b) except the direction of iL2 is in
reverse direction, i.e., negative, which shows the charging of storage device (V2) while the power is
supplied to reduced load at port-3. The two sub intervals, 1(a) and 1(b) are showing snubber
capacitors charging/discharging, and subsequent D1, D2 conduction. vas = -V¢; with Db and Di2
conducting. C; is charging, L1 is discharging and L. is storing some energy. The positive it makes
Doi and Doz to conduct in order to provide power to the given load. This interval ends when current

through D1 reaches zero.

Interval 2 (t1 <t < t2) (Fig. 4.11): In this interval, as the gating signals are already been provided to
the S1 and S», as the current through D1 reaches zero at t = t1, switch Si turns on under ZVS at t = t1.
vag = - Vcz, L2 is negative. The devices Dbi, Dbz are in conducting state and C; is going to be
charging with the reduced current when L, is discharging and L2 is storing some energy. The diodes

Do1 and Doz continues to conduct. The current through D2 reaches zero at t = t2.
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Fig. 4.11. Interval 2: S;, D2, Dg, Dp1, Dp2, Do1 and Dg; are conducting.

Interval 3 (t2 <t < t3) (Fig. 4.5): At t = t2, as the gating signal is already applied to Sz and will be
turned on under ZVS as the D2 current reached zero at t = t2, S1 and Sz conduct together, Vag = -Vcz.
Diodes Doi, Dn2 continue to conduct. C; continues to charge, L1 discharging whereas the L: is
storing some energy; iL2 is negative. On the secondary side, the Do1 and Doz continue to conduct.

Fig. 4.5 1s still valid for this interval. When the S3 and Ss are turned on, this interval ends at t = t3.

Interval 4 (t3 <t <ts4) (Fig. 4.6 and 4.12): There are two sub-intervals.

Interval 4a (Fig. 4.6): Switches S3 and S4 are turned on under hard switching in this interval whereas
the S1 and S are already conducting. This results in the Vc; being applied as the reverse voltage
across the Do1 and Dp2 making them non-conducting. C; is going to be discharged whereas the L:
and L2 store energy. Diodes Doi and Doz continue to conduct on secondary side. This interval is
again represented by Fig. 4.6 but with iL2 being in negative direction. This sub-interval ends when
direction of it reaches zero and reverses, and Do1 and Do2 turn-off with ZCS.

Interval 4b (Fig. 4.12): Since it reached zero and became negative at the end of last sub-interval,
ZCS turn-on of diodes Do3 and Dos occurs. All other devices conducting in this sub-interval are the

same as those in sub-interval 4a. Att=t4, S1, S2 and S3, S4 are turned off to end this interval.
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Fig. 4.12. Interval 4b: Si, S;, S3, S4, Dg, Do3 and Do4 are conducting.

Interval 5 (t4 < t < ts) (Fig. 4.13 and Fig. 4.7(b)): There are two sub-intervals.

Interval 5a (Fig. 4.13): Since at t = ta, all the switches Si-S4 were turned-off, snubber capacitors Ci
and C: are charging to V. C3 and Ca getting discharged from the small on-state voltage drops
across the switches S3 and S4 and when voltage reverses and equals to the forward voltage drop of
anti-parallel diodes, D3 and D4 will turn-on. This results in ZVS turn-off for switches S3 and S4
since these two switches turn-off almost at zero voltage. Snubber capacitors charging/discharging
happens in a short interval (Fig. 4.13). This interval is similar to Interval-5(a) of Mode-1 except
output rectifier diodes conducting are Do3 and Doa.

Interval 5b (Fig. 4.7(b)): Diodes D3 and D4 are conducting, vas = +Vez. Do3 and Dos continue to
conduct. Diodes Dv1, Db2 and Ds will again start conducting. L1 and L2 will continue to discharge,
and C; continues to charge. Gating signals to S3 and S4 will be again given during this interval. This

interval ends at t = ts when current through D3 reaches zero.
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Fig. 4.13. Interval 5(a): C,, C, charging; C;, C4 discharge from on-state voltage drop of S; and S4 to forward voltage for

conduction of D3 and Da4. Dg, Db, D2, Do3, and Do4 are conducting.

Interval 6 (ts < t < t¢) (Fig. 4.14): As gating signals are already provided to the S3 and S4 in this

interval and since D3 current reaches zero at t = ts, the Sz is turned on under ZVS. D4 continues to

conduct together with S3, vaB =+Vcz. Devices Dbi, Dbz, Doz and Dos will be in conduction state. C; is

charging, L1 and L2 are discharging. Fig. 4.14 represents the equivalent circuit except the iL2

continues to be negative. This interval ends at t = t6, when the diode D4 current reaches zero.

vlsw3

1 A iLs
iy Ly oBe —FVas-
Port-2 lywa
\
; ¢
( B D,

Fig. 4.14. Interval 6: S3, D4, Dg, Dp1, D2, Do3 and Do4 are conducting.

Interval 7 (ts <t < Ts+ to) Fig. 4.9(a): Since gating signal is present for S4 and current through D4

reached zero at the beginning of this interval, S4 turns on under ZVS. This results in the conduction
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of S3 and Ss together, vas =+Vcz. Output rectifier diodes Do3 and Do4 continues to conduct. The Do
and Dp2 are also conducting whereas the C; charging current gets reduced and then increases
resulting in its charging depending on the i1 and iL2 by keeping the L1 and L2 in discharging state.
In this interval there can be a short period for non-conduction of Dp1 and D if iL1 becomes equal to
iL2 + is. The equivalent circuit shown in Fig. 4.9(a) of Mode-1 is valid. The interval ends at t =

Ts+to when S3 and S4 are turned off repeating the switching cycle.

4.4.3 Mode 3

In this mode, the power flow will be from ESD (V2) to the port 3 when port 1 is only able to provide
negligible power. The DsnTs will regulate the output voltage and DTs of S3 and S4 will be reduced by
marginally cutting the gating signals equally on either side. The gating signals of Si and Sz will
keep the fixed width DTs. This mode works with 5 intervals. Operation and equivalent circuits are
similar to the Mode-1 (Table 4.2) with the changes in the conducting devices as shown (intervals 1,
7 and 8 of Mode 1 are absent). Also, during interval 3, very small current flows through S3 that
turns on near ZCS. Interval 5 is similar to interval-6 of Mode-1, but has a sub-interval 5b with iL1 =

0.

The different intervals of operation are explained briefly next.



Chapter 4

106

TABLE 4.2. INTERVALS AND EQUIVALENT CIRCUITS OF MODE 3 SIMILAR TO MODE 1 (WITH CHANGES IN EQUIVALENT

CIRCUITS)

Mode-3 Interval

Mode-1 Interval

Equivalent circuit

Devices conducting

Int-1 (to-tl)

Int-2 (tl -tz)

Fig. 4.4, Dy, Dg off
(Fig. 4.15)

D1, Sz, Db2, Doi, Doz

Int-2 (tl—tz)

Int-3 (tz—t3)

Fig. 4.5, Dy, Dg off
(Fig. 4.16)

Si, S2, Db2, Dot, Doz

Int-3 (tz-t3)

Int-4 (t3 -t4)

Int-3a Fig. 4.6 (Fig. 4.17(a)) S1, Sz, Ss, Sa, Dg, Do1, Doz

Int-3b Fig. 4.17(b): Do1, Doz off,  [Si1, Sz, S3, S4, Dg, Do3, Dos
Do3, Doson

Int-4 (G-4) Int-5 (t-ts)  |Fig. 4.18(a), 4.18(b) Ds, Da, Ds, Doi, D2, Do,

Dos

Int-5 (t4—Ts+t0)

Int-6 (ts —t6)

Int-5a

Fig. 4.8 (Fig. 4.19(a))

Ds, S4, Dg, Dbi1, Du2, Do3, Dos

Int-5b

Fig. 4.8, Dg off
(Fig. 4.19(b))

D3, S4, Do1, D2, Do3, Dos

Interval 1(to <t < t1) (Fig. 4.15): This interval is like interval-2 of Mode 1 with Dp1, Dg are in off

condition. At the end of last interval, gating signals were removed for S3 and S4 resulting in the

turn-off of switch S4 and anti-parallel diode D3. Si and Sz are provided with gating signals. The

snubber capacitor C4 gets charged to Vcz, and Ci discharges to zero. Hence, the anti-parallel diode

D1 starts conducting and the switch Sz is turned on making D3 and Du: being in off condition, iL1 is

zero. Diode Dp2 continues to conduct and vVas = -Vez. On the secondary side, diodes Doi and Doz

conduct as it is positive. This interval ends when current iLs reaches zero at t = ti.

A iLs TC

v lsw2

Port-3

Fig. 4.15. Interval 1: D;, Sy, Dy, Do1 and Dy, are conducting.
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Interval 2 (i<t < t2) (Fig. 4.16): This interval is like interval-3 of Mode 1, but Dp1 and Ds are not
conducting and iL1 is zero. At t = t1 current through D1 reaches zero and the switch Si turns on under
ZVS. It conducts together with Sz, vas = -Vcz. Diodes Dbz, Doi and Doz continue to conduct.

Switches S3 and Ss are turned on at t = t2, ending this interval.

irectﬁin Vo

Fig. 4.16. Interval 2: Sy, S, Dy, Do1 and Do, conducting.

Interval 3 (f2 < t < t3): There are two sub-intervals.

Interval 3a (Fig. 4.17(a), same as Fig. 4.6): This interval is like interval-4 of Mode 1. Att = to,
switches S3 and Ss are turned on shorting the snubber capacitors C3 and Cs resulting in hard turn-on
switching for S, but S3 turns on with almost zero current, i.e., ZCS turn-on. Switches S1 and Sz are
already conducting. Now, all the switches are in on state, Vas = -Vez. C; is discharging. Diode Ds is
not conducting. Diodes Db1 and Doz are also not conducting since Ve appears as a reverse voltage
across them. Voltage across Lz is (V2+Vcz) storing energy in this interval. A very small current isws
flows in S3 during this time that increases almost linearly from zero. This current iL1 also flows in L1
storing some energy and Vi1 = Vi+ Ve On the secondary side, Doi and Do2 continue to conduct.
This sub-interval ends when current iLt reverses polarity and Do1 and Doz turns-off with ZCS.
Interval 3b (Fig. 4.17(b)): All the devices conducting are the same as those in interval-3a except the
output rectifier diodes Do3 and Dos4 turn-on with ZCS and conduct for a short interval. This interval

ends at t = t3, when all the switches are turned off.
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irect in
LS Lt | N Dol

lsw3

Fig. 4.17(b). Interval 3b: S, S, S3, S4, D, Do3 and D4 are conducting.

Interval 4 (t3 <t < ts) (Fig. 4.18(a) and Fig. 4.18(b)): There are tow sub-intervals of operation and
operation is almost similar to interval-5 of Mode-1 with changes in the conducting devices in the
output rectifier bridge and current through S3, as explained below.

Interval 4a (Fig. 4.18(a)): All the switches S1-S4 were turned-off t = t3, therefore snubber capacitors
Ci and C; are charged to Vcz. C3 and Ca4 getting discharged from the small on-state voltage drops
across the switches Sz and S4 and, when voltage reverses and equals to the forward voltage drop of
anti-parallel diodes, D3 and D4 will turn-on. This results in ZVS turn-off for switches S3 and S4
since these two switches turn-off almost at zero voltage. Turn-off current through Ss is very small

(almost negligible). Output rectifier diodes Do3 and Dos4 continue to conduct. Diodes Dbi, Dp2 and
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Ds will again start conducting. Snubber capacitors charging/discharging happens in a short interval
(Fig. 4.18(a)).

Interval 4b (Fig. 4.18(b)): Diodes D3 and D4 are conducting, Vap = +Vcz. Since iLt reverses and
becomes positive, Do1 and Doz turn-on with ZCS and conduct. Diodes Dbi1, D2 and Ds will continue
to conduct. L1 and L2 will discharge again, and C; continues to charge. Gating signals to S3 and S4
will be again given during this interval. This interval ends at t = t4 when current through D4 reaches

Z€10.

I rect_in

+VL1_ As
ii; Li: ‘®Dy
Lt S iy F Dot e .
lsw3
& Dg
Aipl D,

I—s Lt i
Q" CR e forriprrnstl
Vl ] + - _K'LQA ILs —-Cp b

Fig. 4.18(b). Interval 4(b): D3, D4, Dg, Db, D2, Do3, and Dos are conducting

Interval 5(ts <t < Ts + to) Figs. 4.19(a) and 4.19(b): There are two subintervals.
Interval 5a (Fig. 4.19(a), same as Fig. 4.9(a)): As gating signals are already provided to S; and S4in

this interval, when Das current reaches zero at t = t4, the Sa is turned on under ZVS. D3 continues to
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conduct and vas=+Vcz. Devices Dbi, Db2, Do3 and Dos are in conduction state. C; is charging and L
is discharging. L is also discharging and gets completely discharged to make iL1 = 0 at the end of
this sub-interval. Fig. 4.19(a) represents the equivalent circuit.

Interval 5b (Fig. 4.19(b)): Conducting devices are the same earlier sub-interval, except Ds is off and

iL1 = 0. This interval ends at t = Ts+to ending switching operation for period Ts when S is turned off.

Ds also turns-off and the switching cycle repeats with interval 1.

+ VLI _ A’
i L 2 :
e iy Dor i,
i
¥ D >t
1T Ipl irectﬁin D Vo
Port-1 c —=Vez o3
vV L Vi z = 3
i L2 oB F Ry
Port-2 lgwa
ARE -
- o Port-3
( B Dy

Fig. 4.19(a). Interval 5a: D3, S4, Dg, Dbi, Dr2, Do3 and D4 are conducting.

( B Dy

Fig. 4.19(b). Interval 5b: D3, S4, D1, Dp2, Do3 and Dos are conducting.
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4.5 Steady state analysis

4.5.1 Gain for port-1 and selection of boost inductance L

Referring to the waveforms shown in Fig. 4.2, voltage across the inductor L1, vLi, is shown in Fig.
4.20(a). Based on the equivalent circuits for the 3 intervals shown in Fig. 4.20(a), equivalent
circuits for voltage appearing across L1 are shown in Fig. 4.20(b) and (c). Major difference from the
earlier gating scheme is shoot-through interval is moved to the end of first half period and the

number of non-shoot-through intervals is reduced to two.

Vi+Ve ]
VL1G ¢
V 'ch — — :
! D;T. > Pals «——pr-tpn ——
DT,
(a)
iL=ip 4 VL -
I—l iczwv T'
T~ Vez
Vi C. |+
(b) ()

Fig. 4.20(a) Voltage waveform across L1, V.. Equivalent circuit for vi; (b) during 2 non-shoot-through intervals, and
(c) shoot-through interval.

Using the waveform across L1 and equivalent circuits shown in Fig. 4.20, equation for vL1 can be
written as: VL1 = (V1 — V) for a total time length of (D1 + D)Ts = (1 — Dsh)Ts, and vii = (Vi + V)

during DshTs. Applying volt-sec balance for Li, boost voltage gain for source Vi is:

Ve 1
— =—F 4.1

This result is the same as that obtained for the earlier gating scheme:

For design of inductor Li: Using the same approach as given in Chapter 3, expression for selecting

L1 is given by (same as (3.13) of Chapter 3),

L. = 2V1(1 - Dsh) .
! Tz~ 111 (1 — 2Dgp)

D¢ T, 4.2)
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where, IL1 is the average inductor current through L1 and Aivi/lLi = riLi is the current ripple factor

for the inductor L.
4.5.2 Gain for Port-2 and Selection of Boost Inductance L,

There are only 2 non-shoot-through intervals compared to 3 in the earlier gating scheme. Interval
during which the voltage V2 appearing across L2 is reduced to one compared to 2 in the earlier
gating scheme. Using the waveform across L2 and equivalent circuits shown in Fig. 4.21, equation
for vi2 can be written as: V2 = V2 for a total time length of (D1)Ts, vi2 = (V2 + Vez) during (DshTs),
and vi2 = (V1 — Vez) during (DTs). Applying volt-sec balance for voltage across L2, boost voltage

gain for source V2 is:

V2+ch oTT
v,
L2 0 t
VoV, | DT, T DaTo
- DT, & DT=TJ/2 ——
(a)
i,=ip, + i =g 1V iL=ip V2 -
Lz ICZ Vv T+ L2 icz 2 T‘
T~ Vez T~ Vez
R C. | |+
(b) (c) (d)

Fig. 4.21(a) Voltage waveform across L, V1. Equivalent circuits during: (b) and (c) non-shoot through states and (d)
shoot through state (all switches are ON).

Vez 2D

vy - Dgp) (43)

This result is the same as that obtained for the earlier gating scheme:

Design of L2: Using the same approach as given in Chapter 3, expressions for selecting L2 is given

by (same as (3.17) of Chapter 3),

v, <3D — Dy,

b= (rie2)U2) \ D — Dgp, ) Denls (4
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where, IL2 is the average inductor current and AiLz/lL2= riL2 is the current ripple factor for the

inductor La.
4.5.3 Design of capacitor C,

Equation for selecting C; is the same as Chapter 3,

1
~ (ripple factor)V,,

Cy - D, - Ts(I, + ILrp) (4.5)

. A
where ripple factor = ez

cz

4.5.4 Peak and RMS current in switches S1, S, S3, and S4

Expressions for rms currents through the switches Si to S4 are derived in Appendix 3 for the general

mode | referring to Fig. 4.2 and equivalent circuits shown in Fig. 4.3 to 4.9.

1. Instantaneous current through Si, is1, during different intervals is given by,

0, 0< wt <o, n<owt<2n

_ —I5p sin(wt — @), ¢ < wt< 2nD,
loq =
st iCZ = ILl + ILZ + ILSp Sin(wt - (P); 27TD1 <wt< 7

(4.6)

RMS current through switch Si is given by,

5 1 2T
Isl(rms) = ﬁf i.gl d(wt)
@

I} sin 2(¢)
I _ %(ﬂ—(p-i—T +(IL1+IL2)2(T[_2T[D1)
s1i(rms) — E

+4(I1 + 1) X Ipgp X sin(rD; — ¢) sin(nD,)

(4.7)
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2. Instantaneous currents through Sz, is2, during different intervals are given by,

Iz + 15 sin(wt — @)
Iy, + I5p sin(wt — @)

lgp =

0

RMS current through switch Sz is given by

iCZ = ILl + ILZ + ILSp Sln(a)t - (p)

a< wt< @
o < wt< 2nD;
2nD; < wt< 1w
T < wt< 2w

1 21
Iszz(rms) = ﬁf iszz d(wt)
0

1
1\ /2[(I2 I2

+ ZILZILSP(COS(p + CoSs (a - ¢) ) + (151 + ZILIILZ)(T[ - 27TD1)

(sin 2¢ N sin2(a — <p)>

2 2

1/2
+ 2(I11) X 115y (cos(@) + cos(2nD; — <p))l

where, o can be defined as, is2 = 0 at ot = a,

ILZ + ILSp Sln(O(— (p) = 0

o= (p+sin‘1<—1

IL2

Lsp

)

3. Instantaneous currents through S3, is3, during different intervals is given by,

0,

. _ ILli
lsg3 = 0’

—Ipsp sin(wt — @) — I3,

RMS current through switch Ss is given by

0 < wt< 2D,
2nD; S wt< 1
T Swt<m+e+f
T+e+pf < wt< 2w

114

(4.8)

(4.9)

(4.10)

(4.11)
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5 1 2T
Is3(rms) = Ef i§3 d(wt)
0

I} sin2¢ sin2p
1 1L21(7T_27TD1)+ﬂ(7T_§0_ﬁ+ 2 + > )+IL22(7T_<P_,3)

IsB(rms) = o 2
+ 2l 5pl12(cos @ —cos )

(4.12)
where, B can be defined as follows, is3 =0 at ot =7n + ¢ + B
—I1sp sin(m + @ + B— @) —I,2=0
I
B = sin7?! ( L2 )
ILsp
(4.13)
4. Instantaneous currents through Sa, is4, during different intervals are given by,
0 0 < wt<2nDy
. . IL1+IL2 27TD1 < wtsTm
lsa =9 0 T wt<e+m
—I5p sin(wt — @) p+nm < wt< 2m
(4.14)
RMS current through Ss4 is given by,
1 I} sin 2¢
aomsy = |5 | G+ 1)?(x = 22Dy + 52 (m = g + =-0)
(4.15)

Based on the instantaneous current equations for the switches given above, expressions for
switch peak currents can be written. Worst case approximate switch peak currents for rated power
(as a particular case) are:

Lsipeak = Iszpeak = Iz + ILsps Istpeak @ 112 (for Mode-3);

|s3peak =1 (fOI' M0d6-4) (416)
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4.5.5 Diode Ratings

Average current through Ds, Ips = IL1 and expressions for average currents through ipb1 and ipbb2 ae

derived in Appendix 2.

Average current through Dbi: Instantaneous current equations for Do during different

intervals is given by

( I, 0< wt< 2mD,
) 0, 2nD; < wt < 2nD; + 2mDgy
1 T 31, 21D, + 27Dy, < wt< T

(U1 + Lpp) + I gp sin(wt — @), T < wt < 21

(4.17)
Then,
1 21
Ipy, (avg) = ﬁfo LDbld(wt)
1 2mD4 s 21
= f I, d(wt) + f I, d(wt) + f ((IL1 +1I13) + I sin(wt — go))d(a)t)
T\ Jo 21Dy + 2mDgp T
I, Iispcoso
=1,((1—-D _————
(4.18)
Average current through Dpa:
Instantaneous current equations for Dn2 during different intervals is given by
I+ 15, 0< wt< 21D,
. 0, 2nD; < wt < 2nD; + 2mDy,
tpz = i+ 1,5,2nD; + 21Dy, < wt< T
(I + 1) + g sin(wt — @), < wt < 2m
(4.19)

Then,
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1 2T
IDbz(aUg) = %j(‘) iDbzd(wt)

A

B 1 2mD4 p d
=5 j;) (I;1 + Ix)d(wt) + f (11 + I12) d(wt)

2nDy + 2nDgp

T

21
+ f (U1 + I2) + I sin(wt — <p))d(a)t)>

I}, COS @
=, +1)(1—- Dy ) — SPT

(4.20)
4.5.6 Analysis of LCL-T type resonant converter

Analysis of LCL-T type converter using only fundamental converter is given in [106] and [107].
Phasor equivalent circuit is shown in Fig. 4.22 which consists of the inductance Ls, capacitance Cp
and inductance Lt forming a T-type Ls-Cp-Lt resonant network. Lt includes the effect of leakage
inductance of the HF transformer. Rac is the primary side reflected ac resistance replacing the output

diode bridge rectifier along with the filter capacitance Cr and load at port 3.

A . r!ZS\I;\S Jr?r(l‘;[\ Frect
I_Ls Ep V’rectl
V_AB1@ Xcp § Rac
B

Fig. 4.22. Phasor equivalent circuit for fundamental frequency across terminals A and B

Fundamental component of vas, expressions for Rac and R’ are the same as given in (3.49)-(3.51)
and are:

4V

Vap1 = (%) sin(wst)
4.21)

(4.222)
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1 RL
RL = F
(4.22b)
It can be shown that the converter gain M is given by,
Vo 1
M=—= (4.23)

"m0 e~ (e

where, F = os/or; Q = orl/R’L; os = 2xfs; fs = switching frequency; primary-side referred

output voltage, V’o = Vo/n, and
1

w. = (4.24)
"L,
Impedance of the parallel combination of jXcp and (Rac + jXLt) is given by
UXCp)(Rac + jXLt)
Zogp == - = Ryyp +JX 4.25
eap ]XCp + (Rac +]XLt) eap J ear ( )
where,
_ RacXgp
Reap = Dr
[XCp{(Rgc + Xft) + XLtXCp}]
Xeap = Dr

Dr = Ra, + (Xpt + Xcp)?
Equivalent impedance looking into terminals A and B from the equivalent circuit Fig. 4.22 is given
by,
Zeq = JX1s + Zegp = Req +JXeq (4.26)
where, XLs = wsLs, Xcp = -1/(wsCp), XLt = wslt,

_ RacXgp

Req = Regp = Dr

(4.27a)
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[R2.(Xps + Xcp) + (Koo + Xep ){Xis (Koo + Xep) + XeXep)]

ed Dr
(4.27b)
Dr = Ra. + (Xpt + Xcp)?
and the impedance angle of the resonant network is given by,
X
@ = tan™! <ﬁ> rads
Req
(4.28)
Peak currents through Ls, Lt, and peak voltage across Cp are given by,
4Vcy
Lsp = o (4.29)
n|z eq|
! U !
ILtp = lrectp = Elo A (4.30)
VCtp = ILsplzeqpl v (4.31)
where lo’ is the output load current referred to the primary side.
Peak current through capacitor Cp is given by,
Ippy = 22 A (4.32)
PP Xl

4.6 Design

In this section, a simple design procedure is given based on the operation, steady-state analysis
and design equations given in Sections 4.4 and 4.5. Design procedure is illustrated using a design
example having the following specifications (same as those used in Chapter 3).

A design example is presented in this section to illustrate a systematic design procedure.

Specifications used in illustrating the design procedure are: Rated power 500 W; input voltage at
port 1, i.e., Vi= 24 V; input voltage at port 2, i.e., V2 = 12 V; output voltage Vo to be maintained at
port 3, i.e., across load is 200 V; switching frequency fs is fixed at 100 kHz; Cr is chosen as 10 pF
to provide the constant voltage across the resistive load; current ripple is assumed as 10% for

selection of L1 and 5% for L2. Voltage ripple factor for Cz is chosen as 5%.



Chapter 4 120

Design constraints are the same as Chapter 3: (1) The converter has to be designed for rated
power 500 W for every port because both port 1 and port 2 should be able to provide rated power to
port 3 alone or together. (2) Port 1 should be able to supply power to the port-3 while excess power
is used to charge the ESD in port-2. (3) If the RES generated power is lower than the required load
power, then for additional load power required will be compensated by energy storage device like
battery available at port 2. (4) The rated V2 is selected such that it is half of the value of rated
voltage V1 to ensure the full operation in partially isolated three port conversion in all the three

modes [92].

4.6.1 Voltage gains of ports 1 and 2, L and L,

All design values obtained are the same as Chapter 3 and are summarized below:
Vez=2V1 =48 V for Dsh=10.25 and D =0.5.

Values of boost inductors L1 and L are:

L1 =86 uH and L2 =72 pH.

Current through L and L: are:

IL1=20.83 A, 1.2=41.67 A.

4.6.2 LCL-T converter design

For fixed-frequency operation with phase-shift control when used in LCL-T type resonant bridge
converter, values chosen [108] were L/Ls = 1, Q = 2.5, F = 1.414. Here, for designing LCL-T
converter, the following values are used: Lv/Ls = 1, Q = 2, F = 1.4. These values are chosen so that
the converter can work with maximum converter gain while operating in above resonance mode
providing partial soft switching (ZVS) operation in addition to reduced kVA rating of the tank

circuit.

Then substituting the values, voltage gain using (4.23) is given by,



Chapter 4

R 1

== :
0 J(1 — F?)2 4 (%) 02 [(1 + f—Z)F - (f—z) F3]2

M

1

2\ 2
J (1—14)% + (%) 22[(1 + 1)F — (1)F3]?

=1.031 p.u.

Therefore, Vo' = (M)(Vez) = (1.031) (48) = 49.49 V.

Turns ratio of HF isolation transformer is given by,

1 _ Vo' _ 49.49 0.247
n_ V, 200
Value of load resistance is
Vo> (200)2
R = —_—= = Q
L= p, 500 o0

Load current, lo = Po/Vo = 500/200 = 2.5 A.
Load current referred to the primary-side, I’o = nlo=(4.041) (2.5) = 10.103 A.

Then the load resistance and ac resistance referred to the primary side of HF transformer are:
2

1
R, = (E) X R, = (0.247)%(80) = 4.899 Q

8 8
Rac = R =—x4899 = 39710

Resonance frequency fr= fs/F = 70.72 kHz.
Then value of resonant inductance Ly is given by

_RLQ . (4899)(2)
 w, 2mx70.72 x 103

L, ~ 21.83 pH

121
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~ Ly =Lg =21.83 pH
Substituting values in (4.24), value of resonant capacitance is given by,

1 1
G = am2f2L, 4m2(70.72)2(103)2(21.83 )(10-6)

~ 0.2274 WF

Using (4.25), impedance of the parallel combination of jXcp and (Rac + jXLt) is given by

_ (UXcp)(Rac +jX1e)  (—j6.998)(3.971 + j13.716)
P jXep + (Rae +jX1)  (—j6.998 + (3.971 + j13.716)

= 3.193 —j12.4 Q

|Zeqp| =12.805 Q

Substituting values in (4.26), equivalent impedance of resonant network,

X Ry,c +JX
(] Cp)( ac J) Lt) _jXLs+ 7

LZeog = jX1s+ = - =
“ S ]XCp + (Rac +]XLt)

eqp

=j13.716 + (3.193 — j12.4) =3.193 +,1.316 Q
o |Zeg| = 3453 Q

Substituting in (4.29), peak current through Lsis given by,

_ Moz _ Ax48 o
YP |z,  mx3453 7T

Using (4.30), peak current through Lt is,
’ n ! T[ _
hip = lecp =515 = (E) (10.103) = 15.87 A
Using (4.31), peak voltage across resonant capacitor is,

Vepp = lusp|Zeqp| = (17.697) (12.805) = 226.61 V.

Using (4.28) impedance angle of the resonant network is given by

@ =tan™! 1316 22.394°
3.193 ' '

122
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Using (4.32) peak current trough Cp is given by

Ve 22661

lepp = |ch| = %6998 _ 32.38 A

4.6.3 Capacitor C,

Substituting values in (4.5),

Cy (Dsn) (Ts) (12 + ILsp)

- (ripple factor)V.,

= 0.05)(48) (0.25)(10 X 107°)(41.66 + 17.697) = 61.8 puF

Minimum voltage rating of Cz, Vez = 48 V + ripple voltage = 50 V. Select a capacitor with a voltage
rating of 75 V or 100 V.

4.6.4 Switch and diode ratings

Maximum values of switch peak currents, using (4.15):
Isipeak = Isopeak = T2+ Lsp=41.66 + 17.697 = 59.36 A, lsapeak = L2 = 41.66 A (for Mode-3);
Is3peak = IL1 = 20.83 A (for Mode-4).

Maximum average currents through Dp1 and Dy2 occur in Mode-3, using (4.18) and (4.20):
Ibb1 = 15.62 A, lpn2 = 24.83 A.

Maximum voltage appearing across the switches and diodes is Vc.. Therefore, switches and

diodes (Dv1 and Dy2) rated for a minimum value of 75 V have to be selected.
4.6.5 Output rectifier diodes

Average output current, lo = Po/Vo = 500W/200V = 2.5 A.

Average current through Doi, Doz, Do3, Doa:

IDo1(avg) = IDo2(avg) = ID03(ave) = IDod(avg) = lo/2=1.25 A.

Voltage ratings of diodes has to be > 200 V.
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4.7 Examples

In this section, examples are given to illustrate the use of equations given in the previous sections

for 3 cases of Mode 1, 2 and 3.

4.7.1 Mode 1

An example is considered with rated output power Po = 500 W, shared by ports 1 and 2; port 1
supplying Pi1 = 420 W with V1 =21 V and port 2 supplying Pi2 =80 W with Vo =12 V.

Then the input currents are:

ILi =420/21 =20 A and 1.2 =80/12 = 6.7 A.

Using (4.1), to maintain Vc; = 48 V, gain for port-1 is 2.286 and Dsh = 0.281.
Using (4.3),

48 2D
12 (D —0.281)

Therefore, D = 0.5625 and is higher than rated value of 0.5 by AD = 0.5625 — 0.5 = 0.0625.

For power balance, gating pulses for switches Si and Sz of port-2 will be cut by = 0.06 from rated
values of 0.5 and gating pulses for switches Sz and S4 will be cut by = 0.0025 from rated values of

0.5. Therefore, gating pulse widths of S1 and Sz is 0.44 and gating pulse widths of S3 and S4is 0.49.
- D1=(0.44-0.281)=0.159.

Using equations (4.29) and (4.28),

Peak current through Ls, lLsp = 17.7 A; and ¢ = 22.4°.

. RMS current through Ls is,

Is 17.7
ILS(TmS) == f/fp =f= 1251 A

Then using (4.6), (4.8), (4.11) and (4.14), peak currents through switches (including ripple currents)

are:
Iswi(peak) = lswa(peak) = (IL1 + AlL1/2) + (12 +A 112/2) + lLsp= 45.53 A.

(Where ripple currents in L1 and L2 are: AlLi=(0.1) (IL1) =2 A and Ali2=(0.05) (I.2) =0.335 A)
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Isw3(peak) = IL1 + AlL1/2 =21 A;

lswapeak) = (IL1 + AlL1/2) + (2 +A 12/2) =2 27.8 A.

Switch RMS currents calculated using (4.7) to (4.15) are:

Isigms) = 18.32 A, lsogms) 2 21.5 A, Is3¢ms) = 15.2 A, lsaams) = 17.9 A.
Average currents through Dpi and Dy,

IDbi(avg) = 13.13 A and Ipb2ave) = 14.8 A.

4.7.1.1 Loss calculations

Approximate losses occurring due to various parts are given below (following the same steps as in

Chapter 3).

Select MOSFET Infineon IRF 2807PbF (75 V; 82 A; Rbsion) = 0.013 Q @ 25°C; tdon) = 13 ns, rise
time, tr = 64 ns; fall time, tr = 48 ns) and assume V4 =1 V drop across diodes. Due to temperature

rise, Rps(on) is taken as 0.02 Q in calculations.
Conduction losses in the switches,
Pcioss = [(Isims)* + (Is20ms))> + (Is3¢ms))> + (Isarms))*][Ros(om] = 26.9 W.
Series diodes (Dop1 and Db2) loss, Pob = (Ibbi(avg) + IDb2(ave))(Vd) = 28 W.
Assume Q = 100 for the resonant inductor, then Q loss in Ls is,
PLs = (ILsems)?) (osLs/Q) = 21.5 W.
Assume losses in transformer and boost inductors 2% of input power, Ptr-loss = 10 W.

Switches Sw1 and Sw2 turn-on under ZVS, Sw3 and Sw4 are hard switched during turn-on for the

boost operation intervals. Therefore, approximate total turn-on switching loss is given by,

1

Psw—ton—loss = (g) [Isw3(peak) + Isw4(peak)](ch)(tr)(fs)

- (%) [21 + 27.8](48) (64 x 10°)(100 x 10%)

=25W.



Chapter 4 126

Switches Sw3 and Sw4 turn-off with zero voltage at the end of boost interval and Sw1l and Sw2

turn-off near peak currents. Therefore, approximate total turn-off switching loss is given by,

1

Psw—toff—loss = (g) [Iswl(peak) + Iswz(peak)](v;:z) (tf)(fs)

1
_ (5) [45.53 + 45.53](48) (48 x 10~)(100 x 10%)

=35W.
Similar to Mode 1 of Chapter 3, assume miscellaneous losses 1% of input power, Pmisc-loss = 5 W.
Output rectifier bridge loss (assumed for S00W), Pro = (l0)(2Vd) = (500/200)(2) = 5 W.
Total power loss Ploss = Pc-loss + Pbb + Pro+ PLs + Ptrloss + Pmisc-loss + Psw-ton-loss + Psw-toff-loss
=102.3 W.

Since input power is limited by the RES and ESD, output power is calculated after subtracting

losses from the input power.

. Output power, Po = Pin — Ploss = 500 — 102.8 = 397.67 W.

Approximate estimated efficiency, n = :—_" x 100 = 2297 % 100 = 79.5%.

in 500
4.7.2 Mode 2

An example is considered with output power to load (port-3), Po = 375 W; port 1 supplying Pi1 =
420 W with Vi =21 V input and port 2 is absorbing (charging) with Piz =45 W with V=9 V.

Then the input currents are:

ILi =420/21 =20 A and .2 =-45/9 = -5 A.

Using (4.1), to maintain Vc; =48 V, gain for port-1 is 2.286 and Dsh = 0.281.
Using (4.3),

48 2D
9 (D -0.281)

Therefore, D = 0.4502 and is less than rated value of 0.5 by AD = 0.5 — 0.4502 = 0.0498.
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For power balance, gating pulses for switches S3 and S4 will be cut by = 0.049 from rated values of
0.5. Gating pulses for switches S1 and Sz of port-2 will be cut by = 0.002 from rated values of 0.5.
Therefore, gating pulse widths of Sz and S41s 0.452 and gating pulse widths of S1 and Sz is = 0.498.

- D1=(0.498 —0.281)=0.217.
Using equations (4.29) and (4.28),
Peak current through Ls, lLsp = 14.6 A; and ¢ = 24.46°.

. RMS current through Ls s,

I 14.6
Lp —1032A.

I =" =
Ls(rms) \/E \/?

Then using (4.6), (4.8), (4.11) and (4.14), peak currents through switches (including ripple currents)

are:

Iswi(peak) = lsw2(peak) = (IL1 + AlL1/2) + (12 +A 12/2) + lLsp= 30.48 A.

(Where ripple currents in L1 and L2 are: AlLi=(0.1)(I.1) =2 A and Al2 = (0.05)(I2) =-0.25 A))
Isw3(peak) = IL1 + AlL1/2 =21 A;

Iswa(peak) = (IL1 + AlL1/2) + (12 +A 12/2) = 15.88 A.

Switch RMS currents calculated using (4.7) to (4.15) are:

Isiems) = 11.2 A, ls2ams) = 10.3 A, Is3ams) = 13.4 A, lsagms) = 10.8 A.

Average currents through Dbi and Dz,

IDbiGave) = 8.6 A and Ipb2@ave) = 7.31 A.

4.7.2.1 Loss calculations

Approximate losses occurring due to various parts are given below (same assumptions as given for

Mode-1).
Conduction losses in the switches,

Pcatoss = [(Isiems))? + (Is2¢ms))* + (Is3¢ms))> + (Isaems))*][Roscon)] = 10.5 W.
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Series diodes (Db1 and Dp2) loss, Pob = (Ibbicavg) + IDb2(ave))(Vd) = 15.9 W.

Output rectifier bridge loss, Pro = (10)(2Vd) = (375/200)(2) = 3.75 W.

Assume Q = 100 for the resonant inductor, the Q loss in Lr is, Pir = (ILrems)?)(@sLr/Q) = 14.6 W.
Assume losses in transformer and boost inductors 2% of input power, Ptr-loss = 8.4 W.

Switches Sw1 and Sw2 turn-on under ZVS, Sw3 and Sw4 are hard switched during turn-on for the

boost operation intervals. Therefore, approximate total turn-on switching loss is given by,

1

Psw—ton—loss = (g) [Isw3(peak) + Isw4(peak)](ch)(tr)(fs)

1
= (8) [21 + 15.875](48)(64 x 1077)(100 x 10%)

=~1.9W.

Switches Sw3 and Sw4 turn-off with zero voltage at the end of boost interval and Sw1 and Sw2

turn-off near peak currents. Therefore, approximate total turn-off switching loss is given by,

1

Psw—toff—loss = (g) [Iswl(peak) + Iswz(peak)](vcz) (tf)(fs)

= (%) [30.48 + 30.48](48)(48 x 1079)(100 x 103)

=24 W.
Similar to Mode 2 of Chapter 3, assume miscellaneous losses 1% of input power, Pmisc-loss = 4.2 W.
Total power loss Ploss = Pc-loss + Ppb + Pro+ PLr + Ptr-loss + Pmisc-loss T Psw-ton-loss + Psw-toff-loss

~61.6 W.

358.4

Approximate estimated efficiency, n = :—_" x 100 = 20 % 100 = 85.3%.

(Note: In this case, total output power to be supplied is power to load and power going to port-2; in

this example, 420 W total power to be supplied by port 1).
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4.7.3 Mode 3

An example is considered with rated output power Po = 500 W, port 2 supplies almost all the
power and negligible power is supplied by port 1: port 2 supplying Piz = 500 W with V2 =12 V and
port 1 input voltage is Vi =2 V.

Then the input currents are:

IL1=0.2/2=0.1 A and l.2 =500/12 = 41.67 A.

Using (4.8), to maintain Vc; =48 V, gain for port-1 is 2.286 and Dsh = 0.281.
Using equations (4.29) and (4.28),

Peak current through Ls, lLsp = 17.7 A; and ¢ = 22.4°.

. RMS current through Ls is,

Irp 177

ILS(TmS) == f _f_ 125 A

Then using (4.6), (4.8), (4.11) and (4.14), peak currents through switches (including ripple currents)

are:

Iswi(peak) = lsw2(peak) = (IL1 + AlL1/2) + lLp= 60.5 A;

(Where ripple currents in L1 and Lz are: AlLi= (0.1)(IL1) = 001 A and Al2 = (0.05)(I2) = 2.083 A)
Switch 3 current flows through anti-parallel diode and

Isw3(peak) = —[ 1.2 + A 1.2/2 + (ILrp)(sin())] = -(42.67 + 6.74) = -50.45 A.

Iswapeak) = (IL2 + A 12/2 + lLsp) = 42.8 A.

Switch RMS currents calculated using (4.7) to (4.15) are:

Isigms) = 38.7 A, ls2(ms) = 19.4 A, Is30ms) = 14.6 A, lsaams) = 30.34 A.

Average currents through Db and Doz,

IDbi(avg) = 15.7 A and Ipb2(avg) = 26.2 A.
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4.8 Simulation Results

The designed converter operation and performance is verified using PSIM 11.1.6 software.
Simulation waveforms obtained for Modes 1 to 3 are given in Figs. 4.23, 4.24 and 4.25. In all the
waveforms, the output voltage is regulated at 200 V by varying the Dsh from 0.26 ~ 0.288. Power
flow balance during different modes is achieved by varying D from 0.43 ~ 0.48. Table 4.3 shows
the comparison between theoretically obtained results with results obtained from the simulation for
modes 1 to 3. There is a close agreement between the predicted and values obtained from
simulations. Fig. 4.23(i) shows the switch voltages and currents for Mode-1 operating with full-
load. These waveforms show the ZVS turn-on for all the switches except for S3 and S4 at the
beginning of shoot through interval and ZVS turn-off for the switches Ss and Ss at the end of shoot
though state. Resonant tank input voltage (vas) and resonant current (iLs) and current through Lt (iLt)
are shown in Fig. 4.23(i1). Fig. 4.23(1), (i1) and (iii) show the following waveforms: (i) gating
signals (Vgs1, Vgs2, Vgs3 and Vgsa), switch voltages (Vswi, Vswz, Vsws, Vswa) and switch currents (iswa, iswz,
Isw3, Iswa), (i1)Tank voltage (vas), and currents (iLs, iLt), diode Dvi and D2 currents (ipb1, iDb2), (iii)
Boost inductors voltages (vVL1, Vi2), currents (iL1, iL2), and output rectifier diode currents (ipo1, iDo2,
iDo3, , iDo4).All these waveforms are as predicted in theoretical analysis. Ports 1 and 2 share the rated
power of 500 W where port-1 supplies P1 = 420 W and port-2, P> = 80 W. The above-mentioned
waveforms are repeated for modes 2 and 3 in Figs. 4.24(i), (ii) and (iii), and Figs. 4.25(1), (i1) and

(ii1), respectively.

In Mode-2, port-1 generates P1 = 420 W and is supplying 75% rated load (Po = 375 W) and
excess power generated is charging the storage device in port-2 (P2 = 45 W) since iL2 is negative

(Fig. 4.24(iii)).

In mode-3 operating with full-load (Po = 500 W), V2 supplies the entire power to the load (Figs.
4.24(iii), negligible current flows through iL1 and S3 (not seen in the waveform isws unless amplified
by a large scale). D3 conducts for the entire half cycle as seen in Fig. 4.25(i), only switch Si has
ZVS turn-on. S4 has partial ZVS turn-on and ZVS turn-off at the end of shoot through interval. Figs.

4.24(ii1) confirm ZCS turn-on and turn-off for the output rectifier diodes for all the modes.
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Fig. 4.23. Simulated waveforms for Mode 1: (i) gating signals (Vgsi, Vgs2, Vgs3 and Vgs4), switch voltages (Vswi, Vsw2,
Vsw3, Vswa) and switch currents (isw1, isw2, Isw3, Iswa), (i) tank voltage (Vag), and currents (iLs, iLt), diode Dy and Dy

currents (ipp1, iph2), (iii) boost inductors voltages (VL1, Vi2), currents (iL1, 2*iL2), and output rectifier diode currents (ipo1,

|D02, |Do3, |Do4).
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Fig. 4.24. Simulated waveforms for Mode 2: (i) gating signals (Vgs1, Vgs2, Vgs3 and Vgsa), switch voltages (Vswi,

Vsw2, Vsw3, Vswa) and switch currents (iswi, isw2, isws, Iswa), (ii) tank voltage (Vag), and currents (is, iLt), diode Dy

and Dy, currents (ipb1, ipb2), (iii) boost inductors voltages (Vii, Vi2), currents (iL1, 2*iL2), and output rectifier

diode currents (ipo1, ipo2, iDo3, iDo4).
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Fig. 4.25. Simulated waveforms for Mode 3: (i) gating signals (Vgs1, Vgs2, Vgs3 and Vgsa), switch voltages (Vswi,

Vsw2, Vsw3, Vswa) and switch currents (iswi, isw2, isws, iswa), (ii) tank voltage (Vag), and currents (iLs, iLt), diode Dp1

and Dy currents (ipb1, ipb2), (iii) boost inductors voltages (vi1, Vi2) and currents (6*iv1, iL2), and output

rectifier diode currents (ipo1, io2, D03, iDo4).
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Table 4.3. COMPARISON OF THEORETICAL AND SIMULATION RESULTS

Mode 1 Mode 2 Mode 3
Vi=21V, V=12V |Vi=21V,V,=9V |V,=2V,\, =12V
Po =500 W Po=375W Po =500 W
Parameter  |Theory |[Simuln. |Theory [Simuln. |Theory |Simuln.
Dsn 0.281 0.288 0.281 0.277 0.25 0.26
D (S1S, S3S4) [0.44, 0.4910.43, 0.48 |0.49, 0.45|0.5,0.45 | 0.5,0.5 | 0.5, 0.5
Vez (V) 48 49.68 48 49.33 48 47.9
I (A 20 21.5 20 22.27 - 0.39
I (A) 6.7 5.5 -5 -8 41.67 42.39
Ibbiavey (A)| 13.13 11.87 8.6 8.9 15.7 16.41
Ibb2ave) (A)| 14.8 12.89 7.31 6.76 26.2 26.42
lswieak) (A)| 45.53 44.48 30.48 30.26 60.5 62.8
lsw2(peak) (A)|  45.53 44.48 30.48 30.26 60.5 62.7
Iswi(peak) (A) 21 23.05 21 23.34 -50.45 -52.22
lswapeaky) (A)|  27.8 30.17 15.88 16.8 42.8 453
Iseaky (A)|  17.7 19.28 14.6 13.97 17.7 18.01
ILtpeay (A)|  15.88 17.51 11.91 10.85 15.88 16.13
Veppeak) (V)| 226.3 232.38 189.08 178 226.3 2333
Vo (V)| 200 201.25 200 201.2 200 201.54
l (A)| 25 2.5 1.87 1.88 2.5 2.51

4.9 Conclusions

A new three-port partially isolated converter obtained by integrating QSB inverter with LCL-T type
resonant converter with RES and ESD inputs that includes HF transformer isolation between the
input sources and the load (port-3) for use in dc micro-grids is proposed. A gating scheme is also
proposed to regulate the load voltage and power flow balance between the different ports for
different operation modes. Operation for Mode-1 was explained using equivalents circuits for
various intervals and were also used to explain the operation for Modes 2 and 3. Based on design-
oriented analysis, design equations have been derived. Design procedure has been illustrated with a
design example of a converter rated at 500W having RES and ESD rated at 24V and 12V,

respectively. PSIM simulation results for the designed converter have been obtained for three
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modes of operation to verify the operation and performance of the converter. This converter has

partial soft-switching and the output rectifier diodes operate with ZCS turn-on and turn-off.
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Chapter 5

Three Port High-Frequency Transformer Isolated Fixed Frequency LCL and
LCL-T DC-DC Converter for DC Microgrid

This chapter proposes a 3-port high-frequency (HF) transformer isolated fixed-frequency soft-

switching configuration using LCL and LCL-T resonant converters for use in DC micro-grids.
5.1 Introduction

DC microgrid consists of multiple power electronic converter stages which can be ac-de, dc-ac or dc-
dc which combines renewable energy sources (RESs), energy storage devices (ESDs) and different
loads as discussed in previous chapters. The multi-port converters are an effective solution to reduce
the multiple power electronic converter stages. The partially isolated quasi-switched boost three port
converters based on LCL and LCL-T type resonant networks with the new gating schemes to control
the power flow, and output voltage were proposed and discussed in chapter 3 and chapter 4,
respectively. In this chapter, the idea is to come up with a three port fully HF transformer isolated

fixed-frequency dc-dc converter with a suitable gating scheme to control the power flow.

In [43] and [53] fully isolated three port bi-directional DC-DC converter is proposed with LC resonant
network with the phase shift control to control the power flow among the different ports. Similarly,
in [38] an isolated three port bi-directional converter with the new decoupled power flow control is

mentioned which is not based on any resonant network.

The three-port fully isolated dc-dc converter with LCL resonant network have been proposed in
[111]-[112] but only one port i.e., RES (PV) port has a LCL tank. In [111] the LCL tank is used at
the PV port with soft switching characteristics, with fixed duty cycle and frequency. In [55] the duty
cycle is varied for all the ports which decides the power flow and output voltage at the load side and
all the ports are bi-directional. Boost dual half bridge topology has been mentioned in [112] which

provides the boost voltage for the two ports with asymmetrical duty control.

Hence, the previously reported three port fully isolated dc-dc conversion were based on non-resonant
HF transformer isolated conversion whereas resonant network-based conversion was proposed using

the same resonant networks such as LC, LCL for both the ports i.e., port 1 and port 2. In some cases,
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only one port containing resonant network was also attempted as mentioned above. In these systems,

power flow was controlled by techniques such as phase shift control, duty cycle control, etc. Three

port conversion with LCL and LCL-T resonant networks on either port with a modified gating scheme

is not reported in the literature.

Therefore, in this chapter, a new three port fully HF transformer isolated fixed frequency dc-dc

converter based on two different LCL and LCL-T resonant networks using a modified (or

complementary) gating scheme [27],[99] is proposed.

This configuration has following advantages for the three-port conversion.

1.

The selection of two different resonant networks at two ports i.e., LCL at RES port 1 and
LCL-T at ESD port 2 helps in decoupled power flow from port 1 and port 2.

The leakage inductance and magnetizing inductance of three winding HF isolation
transformer can easily be included as part of the design of resonant networks.

LCL-T resonant network can achieve higher voltage gain. And is useful at ESD port, which
is at lower voltage than RES port, higher gain helps in slightly reducing the size of transformer
as compared to the LC series based ESD port mentioned in [64] for the same input voltage /2
=36 V and the regulated output voltage of 200 V.

ZCS turn off and turn on for port 3 diode bridge rectifier diodes can be achieved by both LCL
and LCL-T resonant networks working together or independently.

Soft switching i.e., ZVS turn-on or ZCS turn off can be facilitated by using LCL and LCL-T
resonant network.

Use of modified fixed-frequency gating scheme can extend the ZVS turn-on range as

mentioned in [88] and [99] for wide variation of input voltages at port 1 and port 2.

In addition to this, modified gating scheme for controlling the power flow and output voltage at the

load port has also been derived from the gating scheme given in [27],[99]. The following parameters

will be controlled in the proposed gating scheme,

1.

The phase shift ¢p12 between the port 1 tank LCL tank voltage vas and port 2 LCL-T tank
voltage vep controls the power sharing between port 1(71) and port 2 (72) for port 3. In case
of the surplus power at port 1 when there is a reduced load at port 3, it provides power to port

2 also for charging of ESD.
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2. At port 1, positive and negative half cycles of vap are cut equally by an angle B1 to get the
desired width 91 for each half cycle to control the power flow from port 1, if needed.
3. At port 2, positive and negative half cycles of vcp are cut equally by an angle B2 to get the

desired width &2 for each half cycle to control power flow in/out of the port 2.
Therefore, proposed configuration is expected to provide,

1. The fixed frequency fully isolated three port dc-dc conversion,
2. ZVS turn on or ZCS turn off for the switches at port 1 and port 2,
3. ZCS turn on and turn off for the diodes of output bridge rectifier.

Objectives of this chapter are (a) to present the circuit details of the proposed configuration together
with the gating scheme, (b) to present the operation of the configuration fo different modes of
operation, (¢) analyzing the circuit for steady-state operation, (d) to give a design example to illustrate
the design procedure, and (e) to present the PSIM simulation results to evaluate the performance of
the proposed configuration. These objectives are achieved in different sections of the chapter as

outlined below.

Section 5.2 explains the circuit details of the proposed multi-port conversion system. List of
assumptions used in the operation and analysis are given Section 5.3. Different modes of operation
of the proposed system are presented with waveforms and equivalent circuits in Section 5.4. Steady-
state analysis of the proposed multi-port conversion system is presented in Section 5.5 using an
approximate frequency domain analysis approach using fundamental frequency phasor circuit
analysis. Section 5.6 gives a design example to illustrate the design procedure and examples to show
how to calculate the various parameters for different modes of operation. PSIM simulation results for
the designed converter are obtained in Section 5.7 for the design example to show the performance

of the multi-port conversion system. Conclusions are given in Section 5.8.
5.2 Circuit Details
The description of the configuration is discussed next which is shown in the Fig. 5.1.

1. Port 1 consists of the RES with supply voltage V1 and LCL resonant network with inductors

Ls1, Lp and capacitor Cs. Four switches S1-Ss with their anti-parallel diodes D1-D4 and snubber
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capacitors Ci-Cs forming the bridge inverter. ip1 is the input current, iLsi is the resonant tank
current, iLp is the current flowing in Ly of LCL network.

2. Port 2 consists of the ESD with supply voltage > and LCL-T resonant network with inductors
Ls2, Lt and capacitor Cp. Four switches Ss-Ss with their anti-parallel diodes Ds-Ds and snubber
capacitors Cs-Cs forming the second bridge inverter. ip2 is the input current, iLs2 is the resonant
tank current, it is the current flowing in Lt, and icp is the current flowing in Cp of LCL-T
network

3. Input filter capacitors used at port-1 and 2 are Cir and Cor, respectively.

4. A HF three winding transformer with number of turns N1 at port 1, N2 at port 2 and N3 at port
3 providing the electrical isolation and necessary step-up voltage.

5. Port 3 consists of diodes Do1, Do2, Do3, Do4 bridge rectifier with resistive load representing dc
bus or an external load and output filter capacitor Cr. irect in 1S the input rectifier current, io is

the unfiltered and /o is the filtered dc output current.

Gating signals used in controlling this multi-port power conversion system are shown in detail in Fig.
5.2. For port-2 switches, fixed-frequency gating signals used are vass to vass. As shown, compared to
regular fixed-frequency phase-shift gating scheme, widths of gating signals vagss and vas7 are cut
(reduced) by an angle B2 while widths of vase and vass are increased by an angle B2. Gating signals of
the same limb (vese and vass of left leg, and vas7 and vase of right leg) are complementary avoiding
short circuit similar to phase-shift gating scheme. Therefore, this gating scheme generates a quasi-
square-wave voltage (vcp) of width 62 for positive and negative half-cycles applied at the inverter
output terminals of port-2. For converter gain or power control, pulse-width 92 can be controlled by
changing the length f. Gating signals of port-1 switches are phase-shifted by ¢12 as shown in Fig.
5.2. They use the same gating scheme explained above to generate a quasi-square-wave voltage (vaB)
of width 31 (by reducing length 1 on either side of v4s) for positive and negative half-cycles applied
at the inverter output terminals of port-1. Pulse-width 81 of vas for port 1 is shown as a general case
and varied only if needed, otherwise, &1 is kept at m. Inverter output voltage vas of port-1 is phase-
shifted by ¢12 with respect to inverter output voltage vep of port-2. Phase-shift ¢12 controls the mode
of operation and controls the amount of power flow between different ports as explained in section

54.
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Fig. 5.1. Three port high-frequency transformer isolated fixed frequency LCL and LCL-T dc-dc converter for

DC microgrid.
5.3 Assumptions Used

The following assumptions are used in the operation and analysis of the conversion system.

1. ip1 and ip2 are assumed to be constant input currents in port 1 and port 2, respectively.

2. Cirand Cor are assumed to be large enough to provide the constant voltage at port 1 and port 2,

respectively. Output filter capacitance is large enough to provide the constant output voltage.

3. All the switches, diodes, inductors and capacitors are ideal. Snubber capacitors are considered to

be lossless.

5. Only fundamental components of voltages and currents are used in the analysis for LCL and LCL-

T resonant networks.

7. The isolation transformer magnetizing inductances are combined and used as part of Lp.

Transformer leakage inductance of each port is considered to be part of Ls1 and Ls.

8. RES is operating at port 1 and ESD is operating at port 2.
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Fig. 5.2. Gating signals used for the 8 switches in Fig. 5.1 and inverter output voltages vcp and vy of port 2 and 1,

respectively.
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5.4 Operation in different modes

This section presents the operation of the proposed three-port isolated converter in three different
modes. Section 5.4.1 explains the operation in Mode 1 when the power to the load is shared by ports
1 and 2. Section 5.4.2 presents the operation in Mode2 when the power supplied by port 1 is not only
supplying reduced load, but also supplies power to port 2. Mode 3 occurs when entire load power is
supplied by port 2 and is explained in Section 5.4.3. Operations in these modes are presented with
waveforms and equivalent circuits showing conducting devices during different intervals of

operation.
5.4.1 Mode 1

In this mode, the power flow will be from both port 1 and port 2 for the circuit shown in Fig. 5.1,
resulting in sharing of the total power between the port-1 RES (/1) and port-2 ESD ()2) for the load
at port 3. The operation will take place in 11 intervals which is discussed next. The important

waveforms are shown in Fig. 5.3.
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Ds

Fig. 5.3. Mode-1, key waveforms are in the following order: Gating signals; port 1 and port 2 switch currents iswi t0 isws;

port 1 vag, iLs1; port 3 output diode bridge diode currents (ipoi, iDo2, iDo3, iDo4); POIt 2 VD, iLs2, Lt
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Interval 1 (to <t < t1) (Fig. 5.4(a) and Fig. 5.4(b)): In this interval, the two sub-intervals will take
place as shown in Fig. 5.4(a) and Fig. 5.4(b). This interval starts at ¢ = to,

Sub-interval la:

Port 1: At the end of interval 11, i.e., at the beginning of this interval when the switches S1 and S> are
turned off results in snubber capacitors Ci and C2to get charged to Vi. Snubber capacitors Cs and Ca
get discharged. This interval is not shown in the waveforms on account of being very short. Port 2:
At port 2 side, Ss continues to conduct due to the increased conduction time provided by gating signal
extended by amount f> which depends on the amount of active power to be delivered by port 2. Ds is
already conducting. Therefore, Ss and Ds are conducting in this sub-interval making vep = 0.

Port 3: Do3, Do4 are conducting at port 3 side.

Sub-interval 1b:

Port 1: In this sub-interval, as the Cs and Cs get discharged, anti-parallel diodes D3 and D4 get forward
biased and start conducting, vas = +V1. During this time, the gating signals are given to S3 and Sa
which are displaced by an angle ¢12 with respect to gating signals of S7 and Ss of port 2 providing the
desired phase shift for vas with respect to vep. Hence, controlling the power flowing out of port 1.
This interval ends when D3 and D4 current reaches zero with iLs1 changing direction at ¢ = ¢1. Port 2:
Ss and Ds continues to conduct, vep= 0.

Port 3: Do3, Do4 continue to conduct.
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Interval 2 (< t <t2) (Fig. 5. 4(c)): This interval begins at ¢ = #1, the gating signals have already been
provided to the S3 and S4 at port 1 and to switch Se at port 2 resulting in the following operation at
three ports and the equivalent circuit is as shown in Fig. 5. 4(c).

Port 1: The D3 and D4 current reaches zero and iLs1 changes its direction. S3 and Ss are turned on
under ZVS and vas= +/1.

Port 2: Ss and D¢ continue to conduct, vep = 0. The gating has continually been provided to Se.

Port 3: Do3 and Do4 continue to conduct on the secondary side.

This interval ends at ¢ = ©2 when Do3 and Do4 turn-off under ZCS.

N
Port1| .7
Ipl

n© 7

Port2 | 7

£

Fig. 5. 4(c). Interval-2: S3, S4 conducting, Ds, Ss conducting, D3, Dos conducting.

Interval 3 (<t < t3) (Fig. 5. 4(d)): This interval starts at ¢ = 2 with Do1 and Do2 turning on under
ZCS. and the equivalent circuit is shown in Fig. 5. 4(d).

Port 1: 3 and S4 continue to conduct and vas = +V1.

Port 2: Ss and Ds continue to conduct, vep = 0.

Port 3: Do1 and Do start conducting on the secondary side which are dependent on the resultant
current of iLs1 and it flowing into the port 3.

This interval ends at ¢ = 3 with turning off of Ss.
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Fig. 5.4(d). Interval-3: S3, S4 conducting, De, Ss conducting, Do, Do» conducting.

Interval 4 (t3 < t < t5) (Fig. 5.4(e) and Fig. 5.4(f)): In this interval, three sub-intervals take place

beginning at ¢ = #3 due to the switching sequence taking place at port 2.

Sub-interval 4a:

Port 1: S35 and S« continue to conduct in this interval with vas = +/1.

Port 2: After the Ss is turned off at 7 = 13, it causes snubber capacitor Cs to get charged to input port 2
voltage J2 and snubber capacitor Cs to get discharged as shown in Fig. Fig. 5.4(e).

Port 3: Do1 and Do2 continue to conduct in this sub-interval.

Sub-interval-4b:

Port 1: The operation is going to be same as previous sub-interval.

Port 2: Dsis going to be forward biased and starts conducting since Cs discharged to zero. Therefore,
Ds and De are going to conduct in this sub-interval and vep = -V2. During this sub-interval the gating
is provided to Ss. The direction of iL: changes at end of this sub-interval at 7 = t4.

Port 3: Do1 and Do2 continue to conduct in this sub-interval.

Sub-interval-4c: At t = t4, only iLt changes its direction at port 2, the conducting devices for all the

ports remain as in the previous sub-interval 4b.
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This interval ends at ¢ = #s with iLs2 reaching zero resulting in current through antiparallel diodes Ds

and Ds also zero.
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Fig. 5.4(e). Interval-4a: S3, Ss conducting, Cs discharging, Cg charging, D¢ conducting, Do, Do conducting.
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Chapter 5 149

Interval 5 (ts <t < t¢) (Fig. 5.4(g)): This interval starts at ¢ = s with the operation as shown in Fig.
5.4(g).

Port 1: S3 and S4 continue to conduct in this interval with vas = +V1.

Port 2: Since anti-parallel diodes Ds and Ds current reached zero at ¢ = #s with iLs2 changing its
direction, S5 and S are turned on under ZVS. Tank voltage vcp in this case is also equal to —V2. Port
3: Do1 and Do2 continue to conduct in this interval.

This interval ends at ¢ = #6 with S3 and Ss are being turned off.

Port 1| .7
i1

nQ

Port 3
Ig 1:0 +
=
DB] VO
Ill'act_in
N = 3R
Port 2 7 Ct

Fig. 5.4(g). Interval-5: S3, S4 conducting, Ss, Se, conducting, Do1, Do> conducting.

Interval 6 (tc< t < t7) (Fig. 5.4(h) and Fig. 5.4(1)): This interval begins at ¢ = t6 when S3 and Ss are

turned off and has two sub-intervals with their equivalent circuits shown in Fig. 5.4(h) and Fig. 5.4(1).

Sub-interval 6a:

Port 1: S3 and S4 are tuned off at ¢ = f6 resulting in charging of snubber capacitors C3 and Cs to J1
while discharging of snubber capacitors C1 and C2 occurring in a very short time.

Port 2: S5 and Se are conducting, vep = -12.

Port 3: Do1 and Do2 continue to conduct in this interval.
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Sub-interval 6b:

Port 1: Anti-parallel diodes D1 and D2 become forward biased and start conducting since C1 and C2
are discharged, vas = -V1. Gating signals are provided to S1 and S2 during this time.

Port 2: S5 and Se continue to conduct and vep remains at -%.

Port 3: On secondary side, Do1 and Do2 conduct.

This interval ends at # = #7 when is1 reaches zero and resulting in currents through anti-parallel diodes

D1 and D» also reaching zero.
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Fig. 5.4(h). Interval-6a: Ci, C, discharging, Cs, Cs charging, Ss, S¢ conducting, Do, Do> conducting.
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Fig. 5.4(i). Interval-6b: D, D, conducting, Ss, Ss, conducting, D,1, Do conducting.

Interval 7 (t7<t <t3) (Fig. 5.4(j) and Fig. 5.4(k)): This interval begins at ¢ = ¢7, and two sub-intervals
take place.

Sub-interval 7a:

Port 1: Anti-parallel diodes D1 and Dz current reaches zero at £ = #7. As the gating signals have already
been provided, S1 and Sz are turned on under ZVS, and vas = -1 as shown in Fig. 5.4(j). iLs1 changes
its direction.

Port 2: S5 and Se are turned off. Snubber capacitors Cs and Cs get charged. Snubber capacitors C7 and
Cs get discharged.

Port 3: On secondary side, Do1 and Do2 are conducting.

Sub-interval 7b:

Port 1: S1 and Sz are conducting, vas = -V1.

Port 2: Anti-parallel diodes D7 and Ds get forward biased and start conducting as snubber capacitors
(7 and Cs get discharged and vep = +)2 and equivalent circuit is shown in Fig. 5.4(k).

Port 3: On secondary side, Do1 and Do2 continue to conduct.

This interval ends at ¢ = #3, when current through Do1 and Doz reaches zero and turn-off under ZCS.
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Interval 8 (ts <t < t9) (Fig. 5.4(1)): The equivalent circuit for this interval is as shown in Fig. 5.4(1).
Output rectifier bridge diodes Do3 and Do4 turn-on under ZCS.

Port 1: S1 and S> continue to conduct, vas = -V1.

Port 2: Anti-parallel diodes D7 and Ds also continue to conduct and vep = +V2.

Port 3: On secondary side, Do3 and Do4 are conducting.

This interval ends 7 = t9 with iLt changes its direction.

w

Port 1] . .
I Iswl ¥

b1
S_lq
7 C

Port 2

s

Fig. 5.4(1). Interval-8 and 9: §i, S>, conducting D7, Ds conducting, Do3, Dos conducting

Interval 9 (t9<t<t0) (Fig. 5.4(1)): This interval begins at # = t9, the operation remains same as previous
interval 8 as shown in Fig. 5.4(1) except the iLt changes its direction at the beginning of this interval.
This interval ends at ¢ = t10 with the anti-parallel diodes D7 and Ds current reaches zero since iLs2 goes

Z€10.

Interval 10 (t10<t<t11) (Fig. 5.4(m)): This interval begins at ¢ = t10 and equivalent circuit is as shown
in Fig. 5.4(m),

Port 1: S1 and Sz continue to conduct and vas = -V1.
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Port 2: Anti-parallel diodes D7 and Ds current reaches zero with iLs2 changing its direction. As gating

signals have already been provided to S7 and Ss, therefore they get turned on under ZVS. Port 3: Do3

and Do4 continue conducting in this interval.

This interval ends at ¢ = #11 with the turning off of S7.
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Fig. 5.4(m). Interval-10: S1, S», conducting S7, S conducting, D3, Dos conducting

Interval 11 (t11<t<Ts+ to) (Fig. 5.4(n) and Fig. 5.4(0)): This interval begins at ¢ = #11, and two sub-

intervals take place with equivalent circuits as shown in Fig. 5.4(n) and Fig. 5.4(0).

Sub-interval 11a:

Port 1: S1 and S2 continue to conduct and vas = -V1. At port 2 side, Ss continues to conduct due to the

increased conduction time provided by gating signal extended by amount 2. Reduction of the gating

signal of S7 by S results in early turn off of S7 making snubber capacitor C7 to get charged and Cs to

get discharged in a very short time.

Port 3: Do3 and Dos continue conducting in this interval.
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Sub-interval 11b:

Port 1: S1 and S2 continue to conduct and vas = -V1. Ss continues to conduct. Since Cs is discharged
already, anti-parallel D¢ gets forward biased and start conducting. Ss and Ds start conducting together
making vep = 0. During this time, the gating signal is provided to Se.

Port 3: Do3 and Do4 continue conducting in this interval.

This interval ends at ¢ = Ts + to completing the switching operation for period 7s and the switching

operation repeats itself from interval 1.
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Fig. 5.4(n). Interval-11a: i, S>, conducting, C; charging, Cs discharging, Ss conducting, Do3, Dos conducting.
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5.4.2 Mode 2

In this mode, the power flow will flow from port 1 to ports 2 and 3 for the circuit shown in Fig. 5.1.
The load at port 3 is reduced and is lesser than the rated which allows the surplus power to be available
at port 1. This surplus power can be used for the ESD (}2) charging. In this mode current ip2 flowing
through 72 will reverse its direction as the power is flowing into the port 3. The power flow is
controlled by providing the phase shift 12 to the vas with respect to vep and cutting down vep by f2
from positive and negative half cycles (to change the pulse-width &) provide the necessary power

flow from port 1 to ports 2 and 3. The important waveforms are shown in Fig. 5.5.

In this mode, port 1 switches Si to Sa with their anti-parallel diodes D1 to Dsand LCL resonant network
will behave similar to mode 1 and also the port 3 diode bridge rectifier but in port 2, due to the reversal
of power flow the conduction time of switches Ss to Ss with respect to their anti-parallel diodes Ds to
Ds will change. Throughout the operation ip2 will flow into the ESD port. Mode 2 operation will take

place in 11 intervals which is explained next.

Interval 1 (to<t < t1) (Fig. 5.6(a) and Fig. 5.6(b)): In this interval, two sub-intervals will take place
as shown in Fig. 5.6(a) and Fig. 5.6(b). This interval starts at # = to, In the first sub-interval 1(a), which

occurs at the end of interval 11, i.e., when the switches S1 and Sz at port 1 are turned off results in
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snubber capacitors getting charged/discharged in a very short duration. At port 2 side, Ss continues
to conduct and turning off S7 make snubber capacitor C7 to get charged and Ce to get discharged. Do3,
Do4 are conducting at port 3 side. In the sub-interval 1(b), anti-parallel diodes D3 and D4 get forward
biased and start conducting. During this time, the gating signals are given to S3 and Ss which are
displaced by an angle 12 with respect to gating signals of S7 and Ss of port 2 providing the desired
phase shift for vas with respect to vep. Pulse-width 62 of vep is changed by controlling 2. These two
parameters help in the power flow control for load and ESD; vas = +V1. At port 2, Ss and Ds conduct
making current to free wheel among Ss, Ds, LCL-T resonant network so that vep = 0. Do3, Dos are

conducting on secondary side. This interval ends with iL: changing direction at ¢ = #1.

Interval 2 (t1 < t < t2) (Fig. 5.6(b)): This interval begins at ¢ = #1, it will change its direction and this
interval ends when the current though anti-parallel diodes D3 and D4 reaches zero at ¢ = f2. The

conducting devices will be same as in interval 1.
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Fig. 5.5. Mode-2, key waveforms are in the following order: Gating signals; port 1 and port 2 switch currents iswi to isws;
port 1 vag, irsi; port 3 output diode bridge diode currents (ipoi, iDo2, iDo3, IDo4); POIt 3 Ve, iLs2, ILt.
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Fig. 5.6(a). Interval-1a: Cs, Cy4 discharging, Ci, C, charging, C7 charging, Cs discharging, Ss conducting, Dq3, Do4
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w

Port 1 i T

Port2 | .7
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Interval 3 (<t < t3) (Fig. 5.4(c)): This interval starts at ¢t = #2 and the equivalent circuit is shown in
Fig. 5.4(c) of mode 1. This interval is similar to interval 2 of mode 1. S3 and Ss are turned on under
ZVS with vap = +V1 as anti-parallel diodes D3 and Da current reaches zero. Ss and De are conducting
making current to free wheel among Ss, Ds, and LCL-T resonant network, vep= 0. Do3 and Do4 are
conducting on the port 3 secondary side. This interval ends at ¢ = #3 with conducting diode pair of

output rectifier changes.

Interval 4 (t3<t < ta) (Fig. 5.4(d)): This interval is similar to interval 3 of mode 1, beginning at ¢ = 73.
S3 and Sy continue to conduct in this interval with vas = +V1. §s and Ds are conducting so that vep=0

but on the port 3 side Do1 and Do start conducting in this interval and interval ends at ¢ = ta.

Interval 5 (ta < t < t5) (Fig. 5.4(e) and Fig. 5.4(f)): In this interval, two sub-intervals take place
beginning at ¢ = 4 as was the case in the interval 4 of mode 1. In the first sub-interval 5(a), S3 and S«
continue to conduct in this interval with vas = +V1. After the Ss is turned off at # = 14, it causes snubber
capacitors Cs getting charged and Cs getting discharged as shown in Fig. 5.4(e). In the second sub-
interval, i.e., 5(b), the operation is similar to 4(b) of mode 1, Ds is going to be forward biased, and
conducts along with D¢ as shown in Fig. 5.4(f) and vcp = -V2, power is used in charging ESD (12).
This interval ends when Ds and Ds current reaches zero with the change in direction of iLs2 at the end

of this interval at ¢ = #5. Do1 and Do2 continue to conduct.

Interval 6 (ts <t < t¢) (Fig. 5.4(g)): This interval starts at ¢ = s and the equivalent circuit is as shown
in Fig. 5.4(g) which is similar to interval 5 of mode 1. S3 and S4 continue to conduct in this interval
with vap = +V1. Anti-parallel diodes Ds and Ds current reaches zero with iLs2 changing its direction.
Ss and Se are turned on under ZVS. Tank voltage vep in this case is equal to —V2. Do1 and Doz continue

to conduct in this interval. This interval ends at ¢ = #6 when S3 and S4 are turned off.

Interval 7 (te<t < t7) (Fig. 5.4(h) and Fig. 5.4(1)): This interval operates in two sub-intervals just like
interval 6 of mode 1. At ¢ = t6, S3 and Sas are turned off as shown in Fig. Fig. 5.4(h) and Fig. 5.4(1),
charging /discharging of snubber capacitors occur in a very short time. S5 and Se are conducting with
vep = -V2. In second sub-interval 7(b), anti-parallel diodes D1 and D2 become forward biased and start
conducting. vas = -V1. S5 and S¢ continue to conduct and vep remains at -J2. On port 3 side, Do1 and

Do2 continue to conduct in this interval. This interval ends at # = ¢7 with iL« changing direction.
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Interval 8 (t7< t < t3) (Fig. 5.4(1)): In this interval, the devices in conduction are similar to interval
7(b). The direction of iLt changes at ¢ = ¢7. This interval ends at ¢ = t3, when anti-parallel didoes D1

and D> current will reach zero.

Interval 9 (ts <t < t9) (Fig. 5.4(j) and Fig. 5.4(k)): This interval is similar to interval 7 of mode 1
which starts at # = t5, and operates in two sub-intervals. Anti-parallel diodes D1and D: current reaches
zero, S1 and Sz are turned on under ZVS, and vas = -V1 as shown in Fig. 5.4(j). iLs1 changes its
direction. At the same time S5 and Se are turned off resulting in snubber capacitors charging and
discharging. In second sub-interval in 9(b), S1 and Sz are conducting with vas = -V1. Anti-parallel
diodes D7 and Ds get forward biased and start conducting with vep = +12 and equivalent circuit is

shown in Fig. 5.4(k). On secondary side, Do1 and Do2 are conducting. This interval ends at ¢ = to.

Interval 10 (to< t < ti0) (Fig. 5.4(1)): This interval begins at ¢ = f9, the operation remains same as
interval 8 of mode 1 as shown in Fig. Fig. 5.4(1) and at the port 3 diode bridge rectifier changing
conducting diodes. On port 3 side, Do3 and Do4 start conducting. S1 and S2 are conducting with vap =

-V1. Anti-parallel diodes D7 and Ds are conducting and vep = +7%.

Interval 11 (tio<t<Ts + to) (Fig. 5.4(m)): This interval begins at ¢ = t10 and similar to interval 10 of
mode 1 so the equivalent circuit Fig. 5.4(m) is also applicable here. S1 and S2 are conducting in this
interval with vas = -V1. As iLs2 changing its direction, S7 and Ss get turned on under ZVS. Do3 and Do4

continue conducting in this interval.

This interval ends at # = Ts + fo completing the switching operation for period 7s and the switching
operation repeats itself from interval 1. Note that output rectifier diodes turn-off and turn-on with

ZCS resulting in negligible switching losses.
5.4.3 Mode 3

In Mode-3, all the power is provided by the port 2 for the load at port 3 when port 1 is able to provide
only negligible power. In this mode again the power flow is controlled by providing the phase shift
@12 to the vas with respect to vep and cutting down vep by f2 from positive and negative half cycles

(02 control). The important waveforms are shown in Fig. 5.7.

In this mode, port 1 switches S1 to Ss will go undergo ZCS as the port 1 input current ip1 is negligible,

but the reflected current will still flow through the switches causing hard turn on and soft turn off
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(ZCS). Due to lack of availability of power at port 1 results in very large reflected load resistance at
port 1 and the reflected current leads the tank voltage vas. Therefore, causing the said phenomenon
in the port 1 switches. At port 2 side, one of the switches, i.e., S5 will lose ZVS leading to hard turn
on, and additionally Ss will undergo ZCS along with ZVS. This happens due to the extended gating
pulse given to Ss but shortened gating pulse to S5 which does not provide enough time for the anti-
parallel diode Ds to conduct leading to hard turn on. Other than these notable changes rest of the
operation remains like modes 1 and 2. Mode 3 operation will take place in 9 intervals which is

explained next.

Interval 1 (to<t<t) (Fig. 5.4(d)): This interval starts at ¢ = 7o and the equivalent circuit as shown in
Fig. 5.4(d) is valid as it has the same equivalent circuit as interval 3 of mode 1. At the end of interval
9, 1.e., at the beginning of this interval S3 and S4 are turned on hard discharging the snubber capacitors
(s and Cj4 after receiving gating signal and vas = +V1. On port 2 side, Sg is conducting along with De
providing freewheeling path for the LCL-T tank current so that vep = 0. On port 3 side, Do1 and Do2

start conducting which are turned on under ZCS. This interval ends at ¢ = 1.
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Interval 2 (t1 <t <t2) (Fig. 5.8(a)): In this interval which begins at =1, S3 and S4 continue conduction,
vaB = +V1. At port 2 iLs2 goes to zero and changes its direction resulting in ZCS turn-off for Ss and
anti-parallel diode Ds starts conducting. Since current through Ds has also reached zero and as the
gating signal has already been given to Se, S6 will be turned on under ZVS. So, Se starts conducting
along with Dg providing freewheeling path for the LCL-T tank current, vcp = 0. On the port 3 side,
Do1 and Do2 continue to conduct. This interval ends with iLs1 changing its direction at ¢ = 7.
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Fig. 5.8(a). Interval-2: Ss, S4, Se, D3, Do1, Doz conducting.

Interval 3 (<t < t3) (Fig. 5.8(b)): This interval starts at ¢ = #2 and the equivalent circuit is shown in
Fig. 5.8(b). As the iLs1 current changes direction, current through switches S3 and Ss goes to zero
undergoing ZCS turn off. Anti-parallel diodes D3 and Ds start conducting and vas = +V1. Ds and Se
continue to conduct freewheeling the LCL-T tank current and vep = 0. Do1 and Doz are conducting on
port 3 side. This interval ends at ¢ = #3 with the removal of the gating signal from Ss and being given

to Ss.
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Fig. 5.8(b). Interval-3: Ds, D4, S¢, Ds, Do1, Do> conducting.

Interval 4 (t3<t < ts) (Fig. 5.8(c)): This interval begins at = ¢3 and equivalent circuit is shown in Fig.
5.8(c). Anti-parallel diodes D3 and Ds continue to conduct in this interval with vas = +V1. S5
undergoes hard turn-on with the application of the gating signal discharging the snubber capacitor
Cs. Since Ss is turned on, it takes over the current from anti-parallel diode Ds to maintain the direction
of current in the tank circuit resulting in current jumping to zero in Ds. Seis already conducting. Now,
Ss and Se conduct together in this interval and vep becomes equal to -72. Do1 and Do2 continue to
conduct in this interval. This interval ends when S1 and Sz are turned on at # = #4 and they take over

current from D3 and D4 to maintain the current direction in the tank circuit, vap=-V1.
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Fig. 5.8(c). Interval-4: D3, Da, Ss, Se, Do1, Do2 conducting.

Interval 5 (ta<t < ts) (Fig. 5.8(d)): This interval starts at ¢ = #4 and the equivalent circuit is shown in
Fig. 5.8(d). S1 and S2 are undergo hard switching turn-on discharging snubber capacitors C1 and C2
with current transfer from D3 and D4. This also results in charging of snubber capacitors C3 and Cia.
Ss and S continue to conduct at port 2 side, vep = -V2. On port 3 side, Do3 and Dos start conducting
after turned on under ZCS after Doi and Doz are turned off under ZCS. This interval ends at ¢ = #s

when gating signals are removed for Ss and Ss turning them off forcibly.
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Fig. 5.8(d). Interval-5: Si, Sz, Ss, S6, Do3, Dosa conducting

Interval 6 (ts< t < te) (Fig. 5.4(j), Fig. 5.4(k), and Fig. 5.4(1)): This interval starts at # = ¢s and take
place in two sub-intervals and resembles the operation which is occurring in interval 7(a), 7(b) and 8
of mode 1 and shown in Fig. 5.4(j), Fig. 5.4(k), and Fig. 5.4(1), respectively. There is only one
difference in the interval of this mode for Fig. 5.4(j) and Fig. 5.4(k) which is instead of Do1 and Doz,
Do3 and Doa are conducting on port 3 side. S1 and Sz are conducting and vas = -V1. Since Ss and Se are
turned-off, snubber capacitors get charged/discharged in first sub-interval 6(a) and anti-parallel
diodes D7 and Ds get forward biased and start conducting in second sub-interval 6(b), vep = +V%.

Currents through D7 and Ds reach zero at ¢ = #¢ ending this interval.

Interval 7 (ts<t<t7) (Fig. 5.4(m)): This interval starts at # = tc and resembles the interval 10 of mode
1 with S1 and S2 conducting, vas = -V1. Anti-parallel diodes D7 and Ds current reaches zero when iLs2
changes its direction. As gating signals have already been provided to S7 and Ss, therefore they get
turned on under ZVS, vcp = +V2. Doz and Dos4 continue conducting in this interval. This interval ends

at ¢ = t7when S1 and S2 turn-off with ZCS.

Interval 8 (t7< t < t3) (Fig. 5.8(e)): This interval begins at ¢ = 7, reversal of iLsi makes the current
through S1 and S2 to reach zero undergoing ZCS turn-off and anti-parallel diodes D1 and D> start

conducting as shown in equivalent circuit in Fig. 5.8(¢e), vas = -V1. On the port 2 side, S7 and Ss
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continue conducting, and vcp = +V2. On port 3 side, Do3 and Dos continue conducting. This interval
ends at ¢ = #g with the turning off §7.
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Fig. 5.8(e). Interval-8: Dy, D», S7, Ss, Do3, Dos conducting.

Interval 9 (ts<t < Ts + to) (Fig. 5.8(f) and Fig. 5.8(g)): The operation in this interval starts at ¢ = f3
and the two sub-intervals will occur. The equivalent circuits are shown in Fig. 5.8(f) and Fig. 5.8(g),
respectively. In the sub-interval 9(a), on port 1 side anti-parallel diodes D1 and D: continue
conducting. Snubber capacitor C7 get charged and Cs get discharged on port 2 side. In the second
sub-interval 9(b), anti-parallel diode Ds will start conducting along with Ss. Therefore, Ss and De start
conducting in this interval, vas = -V1 and vcp = 0. On port 3 side, Do3 and Do4 are conducting for this
full interval. This interval ends at # = (Ts + f0) when the anti-parallel diodes D1 and D2 current jumps

to zero when S3 and Ss are turned on and taking over the current from D1 and Ds.

This interval completes the switching operation for period 7s and the switching operation repeats

itself from interval 1.
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5.5 Steady-State Analysis

Section 5.5.1 presents the derivations of voltage gains for port-1 and port-2. Section 5.5.2 presents
the derivations of power relations for the two ports and also the method of calculation for the phase-

shift angle between the two ports. Expressions for peak currents and voltages are derived in Section

5.6.

Fig. 5.9 shows approximate waveforms of inverter output voltages v4s, vcp, and the primary-side
reflected voltages va» (= vprim-1) and ved (= vprim-2) for the HF transformers of port 1 and 2, respectively.
In the Fig. 5.9, &1 (= n — P1) is a width of vas in each half cycle cut by Bi, 02 (= © — B2) is a width of
vep in each half cycle cut by B2 and Vi and V2 are the port 1 and port 2 input voltages, respectively.
Vy1 [

VcD — 0) —> :
0‘_'82_’ 4—52—2 » (01

-0y T 2

» Ot

n3 Vo T

VPrim-1 ()
-ni3V, 0,

J V P

VPrim-2 23V

ot

v

ot

A 4

-3V
Fig. 5.9. Inverter output voltages vcp and vag, primary side reflected output voltages
Vab (= Vprim-1) and veg (= Vprim-2).
In the analysis presented only fundamental components of voltages and currents are considered.
5.5.1 Converter voltage gain relations for Port-1 and 2
Port-2 LCL-T tank input voltage vep is taken as the reference and its fundamental component in the

Fourier series can be shown [27] as given by (5.1),

2V, :
Vepy (t) = — (1 — cos 8;) sin(w,t) (5.1)
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In phasor form it can be represented by (5.2),
_ 2V,
VCDl = 7 (1 — COS 62) £ —90° (52)

where 82 is the pulse-width of voltage across C and D, vep.

Port-1 LCL tank input voltage vz is lagging by angle 12 with respect to vep which will help in

power flow control and its fundamental component is given by,

2V.
Va1 () = ?1 (1 — cos dy) sin(wst — @13) (5.3)

In phasor form it can be represented by,
_ 2V
VABl = ?(1 — COS 51) 4 —90° — P12 (54‘)

where 01 is the pulse-width of voltage across A and B, vaa.

A. Port 1

From the operation of the converter, time domain equivalent circuit at the output of inverter bridge
for port-1 is shown in Fig. 5.10(a). Using the fundamental components of voltages and currents, time

domain and phasor equivalent circuits are shown in Fig. 5.10(b) and (c), respectively.

In Fig. 5.10(c), the reactances (at switching frequency) Xis1, XLp, Xcs and Rac1 are defined as follows,

1
wsCs

Xle = wsle Q 5 XL = wst _Q, XCs = - (55)

p

where, switching frequency is s = 2rfs rads/sec.
Rac1 represents the ac resistance reflected to the primary-side of HF transformer of port-1 and is given
by,
8 pr
Rac1 = ;R 11 (5.6)
where R’L1 is the part of load that depends on the Pp1 power delivered by port 1, and is given by,

(Vo’1)2 (7113Vo)2
R;, = = Q (5.7)
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where V1 1s the output voltage Vo referred to primary of port-1 transformer, 713 is the turns’ ratio for
primary to secondary of port-1 transformer given by,
Ny

N3 = 5~
Ny
Using Fig. 5.10(c), it can be shown that the ratio of vas1 and vab1 in terms of phasor form of voltages
is given by,
| [ ’rect_in—Pl
. [ a
ZLSI in

VAB _@ Lp @ Vab

B b
(a)
Ly C o : . —
A - N‘f‘ﬁ_HS : ! rect_lnl-P; A JXis1 J‘I)(CS _ I rectiinl-Pl_
ILsl iLpi Tia Iip Vabi
vV _ .
yag D Ly  QVa Vas16) JXip SR
B b B
(b) (©

Fig. 5.10. Equivalent circuits across the terminals A and B of port-1 LCL resonant network: (a) Time domain equivalent
circuit, (b) time domain equivalent circuit for fundamental component, and (c) phasor equivalent circuit for

fundamental component.

Vabl _ 1

Vst (1 (i @) +10: () (- &)

p

(5.8)

where F1 is the ratio of switching frequency (fs) to the resonance frequency (fr1) of LCL network of
port-1 given by,

©s _ s

F1 = =
Wy frl

(5.92)

Wr1Lgq — 1
R " T T Vg6

and w, = 2nf; rads/sec., w,; = 2mf,, rads/sec., Q; = rads/sec. (5.9b)
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Therefore, using (5.4) and (5.8),

%(1 — COS 61) L - 900 + 1800 - (plz - Hlp
= (5.10)

abl
[o+tet-a) sty

where 01p is given by,

01 = tan” (5.11)

Also, since vap is the output rectifier input square-wave voltage reflected to the primary-side of port-

1 transformer, fundamental component vas1 of vas can be written in phasor form as

_ 4V,
Vapr = %4(—900 + 180° — @12 — 61p)

4(n.3V,
= %4(—%’ +180° — @y, — 65,)  (5.12)

where 01, is obtained using (5.11).

Using the fundamental component of square-wave voltage va» and from (5.4)

2v2 242

Vabl(rms) = TVO’1 = T (n13V5) \ (5.13a)
V2V,
VABl(rms) = T (1 — COS 61) \Y (513b)
Vab1 — ¥(n13V0) — 2(n43V)
Va1 %(1—605 §,) Vi(1-coséy)
(5.14)
Also, from (5.8),
v 1
_abl| (5.15)
Vap1 2
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Therefore, port-1 converter voltage gain M is obtained by using (5.14) and (5.15),

7 v (1 —=-coséy)
n =T %)
M, = Vab1| _ M3Vo _ 22 (5.16)
Vap1 Vi L 1 72\ 2 112
Zs1(q 2 (2 - =
(1+53(1- ) +o (%) ()
Using (5.12) and (5.16), vab1(£) can be written as,
4(ny3V,
Vgp () = msin(wst + 180° — ¢, + Blp) %
4(V\;M
Vap () = (1Tl)sin(a)st +180° — ¢, —0y,) V (5.17)

B. Port-2

Similarly, for port-2, like in case of port-1 all the expressions can be defined and derived which is
discussed next. From the operation of the converter, time domain equivalent circuit at the output of
inverter bridge for port-1 is shown in Fig. 5.11(a). Using the fundamental components of voltages
and currents, time domain and phasor equivalent circuits are shown in Fig. 5.11(b) and (c),
respectively. In Fig. 5.11(c), the reactances (at switching frequency) Xzs2, X1, Xcp and Rac2 are defined

as follows,

1
Xis2 = wslgy, Q, Xpp = wsly Q, XCp =T

v (5.18)
where, switching frequency is s = 27fs rads/sec.
Rac2 represents the ac resistance reflected to the primary-side of HF transformer of port-2 and is given
by
8 !
Rocz = PR 12 2 (5.19)

where R’L2 is the part of load that represents the power Pp2 at port 2, and is given by,

(Véz)z (n23VO)2
R}, = = QO (5.20)
L2 P P
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where V02 1s the output voltage Vo referred to primary of port-2 transformer and #23 is the turns’ ratio
for primary to secondary of port-2 transformer given by,

N3 = N,
C LSZ Lt I ’rectfin-PZ C L52 Lt I ’rectiinl-PZ
ILs2 icy ILs21 icp1
Vbl Vedl
@ Cp @ Ved @ CP
VcD
D d D d
(a) (b)
C jXLS2 jXLt ]’rect inl-P2
> Yy, _ [Yyyym > - C
ILle ]Cpl Vcdl
Ve JXcp 3Rac2
D d
(©)

Fig. 5.11. Equivalent circuits across the terminals A and B of port-1 for port-1 LCL-T resonant network: (a) Time
domain equivalent circuit, (b) time domain equivalent circuit for fundamental component, and (c) phasor equivalent

circuit for fundamental component.

Using Fig. 5.11(c), it can be shown that the ratio of vcpi and vedi in terms of phasor form of voltages
is given by,

Vcdl _ 1

Veor  (1-R2) 4] (7%2) 0|1+ Lt/LSZ) F, — (Lt/LSZ) Fy?]

(5.21)

where F? is the ratio of switching frequency (f;) to the resonance frequency (f2) of LCL-T network

of port-2 given by,
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ws s
Fp=—2 =25 (5.22a)
2 Wy frZ
and, wg = 2nf; rads/sec., w,, = 2nf,, rads/sec., Q, = Orebsz oy o = —1 rads/sec (5.22b)

Rz ° 7% 7 VLsaCp

Therefore, using (5.2) and (5.21),

_ %(1—&562) £ —90° - 65,
Vear = (5.23)

j (1- R+ ((%) . [(1+"/, )R- (") F23]>2

where 02 is given by,

(%2) Q(1 4"/, ) F— ("1, )R]

(1-F°)

1

0, = tan” (5.24)

Also, since veq s the output rectifier input square-wave voltage reflected to the primary-side of port-

2 transformer, fundamental component vca1 of vea can be written as

_ 4(v/! 4(n,,V
Vg = (Voz) £(=90°—68,,) = %4(_900 — 65p) (5.25)

where 02, is obtained from (5.24).

Using the fundamental component of square-wave voltage vcs and from (5.2),

V2, 22

Vcdl(rms) = TVOZ = T (n3Vp) V (5.26a)
V2V,

Vepigrms) = —— (1 —cos &)  V (5.26b)

I
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_ 2V2
Vear __ m (n23%) _ 2(ny3V,) (5.27)
Vep1l V2V, V,(1 — cos §,) .
— (1 —=cosédy,)
Also, from (5.21),
Vcdl — 1 (5 28)
VCDl 2 7'[2 2 L L 2
_ 2 " 2 t _ t 3
(-r) + () @[+ ,) R - (M) P
Therefore, port-2 converter voltage gain M2 is obtained by using (5.27) and (5.28),
_ (1 —coséd,)
% Nn,3V, Ty
M, = Yea1| _ M23V0 _ 2 (5.29)
Vep1 V2

2

2 2\2 L L
j (-r)'+ () o [(1+r, ) - (M) P
Using (5.25) and (5.29), vedi(£) can be written as,

4(ny3V,

4(V, M,
Vear(t) = T)Sin(a)st —0y) = 4(V2M2)

sin(wst — Hzp) %4 (5.30)
5.5.2 Expressions for active powers for Port-1 and Port-2

For calculation of power flow, the power expressions need to be calculated which can relate the total

power with J1, J2 and g12.

Time domain equations for fundamental component of rectifier input voltage reflected to primaries

vab1(f) and vea1(¢) given in (5.17) and (5.30) can be written in phasor domain as

= LCEZ o o

ab1l = T 4 — 90 + 180 - (plz - 91[) (5.31)
_ 4n,3V,
Vogy = f:’ 22-90°—0,, (5.32)

Square-wave rectifier input voltage reflected to primaries of both ports have the same phase angle
since there is no phase difference in the reflected voltage between the primary and secondary

windings. Since V,p, phasor is the reference, angle 02, (angle between vepr and vear) is the same as
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the phase angle to be used for the reflected voltage to secondary of port-2. Since port-1 is phase-
shifted by ¢12, w.r.t. port-2, secondary voltage of port-1 can be represented by

— 4‘”13[10 ° o 4"13110 o
Vabl = T L — 90 + 180 - (p12 - le = T L — 90 - sz (5.33)

A. Port-1 active power

For port 1 active power calculation, fundamental components v4s1 and vas1 of voltages vas and vap
shown in Fig. 5.3 (or Fig. 5.9) are considered. Phasor equivalent circuit based on these two
fundamental components is shown in Fig. 5.12(a). Superposition theorem can be applied as there are
two sources in the phasor equivalent circuit of Fig. 5.12(a). Fig. 5.12(b) shows the equivalent circuit
used in the analysis when V5, is active with V,,;shorted and Fig. 5.12(c) shows the equivalent circuit

used in the analysis when V_,; is active with V5, is shorted.

A A JXes Ltect_in1-p1

= Il — ?
I I
Vi JXLp € Vi
B
(a)
A ]Xle ]iAI)(Cs A ]XLSl JXCS
— ~ Il — — &
I'Ls11 I'ip1 711
?ABIQP JXip JXip 6% Vabi
B B
(b) (c)

Fig. 5.12. (a) Phasor equivalent circuit for the fundamental component for port-1 with two voltage sources. (c) Phasor

equivalent circuit when vag is active. (c) Phasor equivalent circuit when vyp) is active.

From Fig. 5.12(b):
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- Vap1
I = —— 5.34
Lot JXps1 + Xes) ( )
Using (5.4) and (5.34),
_ %(1—cos61) £—-90°— ¢,
‘Ls11 = s o (5.35)
(Xle + XCS)490
Now writing in time domain,
o () = = (1 - cos 8,) cos(@t — prz) A (5:36)
i = ———————(1—cos6;) cos(wst — .
Ls11 T(X o1 + Xeo) 1 st — P12
Now, considering vab1 and short circuiting vasi (Fig. 5.12(c)):
77 17abl
" = - 5.37
Lot ](Xle + XCsl) ( )
Using (5.37) and (5.33)
My, g,
1" = 5.38
BT (Ko + Xes1)290° (5:38)
Writing in time domain,
4M, V.
i"¢1(t) = L cos(wst — 6,,) A (5.39)

(Xps1 + Xcs1)

Now, using Superposition theorem to find the resultant of the current due to both v4s1 and vas1, and

using (5.36) and (5.39),

i1s11(8) = i1511 () — ifs11(t)

2V, a 5. cos(ont ) aM,V,
= — COS cos\wct — -
ﬂ(Xle + XCsl) ! y 12 7-’-'(Xle + XCsl)

cos(wst —60,,) A (5.40)

Active power can be calculated by using (5.3) and (5.40),

Py = ifozn Vap1(£). i1511(t) d(wst) (5.41)
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Appendix V shows al the steps and substitutions involved in evaluating the integral and expression

obtained for port-1 active power P is,

b= 4M,V,?
Pt 7T2(XL51+XCS1)

(1 —=-coséy) sin((plz — Hzp) W (5.42)

B. Port 2 active power

For port 2 active power calculation, fundamental components vepr and vear of voltages vep and ved
shown in Fig. 5.3 (or Fig. 5.9) are considered. Phasor equivalent circuit based on these two
fundamental components is shown in Fig. 5.13(a). Superposition theorem can be applied as there are
two sources in the phasor equivalent circuit of Fig. 5.13(a). Fig. 5.13(b) shows the equivalent circuit
used in the analysis when V,, is active with V.4, shorted and Fig. 5.13(c) shows the equivalent circuit

used in the analysis when V.4 is active with V,p, is shorted.

C jXL52 jXLt 7’rect inl1-P2
i fWY\_ Yy’ ) — C
ILSZ ICpl
I7CD1® jXCp @ Vcdl
D d
(a)

C ‘Zg(v};s\z ].2(3\ T’I;ect_inl_Pz C L)&gz r]i@\t T:rect_inl-PZ
= — ] - C = | — ) ¢
I'ior I'epy L1 I cpi

I7CD1® JXcp JXcp © Vear

) d D d

(b (©

Fig. 5.13. (a) Phasor equivalent circuit for the fundamental component for port-2 with two voltage sources. (b) Phasor

equivalent circuit when vcpy is active. (c) Phasor equivalent circuit when vcq is active.

From Fig. 5.13(b):

The equivalent impedance Ze41 looking into terminals “C” and “D” is given by,
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Zoor = jXeq1 = [ X XX ) _ 17 1.00° 5.43
eql_] eql_] Lsz+m = | eqllL ( . )
P
Using (5.4) and (5.43),
_ V. %(1—cos62) £ —90°
I[s21 = e (5.44)
Zeq1 |Zeq1|L900
Now, converting into time domain,
i1s21(t) = 7T| | (1 —cos ;) cos(wst) A (5.45)
eql

Similarly, by considering vca1 as the only supply and short circuiting the vepi, from Fig. 5.13(c), the

equivalent impedance Zeq2 looking into terminals “c” and “d” is given by,

. (XL o
Zeq2 = ]Xeqz =] (X_Ct (XLSZ + XCp) + XLSZ) = |Zeq2|490 (5.46)
14

Using (5.30), (5.31), (5.33) and (5.46),

Vor 222, 9001 180° - gy — 0y
ILs21 = 7 = o (5.47)
eqz |Zeq2 |490
Using (5.47) and converting into time domain,
SV,
i1 (t) = === cos(wgt + 180° — ¢y, — 61,) A (5.48)

| Zeq]

Applying superposition and using (5.45) and (5.48),
(521 (6) = iLs21(t) — if521 (8)

4V, M, 2V,

cos(wst — @1, — 01p) — (1 —cosd,)cos(wst) A (5.49)

ips21(t) =

”l eq2| ”l eqll

The active power for port-2 can be calculated using (5.1) and (5.48),

Py, = i fozn Vep1 (8)- 1521 (8) d(wst) (5.50)
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Appendix E shows al the steps and substitutions involved in evaluating the integral and expression

obtained for active power P2 is,

4M,V,” :
Py, = m (1 — cos 8,) sin(¢pq; + Hlp) w (5.51)
eq2

5.6 Peak voltages and currents
5.6.1 Port-1 LCL converter
Equations derived in Chapter 3 are used here for Port 2 with the equivalent circuit and notations

used in Fig. 5.10(c). Equivalent impedance looking into terminals A and B, from the equivalent

circuit diagram (Fig. 5.10(c)) is given by,

Racl'jXLp
Zogp—1 = J(Xps1 + X¢s) + ——————— 5.52
eqP-1 ]( Ls1 Cs) Racl + jXLp ( )
where reactances are defined in (5.5).
Peak currents through Ls1, L, and peak voltage across Cs are given by,
e (1 —-coséy)
Loy = A (5.53)
’ ”lZeqP—1|
VCSp = IIlechsl 4 (5.54)
_ (4ng3V,/m)
I, = T A (5.55)

D

5.6.2 Port-2 LCL-T converter

Equations derived in Chapter 4 are used here for Port 2 with the equivalent circuit and notations used

in Fig. 5.11(c). Impedance of the parallel combination of jX¢, and (Rac2 + jX1s) is given by

— UXCp)(RaCZ +jXLt)
ear jXCp + (Rac +jXLt)

= Regp + i Xeqp (5.56)
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where,
2
R _ RacZXCp
eap — T p.

[XCp{(Récz + X7 + XLtXCp}]

Keap = Dr

Dr = Ric; + (X1 + Xcp)?

Equivalent impedance looking into terminals C and D from the equivalent circuit Fig. 5.11(c) is

given by,

Zegp—2 = JX1s2 t Zeqp = Req +jXeq (5.57)

Where, Xis2 = (DsLSZ,XCp = -1/((,0st), Xt = wsLy,

Rgca X2
Req = Reqp = ;rc;; (5.58a)

X, = [Récz(XLsz + XCp) + (XLt + X;z;){XLsz(XLt + XCp) + XLtXCp}] (5.58b)

Dr = Récz + (X + XCp)2

Peak currents through L2, L:, and peak voltage across Cp are given by,

% (1 —cosédy,)

lisap = (5.59)

Ls2p T[lZeqp_z |
ILtp = Irl'ect—in—P21 = P 0z A (5.60)
VCtp = ILSZplzeqpl 4 (5.61)

where lo2” is the output load current referred to the primary side of port-2 and can be calculated

using the power in port-2.

Peak current through capacitor C, is given by,
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VC tp

Zew g (5.62)
[ Xcp|

Iepp =

5.7 Design

A design example is presented to illustrate the design procedure and calculations of important
parameters for different modes of operation. Proposed three-port converter is designed with the
following specifications: Maximum power output to the load (port-3) = 500 W; output load voltage,
Vo =200 V; port 1 rated voltage V1 =48 V; port 2 rated voltage V2= 36 V; switching frequency, fs =
100 kHz.

Selection of components for port-1 and port-2 have to be selected such that each port independently
(acting alone) should be able to supply maximum output power of 500 W at their rated voltages. Once
the components are selected at the rated values, required parameters for different modes of operation

can be predicted as presented in this section.
5.7.1 Components selection
A. Port 1, LCL tank circuit design

The port-1 LCL tank values are decided such that port-1 can supply the full load when acting alone.
To supply rated output power of Pp1 = P, = 500 W for port-1 with V1 =48 V, design point chosen in
Chapter 3 is used with &1 = m: for full-load, O1 = QirL = 2; F1=1.1; 61 = m; Ls1/Lp = 0.2.

Substituting the above values in the converter gain equation (5.16),

(1 —=-coséy)
M, = 2
2
[6+tet-) vert ety
(1 —cosm)
2

2

J<1 +02)(1- %))2 +(2)? (%2) (11- ﬁ)z
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Reflected output voltage referred to the primary winding of port-1 is,
s Vo1 = (M1)(V1) = (0.879)(48) =42.42 V,
and HF transformer turns’ ratio of port-1 is,

N4z
M3 =N T 200 T

Load resistance reflected to primary of port-1 transformer is,

I \2 2
Ry, = Yo — 2427 _ 3350
Pp1 500

Resonance frequency is,

fi (100 x 10%)

s =90.90 x 10 H
F, 1.1 z

fri=

ws _ 2m(100 x 103)

- T = 571.2 x 103 rads/s

Wy =

Component values are calculated next. Using (5.9b):

Q1 XRp; 2 x3.55 — 12 46 uH
sUT T, 2m(90.90 x 103) -0 M
And,
Cs = L . ! = 0.2460 pF
S wp2Lg;  [4m2(90.90 x 103)2](12.46 x 10-6) e
Also,

L, = 5x 12.46 pH = 62.3 uH

Peak currents and voltages in the tank circuit are calculated using (5.53) to (5.55) when delivering

rated power at rated voltage (use 81 = m) and calculated values are:

Iisip=18.65 A, Ve = 121V, Iipp = 1.37 A.
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B. Port-2, LCL-T tank circuit design

The port-1 LCL-T tank values are decided such that port-2 can supply the rated power when acting
alone. To supply rated output power of Pp2 = P, = 500 W for port-2 with V1 = 36 V, design point
chosen in Chapter 4 is used with &2 = m: for full-load, Q2 = QorL = 2; Fo=1.4; 02 =m; L2/Lt = 1.

Substituting the above values in the converter gain equation (5.29),

(A —cosdy)
M, = -
\/(1 - FZZ)Z + (%2>2 QZZ [(1 + Ltz/LsZ) FZ n (LtZ/LSZ) F23]2
(1 —cosm)
2

21 2
J(1 —1.42)2 4+ (%) (2)2[(1 + 1)(1.4) — (1)(1.4)3]2

Reflected output voltage referred to the primary winding of port-2 is,
=~ Vo2 = (M2)(V2) = (1.03)(36) =37.08 V,
and HF transformer turns’ ratio of port-1 is

N, 37.08

=2 =""__=0.1854
Nys3 N, 500 0.185

Load resistance reflected to primary of port-2 transformer is,

_ (V5)?  (37.08)

R, =
2P, 500

= 275 Q

Resonance frequency is,

fi (100 x 10%)

_ b — 71.43 x 10° Hz.
F, 14 3 x10%Hz

frz
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ws _ 2m(100 x 10%)
F, 1.4

Wyy = = 571.2 x 103 rads/s

Component values are calculated next. Using (5.22b):

Q2 XRp, 2 X 3.55 — 1225 uH
2= T 2n(7143x 10%) oM
and,
1 1
C, = = = 0.4053 F,

P w,2Ly  [4m2(71.43 x 103)2](12.25 x 1076)
Then, L= L2 = 12.25 pH.

Peak currents and voltages in the tank circuit are calculated using (5.59) to (5.62) when delivering

rated power at rated voltage (use 02 = m) and calculated values are:
I1s2p=23.6 A, Iy =21.16 A, Ve =170V, Icpp = 43.2 A.
5.7.2 Examples to illustrate calculations for different modes

Using the relations derived in the analysis section and component values obtained in Section 5.5.1,
for given input voltages and power levels important parameters such as 01, 62, phase-shift angle ¢12,

01p and B2p can be calculated for various modes of operation. This is illustrated by 3 examples for the

Modes 1, 2 and 3.
5.7.2.1. Mode 1

To illustrate the calculations for Mode-1 supplying full-load power (P, = 500 W), it is assumed a case
when port-1 voltage is V1 =45 V and can supply a power Pp1 =300 W to the load and the remaining
power Pp2 =200 W is supplied by port-2 with rated voltage of 12=36 V.

For Mode-1, pulse-width of port-1 is kept at 81 = w and since V2 =36 V, M> = 1.03 as calculated

earlier. To calculate 02p, 02 has to be calculated first.

For Pp2 =200 W, load voltage reflected to the primary side of port-2 transformer is,

_ (V)2)? _ (ny3V,)? _ (0.1854 x 200)>

R}, =
2Py, Py, 200

= 6.8746 (L.
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Then
_ wply  (2xmx 7143 x10%) x (12.25%x107°) -
L T 6.8746 = 0.8.
To find the value of 02p, substituting values in (5.24),
m? L¢ L; 3
-1 (?>Q2 [(1 + /Lsz)FZ _( /Lsz)FZ ]
ezp = tan -
(1-F?)
2
(%) 081a + D) - (D(A4%)]
— -1 _ .
= tan _ _33

(1—1.42)

For P,1 =300 W, load voltage reflected to the primary side of port-1 transformer is,

_ (Vg)? _ (mslp)® _ (02109 x 200)>

R, = = 591 Q.
TPy, Py, 300
_ wrLlyg  (2xmx90.90 x 103) x (12.46 x 107°) _ 12
TR, T 5.91 o
Then the converter gain of port-1 is calculated using,
M. = ny3Vp 02109 X200 09373
o 45 o
Substituting the values in (5.11),
2 1 2 1
Qs (@) (A -7) 1.2 (?) (11-77)
— -1 1 — -1 ' — o
01, = tan I 1 =tan 1 = 15.478
2511 — — -
1+ <1 Flz) 1+02(1 -7

Port-1 LCL tank reactance’s are:

X,s1 = wsLgy = [2m(100 x 103)][12.46 x 1076] = 7.83 Q

1 1
_ - _ =—647Q
wC;  (2m x 100 x 103)(0.2460 X 10~6)

2
I
I

188
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XLp = O)SLp = SXLSZ = 3915 Q,

For this mode, 81 is kept at . To find the phase-shift angle ¢12, while port-1 is delivering a power
Pp1 =300 W, substitute the values obtained above in the port-1 active power relation (5.42) with &1
= ﬂ’

b 4M,V,?
PL7 m2(Xpsy + Xeo

) (1 —coséy) sin(<p12 - sz) w

_ 4 x 0.9373 X 45 x 45

300 = 2(7.83 — 6.47) (1 — cosm) sin(¢@;, + 3.3°)

sin(¢p;, + 3.3°) = 0.2551
@1, +3.3°=15.37°
or ¢, + 3.3° = (180° — 15.37°) = 164.62°
Therefore, 12 has two solutions,
@12 = 12.07° and 161.33°
Substituting in (5.18), port-2 LCL-T tank reactance’s are,
X2 = wsLg, = [2m(100 x 103)][12.25 X 107°] = 7.696 Q.

XLt == a)SLt == XLSZ = 7.696 Q

1 1
Yo = _ —— =-3.930
cp wsC (2m x 100 x 103)(0.4053 x 10~°)
14
Xye0 7.696
N Zegz| = Xeqz = Xeps (Xis2 + Xcpz) + Xiso = ~ 303 (7.696 — 3.93) + 7.696 = 0.32 Q.

To find the pulse-width 62 of vep, while port-2 is delivering a power P2 =200 W, active power

relation (5.51) is used using the values obtained above:

Now 02 can be calculated by using ¢,, = 12.07°, because using higher values such as 161.33° may

result in the out-of-range values for cosine function, i.e., greater than 1 which can give undefined
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values of d2. So, to avoid this, first 62 is calculated for that value of @12, i.e., 12=12.07° for this mode
which does not consider phase shift of approximately 180° owing to effect of LCL resonant network
and LCL-T resonant networks. And after that this 180° phase shift effect is then considered in the

final value of resultant &2 to be applied for extracting required power out of port 2.

A

2 = g (L~ c0s ) sin(pia + 01p) W

200—4x1'03><36><36 1 6,) sin(12.07° + 15.478°
= 2 % 032 (1 — cos 8,) sin(12. : )

8, ~ 41.85°

Now, to get the actual 62, it will be calculated by subtracting from 180°for the reason explained

above,
d, =~ 180° — 41.85° = 138.2°
5.7.2.2. Mode 2

To illustrate the calculations for Mode-2 supplying rated power (Pp1 =500 W) by port-1 with rated
input voltage of /1 = 48 V and load power (Po) is 250 W with remaining power (Pp2 = 250 W)
absorbed (charging) by port-2 having an input voltage of 2=33 V.

For Mode-2, pulse-width of port-1 is kept at 81 = n and since V2 = 36 V, M2 = 1.03 as calculated

earlier. To calculate 02p, 02 has to be calculated first.
For Pp2 =250 W, load voltage reflected to the primary side of port-2 transformer is,

_ (V3)? _ (ny3¥p)® _ (01854 x 200)°

R, =
2P, Py, 250

= 5.49 Q.

Then

wyroLs; (2 X7 X 7143 x 10%) x (12.25x 1076) )
R',, 5.49 B

Q; =

To find the value of 02p, substituting values in (5.24),
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(5)e:[(+ )P~ ()]

(1-F°)

-1

8, = tan

7.[2
1 () w1+ naay - a4
(1 - 1.4%)

= tan~ = —4.12°

Since port-1 supplies all the power, Pp1 = 500 W with V1 =48 V, Q1 = QirL =2 (value used in the

design for rated power).

Substituting the values in (5.11),

2 1 2 1
L@ <%) (7 f_l) a2 (%) (1-17) = 24.48°

1+L—i<1—?) 1+0.2(1—L)

01, = tan

Converter gain for port-1 is the same obtained in the design section, M1 = 0.88.

o MazVo _ 02109x200
o 48 T

n,sV, 0.1854 x 200
v, 33

To find the phase-shift angle ¢12, while port-1 is delivering a power Pp1 = 500 W, substitute the

values obtained above in the port-1 active power relation (5.42) with 61 =,

AM, V>
Pp1 = —
T (Xle + XCsl)

(1 —cosé,) sin(@y, —60,,) W

cop X 088x (48 nons + 4129
= 2783 = 647) (L~ cosT) sin(gyz +4.

sin(@q, + 4.12°) = 0.413
ngz + 4‘.120 - 24‘4‘4‘0

or @, +4.12° = (180° — 24.44°) = 155.56°



Chapter 5 192

@1, = 20.32° and 151.44°
Like in mode 1, for mode 2 2 can be calculated by using ¢;, = 20.32° as was done in mode 1,

To find the pulse-width 32 of vep, while port-2 is absorbing a power Pp2 =250 W while input voltage
is 2 =33 V (less than rated, gain is greater than 1.03), active power relation (5.51) is used using the

values obtained above:

4M,V,*

2 = |Z | (1 — cos &,) sin(@y; + 6;)
eq2

250 = 4x11x (337 1 §,) sin(20.32° 4+ 24.48°)
=T %032 (1 — cos §,) sin(20. .

Solving for o2,
6, = 39.98°
Now, to get the actual 02, it will be calculated by subtracting from 180° as explained in mode 1,
6, = 180° — 39.98° = 140.02°
5.7.2.3. Mode 3

To illustrate the calculations for Mode-3, port 2 is supplying P2 =475 W power with rated input
voltage of V2 =36 V and load power is (P, = 500 W). Port-1 is supplying approximately 5% of the
rated load power, i.e., 25 W having an input voltage of /1=35V.

For Mode-2, pulse-width of port-1 is kept at 81 = w and since V2 =36 V, M2 = 1.03 as calculated

earlier. To calculate 02p, 02 has to be calculated first.

For P> =475 W, load resistance reflected to the primary side of port-2 transformer is,

Ry =20 22 g4
TP, 475 7 T

R',, = (nZ; X 1600) = 0.18542 x 84.2 = 2.894 Q
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wrls;  2Xm X 7143 x10% x12.25x 107°
R, 2.894

” _n23VO_O.1854><200_103
2Ty, 36 -

Q; = = 1.899

To find the value of 02p, substituting values in (5.24),

(ﬂ?z) o(1+"2/, )R~ (/) ]

(1-F")

6,, = tan™!

(%2) 1.8996[(1 + 1)1.4 — (1)1.4%]
1
(1—1.42)

= tan~ = —7.784°

Since port-2 supplies 5% of the total power, Pp1 =25 W with V1 =36V, Qi is calculated to find 01p.

For P,1 =25 W, load resistance reflected to the primary side of port-1 transformer is,

R =20 2% _ 16000
n=pL 25

R';; = (n%5 x 1600) = 0.21092 x 1600 = 71.166 Q

wLs; 2 X1 X90.90 X 10% x 12.46 X 10°

= = = 0.0999
G R}, 71.166

For this Q1, M1 is calculated using (5.16),

[t oo (-

J(1 +0.2(1- %))2 +0.09992 (%2) (11-19)

Substituting the values in (5.11),
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2 2
- Qs (%) (F - Fil) o 0.0999 (%) (11-1%) o

p L, 1 1
1+L_p1(1_?> 1+02(1-17)

6,

o1 1s kept at « for this mode also and delivered by voltage supply of 35 V at port 1, using (5.42),

b - 4M,V,?
Pt 7T2(XLs1 +XC51)

(1 —=-cosé,) sin(<p12 — Hzp)

_ 4x0.9664 x 35)
~ w2(7.83 — 6.47)

(1 — cos ) sin(g,, + 7.784°)

sin(@y, + 7.784°) = 0.03542
@1, + 7.784° = 2.03°
or @15 + 7.784° = (180° — 2.03°) = 177.96°
@1, = —5.754° and 170.17°

Now 02 can be calculated by using ¢,, = 170.17°. For this mode, i.e., mode 3, that @12 value to be
considered which considers 180° phase shift as against @12 = -5.754° which results in negative value
for sine function of P2 making the power to be negative. This case is taken as impossible because
port 2 is supposed to be supplying power, i.e., power is flowing out of the port 2 to deliver the load
at port 3.

To find the pulse-width 02 of vep, while port-2 is supplying almost 95% of the power i.e., Py2 = 475

W while input rated voltage is /2=36 V, active power relation (5.51) is used using the values obtained

above:
AM,V,° :
Py, = T (1 —coséy,) sm((plz + Glp)
2| Zego |
4 x 1.03 X (362) . . .
475 = 2 % 032 (1 — cos d,)sin(170.17° + 1.3°)
Solving for d2,

8§, = 153.3°
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5.8 PSIM Simulation results

To verify the designed converter operation and performance, PSIM 11.1.6 is used. Simulations are
done for Modes 1 to 3 and various waveforms are obtained in Fig. 5.14, 5.15, and 5.16. The output
voltage is regulated at 200 V while maintaining the power flow balance by varying the @12 from 159°
~ 165°, d11s kept constant at 180 ° and &2 is varied from 142° ~ 155 © during modes 1 to 3.

Waveforms are presented in the figures are in the following order:

(1) Gating signals vasi to vass used for the switches Si to S7.

(i1) Currents through the switches iswi to isws together with the voltages vswi to vsws across them.

(ii1) Inverter output voltages v4s and vep, de input currents ip1 and ip2.

(iv) Resonant currents irs1, izs2, current iz; through L. and output rectifier diode currents(ipoi, iDo2,

iDo3, iDo4).

For mode 1 operating with full load shows the switch voltages and currents demonstrating the full
ZVS turn-on for all the switches S1, S2, S3, Ss, Ss, S6, S7, and Ss. These waveforms agree with the
sequence of devices in conduction. All the waveforms are in close agreement with the theoretical
predictions. Port 1 and Port 2 share the rated power of 500 W where port 1 supplies Pp1 =300 W and
port 2, Pp2 =200 W.

The above-mentioned waveforms are repeated for mode 2 and mode 3 as shown in Fig. 5.15 and 5.16,

respectively.

In mode 2, port 3 load power is 50% of rated power, i.e., Po = 250 W. Port 1 is supplying the load
and excess energy is being used in charging the storage device and the power is approximately 250
W, as ip2 is negative which is flowing into the ESD present at port 2. Additionally, in this mode, gain
at port 2, i.e., M> is greater than rated gain 1.03 and port 2 voltage is less than the rated, i.e., V2 is 33
V which causes the power to flow towards port 2. In this mode also ZV'S turn on for all the switches

S1to.Ss can be noticed.

For mode 3, V1 is dropped to 35 V and is supplying only the 5% of the load, i.e., 25 W and the majority
of the power is being supplied by V2 which is 475 W. In this mode, S1, $2, S3, and Ss undergo ZCS
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turn off whereas S¢ and S7 undergo ZVS turn on. Ss undergo ZVS turn on and ZCS turn off. i1 is less

than 1A therefore, whereas iy delivers the large part of power for the load at port 3.

It can be noticed that having two parameters gives the flexibility for the control of power flow as
there are two parameters @12 phase difference between port 1 and port 2 resonant tank voltages, i.e.,
vaB and vep, respectively and 62. Both parameters are varied within a narrow range for the variations
in the input voltages at input ports 1 and 2 based on the simulation results. For any variation in load,

output voltage has been controlled.

ZCS turn-on and off for output rectifier diodes Do1, Do2, Do3 and Dos can be noticed for all the modes

1,2 and 3.

Table 5.1 shows the comparison between theoretically obtained results with results obtained from the

simulation for modes 1 to 3.
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Fig. 5.14.Simulated waveforms for Mode 1: (i) Gating pulses (Vesi, Ves2, Ves3, Vasd,Vess, Vasos Ves7, Vess); (11) switch volatges
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Table 5.1: COMPARISON OF THEORETICALLY PREDICTED AND RESULTS OBTAINED FROM PSIM SIMULATION.
Mode 1 Mode 2 Mode 3
Vi=45V, V=48V, V=35V,
Parameter V=36V V2=33V V2=36V
Py=500W Py=250 W Py=500W
Theory Simuln. Theory Simuln. Theory Simuln.
P12 161.3° 159° 151.44° 160° 170.17° 165°
o1, 02 180°,138.2° 180°,144° | 180°,140° 180°,155° | 180°,153.3° 180°,142°
I (A) 6.67 8.1 10.42 11.35 0.71 0.21
In  (A) 5.55 4.1 -7.58 -8.32 13.2 14.23
Lipeaky (A) 11.21 12.25 18.74 18.93 6.85 7.59
Lopeay (A) 11.21 12.29 18.74 18.93 6.85 7.59
I3peak) (A) 11.21 12.23 18.74 18.93 6.85 7.67
Lsapeay (A) 11.21 12.23 18.74 18.93 6.85 7.67
Lspeaky (A) 14.05 17.1 12.9 15.83 29.98 30.29
Lso(peak) (A) 14.05 17.49 12.9 15.88 29.98 30.29
Lcpea) (A) 14.05 17.1 8.28 8.8 29.98 31.24
Igpeaky (A) 14.05 16.86 21.31 19.03 29.98 31.24
Tisi(peaky (A) 11.21 12.25 18.74 18.99 6.85 7.09
ILopear) (A) 14.05 17.1 21.31 20.25 29.98 31.24
Tiipeak)  (A) 8.47 8.01 10.4 13.65 21.18 24.51
Vespeak) (V) 72.53 84.22 121.24 129.67 43.5 41.93
Veppeaky (V) 108.13 91.82 124.32 127.96 239.52 210.03
1) V) 200 198.4 200 199.8 200 199.8
1o (A) 2.5 2.48 2.5 1.25 2.5 2.497

5.9 Conclusions

A new dc-dc converter which is a three port fully isolated converter obtained by integrating LCL

resonant network at RES port and LCL-T resonant network at ESD port has been proposed. The

gating scheme derived from modified gating scheme which controls the power flow and output dc

voltage has also been proposed. The converter has been analyzed for the study state operation for all

the modes. The necessary design equations and formulae for active power flow have been either

derived or mentioned which are applied for a design example of specifications input voltage at port

1 is 35 V to 48 V(RES), input voltage at port 2 is 33 V to 36 V and each port can provide supply to
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the load of rating 500 W at constant dc output voltage of 200 V are also presented. PSIM simulation
results have also been presented for the verification of the operation and the performance of the given
converter. The proposed converter and gating scheme provided controlled power flow and facilitated
soft switching operation. The full soft switching that is ZVS turn on was noticed for the all the
switches during the mode 1 and mode 2. In mode 3, the port 1 switches underwent ZCS turn off
whereas ZVS turn on was noticed for the three switches in port 2 side of converter. ZCS turn on and
turn off was maintained for output diodes of rectifier bridge in all the modes. The converter was able
to provide the three-port conversion with constant dc output voltage which can be utilized for dc

microgrid applications.
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Chapter 6

Conclusions

In this chapter, the summary of the research work which has been carried out for this dissertation has
been presented. Some suggestions have also been proposed for the future work which can provide a
way forward. The layout of the chapter is as follows: Section 6.1 provides the summary of the research
work done for this dissertation. Section 6.2 enlists the major and minor contributions made through

this work. Section 6.3 provides the suggestions for future work.

6.1 Summary of the work done

The three port converters which can be non-isolated, partially isolated and fully isolated type. These
converters can play a major role where RES, ESD and the load (DC bus/external load) to be integrated
in a single DC-DC conversion. Therefore, these converters are particularly useful for DC microgrid
which is working in a standalone situation. These converters can provide a regulated DC output for
the DC bus/external load even in the scenario when there are voltage and power fluctuations in supply
from RES and ESD while having the ability to tolerate any load fluctuations. Keeping this in mind,
partially isolated and fully isolated three port high frequency (HF) transformer isolated fixed

frequency have been researched in this dissertation.

In chapter 2, literature review of power electronic converters and their configurations/strategies have
been studied which are being used in DC microgrid. The detailed study of these converters after
describing the DC microgrid components in chapter 1 provided the necessary insight into the needs,
features, and requirements for designing the converters for the power conversion stages. This led to
the proposal of two new partially isolated configurations and their gating schemes. It also facilitated

the proposal of the fully isolated configuration with a modified gating scheme.

In chapter 3, a three port partially isolated quasi-switched boost integrated HF transformer isolated
fixed frequency LCL resonant network-based DC-DC converter for DC microgrid applications has
been proposed, a gating scheme has also been proposed which helps in the output voltage regulation,
power flow control and facilitates partial soft switching. The steady state analysis has been done and
the operation has been explained with the help of key operating waveforms and equivalent circuits.

Three-port converter modeling and steady-state analysis have been done. Approximate complex AC
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circuit analysis method was used for LCL network part of the converter. Important formulae have
been derived which help in the design and selection of the different components of the proposed
converter. A step-by step design procedure is also given which is illustrated with the help of a 500 W
converter example having specifications: input voltages at ports 1 and 2 are 24 V (RES) and 12 V
(ESD), respectively, with constant DC output voltage of 200 V. The designed converter performance
has been verified with the help of PSIM 11.6.1 simulation tool. Results obtained from theoretical
analysis and simulation are presented and compared. The power loss calculations have also been

done.

In chapter 4, a three port partially isolated quasi-switched boost integrated HF transformer isolated
fixed frequency LCL-T resonant network-based DC-DC converter for dc microgrid applications has
been proposed, a gating scheme which was modified from the last chapter has also been proposed
which helps in the output voltage regulation, power flow control and partial soft switching. The steady
state analysis has been done and the operation has been explained with the help of key operating
waveforms and equivalent circuits. The modeling and analysis have been done for the converter.
Approximate complex AC circuit analysis method has been adopted for analyzing the LCL-T network
part of the converter. Important formulae have been derived which help in the design and selection
of the different components of the proposed converter. A step-by step design procedure is also given
which is illustrated with the help of a 500 W converter example having specifications: input voltages
at ports 1 and 2 are 24 V (RES) and 12 V (ESD), respectively, with constant DC output voltage of
200 V. The designed converter performance has been verified with the help of PSIM 11.6.1
simulation tool. Results obtained from theoretical analysis and simulation were presented and

compared. The power loss breakdown calculations have also been done.

In chapter 5, a three port fully isolated HF transformer isolated fixed frequency LCL and LCL-T
resonant network-based DC-DC converter for DC microgrid has been proposed. A modified gating
scheme with three parametric controls has been proposed for power flow control, voltage regulation
and which facilitates soft switching operation. The steady state analysis has been done and the
operation has been explained with the help of key operating waveforms and equivalent circuits. The
modeling and analysis have been done with the help of approximate complex AC circuit analysis

method. Important formulae have been derived for the active power flow. A step-by step design
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procedure is also given which is illustrated with the help of a 500 W converter example having

specifications: input voltages at ports 1 and 2 are 48 V (RES) and 36 V (ESD), respectively, with

constant DC output voltage of 200 V. The designed converter performance has been verified with the

help of PSIM 11.6.1 simulation tool.

6.2 Major/Minor Contributions

The major contributions are,

I.

A three port partially isolated quasi-switched boost integrated HF transformer fixed frequency
LCL resonant network-based DC-DC converter for DC microgrid applications has been
proposed. The gating scheme which has been proposed for this power conversion circuit
provided the quasi-switched boost operation for the supply voltages at port 1 and port 2 with
the partial soft switching under certain operating modes conditions while controlling the
power flow. This converter with its gating scheme has been able to work with the variable
port 1 voltage of 2 V to 24 V (RES) and variable port 2 voltage of 9 V to 12 V. Each input
port was able to provide rated power of 500 W at constant DC output voltage of 200 V. This
facilitated in demonstrating that it can be used for providing quasi switched boost operation
for low voltage rating RES and ESD at port 1 and port 2, respectively. This converter has ZVS
turn on for all the switches operation during the non-shoot through state except one switch in
mode 3 and ZCS turn on and turn off for output diode bridge rectifier. The two parametric
control from the gating scheme provide good voltage regulation and power flow control in
different modes of three port conversion. It also provides the buck-boost operation for
charging/discharging of ESD. The simulation results are presented to verify the performance
of the designed converter. This work resulted in one publication so far [113] and one more
publication is under preparation.

Another three port partially isolated quasi-switched boost integrated HF transformer fixed
frequency LCL-T resonant network-based DC-DC converter for dc microgrid applications
has been proposed. The gating scheme which has been proposed for this has been derived
from the previous configuration gating scheme. The quasi-switched boost operation was
achieved. This converter with its gating scheme has been able to work with the variable port

1 voltage of 2 V to 24 V (RES) and variable port 2 voltage of 9 V to 12 V. Each input port
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was able to provide independently rated power of 500 W at constant DC output voltage of
200 V. This converter has ZVS turn on for all the switches operation during the non-shoot
through state except one switch in mode 3 and has an additional ZVS turn off for the switches
which turn on and turn off for providing the shoot through state. ZCS turn on and turn off for
output diode bridge rectifier is also noticed. The two parametric control from gating scheme
provided the good voltage regulation and power flow control in different modes of three port
conversion. It also provides the buck-boost operation for charging/discharging of ESD. The
theoretical and simulation results are presented to verify the performance and design. This
work resulted in one publication [114] so far and one more publication is under preparation.

A three port fully isolated high frequency transformer isolated fixed frequency LCL and LCL-
T resonant network-based DC-DC converter for DC microgrid has been proposed, a modified
gating scheme with three parametric controls have been proposed for power flow control,
voltage regulation and facilitates soft switching operation. This converter with its gating
scheme has been able to work with the variable port 1 voltage of 35 V to 48 V (RES) and
variable port 2 voltage of 33 V to 36 V. Each input port was able to provide rated power of
500 W at constant DC output voltage of 200 V. This facilitated in demonstrating that it can
be used for three port power conversion and three port power flow can be achieved with two
different resonant networks at two different ports isolated by the three-winding transformer.
The gating scheme can be flexible for input voltage fluctuations at both input ports. The ZVS
turn-on/ZCS turn-off has been noticed for all the switches at port 1 and port 2 except one
switch which loses ZVS in mode 3 operation. ZCS turn-on and turn-off for output diode bridge
rectifier have also been noticed. The simulation results are presented to verify the performance

and design. The publication for this work is under preparation.

The minor contributions are,

1.

The terminologies and definitions have been explained by undertaking a detailed literature
survey for DC microgrid and for the power converters which are used for DC Microgrid
applications. This helped in the better understanding of DC microgrid in standalone condition.
All-important formulas and closed form expressions such as switch currents, diode currents,

boost inductor and capacitor selection for chapter 3 and chapter 4 have been derived whereas
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the active power closed form expressions have been derived for chapter 5 to control the power

flow and voltage regulation.

6.3 Suggestions for Future Work

1.

The output voltages have been controlled with open loop control. Therefore, a closed loop
control for the proposed configurations can be designed after the dynamic analysis.

The chapter 3 and chapter 4 topologies which provide quasi boost operations and using LCL
and LCL-T resonant network can be extended to other resonant networks based
configurations.

The chapter 3 and chapter 4 topologies can be studied for high voltage and low current inputs
at RES and ESD ports.

More analysis can be done for the gating schemes and their effect on partial ZVS operation
of the switches of the proposed converters in chapter 3, chapter 4 and full ZVS/ZCS operation
for chapter 5.

. Although simulation results have verified the detailed operation and performance of the

proposed configurations, experimental validation can be carried out for these configurations.
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Appendix A

Derivations of Expressions for Switch Current Ratings for General Mode of

Operation in Chapter 3

1. Instantaneous currents through Si, isi, during different intervals are given by,

0, 0< wt<op
—Iipsin(wt — @), @ < wt< 21D
lcz = Iy + I + Ip sin(wt — @), 2mD; < wt < 2nD; + 27Dy,
—Ijpsin(wt — @),2nD; + 2nDg, < Wt< T

lsg1 =

(A1)
RMS current for switch Siis derived as shown below:
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2. Instantaneous currents through Sz, is2, during different intervals are given by,
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The RMS current for Sz is derived as follows:
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+ 2(I14) X Ipp(—cos(2nDy + 2mDg, — @) + cos(2mD; — @)
(A14)
where, a is given by is2 = 0 at ot = a:
I, + Iy sin(a— @) =0 (A15)
a= ¢+sin~? (— ’LZ) (A16)
ILrp
3. Instantaneous currents through Ss, is3, during different intervals are given by,
0 0< wt< @+ 2D,
) ILl 27TD1 S wt S 27TD1 + ZﬂDSh
ts3 = 0 2nDy + 2nDg, < wt<m+o@+f (Al7)

The RMS current for S; is derived as follows:

5 1 2T
IsB(rms) = ﬁf 133 d((‘)t)
0

5 1 2nDy + 2nmDgp 5 2 . 2
Is3(rms) = ﬁ IL1 d(wt) + (_ILrp Sln(wt - <,0) - ILZ ) d(wt)

21tD4 n+p+f
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1 27D+ + 27D IE SiIlZ((A)t — (,0) o
= — (Aot T + 2 ot - + I [0t 2, g

wT 1 2 2
T+o+f

+ 21 p1 5[ —cos(wt — <p)]7zr’fr(p+ﬁ>

1 I1? sin 22w — sin2(m+ ¢+ —

+1,* (T = @ = B) + 2yl (—cos(2m — @) + cos(m + ¢ + f — <p))>

(A18)
IsS(rms)

1 I? sin2¢ sin2f
= E(’fl(anSh) + %(n —p—pB+ > + > ) +1,%(m— @ —B)+ 2Ip112(cos @ —cos B)

(A19)
where, B is given by iz =0 at ot =7+ ¢ + B:
—Ippsin(m + @ + B— @) =1, =0 (A20)
B = sin~! (+ ’L—Z) (A21)
ILrp
4. Instantaneous currents through Sa, is4, during different intervals are given by,
( 0 0 < wt < 2mD,
. ILl +IL2 27TD1 < wt< 27TD1 + anSh
lsa = 0 2nD; + 2nDg, S wt<g@+mw (A22)
—I1,p sin(wt — @) p+nm < wt< 2m
1 2nDq + 2mDgp 21 5
1524(rms) = —<f (I +15)%d(wt) + f (—ILrp sin(wt — <p)) d(wt) >
wT 21D, Q+1

21
1 2Dy + 2mDgp Igrp sin Z(G)t - (P)
= E((ILl + ILz)Z[wt] 2TL'D1 + 2 (Ut - 2

p+m

1 IZT' sin 2(2 _(p) S'n2((p+ —(p)
= E(Uﬂ + 1L2)2(27TD1 + 2nDg, — ZnDl) + sz (27-[ —p-—m— i T n i T ) )

2 2

(A23)
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1 I? sin 2¢
Is4(rms) = Z(Uu + I1)?(2nDg,) + %(ﬂ —¢+ 2 )

(A24)

Appendix B

Expressions for Average Currents for Diodes Dp; and Dy for General Mode of

Operation in Chapter 3

1. Average current through Do:

Instantaneous currents through Db during different intervals are given by:

I;1, 0< wt < 2mD,
. 0, 2nD; < wt< 2nD; + 2mDgy
tob, = I}1,2nD; + 2nDg, < wt< 1@
(Ig + 112) + Iy sin(wt — @), 1 < 0t < 2m

(BI)

Average current through Db1 can be derived as follows.

1 21
IDbl(avg) = E.I(‘) lDbld(a)t)

1 2D 2 .
— _(fo L d(wt) + ;rDl + 2m,, T11 d(@0) + J. (U + 1i2) + Iy sin(wt — go))d(wt))

21

1
= %(lu[wt](z)wl + I [wt]np, + 200, + Upa + ) [wt]ZFF + Iy [— cos(wt — (P)Lzrn)

1

= E(IM(Z”DQ +1,(m— 21D, — 2nDg, ) + (Ip1 + 1) 21 — )
+ Ijp(— cos(2m — @) + cos(mw — (p)))

(B2)

1
IDbl(an) = E (ILl(ZT[ - anSh ) + 1L2(7l') - ZILTp CosS (p)

:%(ILI(ZH)(:I — Dy ) + I (m) — 21, cOS @)
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1 I14p COS @
=1;1((1 = Dgp ) + % - LPT (B3)

2. Average current through Dpo:

Instantaneous currents through Dp1 during different intervals are given by:

ILl + ILZ' O S (Ut < 27TD1
_ 0, 2nD; < wt < 2nDy + 2nDg, B4
o T\ p, 1, 2nD; + 2nDg, < wt< T (B4)

Iy +Ip) + Ipsin(wt — @), m < wt < 21

Average current through Dbz can be derived as follows.

21
IDbz(avg) = E’L iDbzd(wt)

2mDq 3
= i(f (U1 + Ip)d(wt) + j (U1 + 1) d(wt)
0

2m 21Dy + 2mDgp

2r
+ j (U1 +I12) + Iy sin(wt — (p))d(wt))

1
- E(UM + ILZ)[(M](Z)nD1 + (1 + L) [wtlZep, + 2npy, + Ut + I) [wt]7"
+ Iyl cos(ot — 9
_ i (ILl + ILZ)(ZT[Dl) + (ILl + ILZ)(T[ - 27TD1 - ZnDSh ) + (ILl + ILZ)(ZT[ —_ n')
m +1yp (= cos(2m — @) + cos(m — ¢))

(B5)

1
Ipb,ayey = 5 ((IL1 +1,)(2m — 2mDg, ) — 2 cos ILrp)

= i((ILl + ILz)(Zﬂ)(l — Dsh) — 2l pp COS (p)

I14p COS @
=, + ILZ)(l — Dgp ) -

T

(B6)
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Appendix C

Switch Current Ratings for General Mode of Operation with LCL-T
Resonant Circuit with Modified Gating Scheme in Chapter 4

1. Instantaneous currents through Si, is1, during different intervals are given by,

0, 0 wt<pnmn<wt<?2m

. —I5p sin(wt — @), ¢ < wt< 2nD, )
T iz = Iy + Iy + I sin(wt — @), 27D, < wt< 7

RMS current for switch Siis derived as shown below:
1 2T

12 = — f i d(wt

s1(rms) wT v s1 ( )

1

=L ( [ (=l sin? (wt — ) d(@t) + [, iz d(wt))

wT
1 ( (27D . . 2
= E(f(pn "L sin®(wt — @) d(wt) + f;TDl(ILl + I + I15p sin(wt — ®)) d(wt))

- ﬁ( [T Iy sin?(t — @) d(@t) + [ (U +112)? + 200 + 112) X Iy sin(wt — ) d(wt))
(C2)

. (1-cos2(wt— ) 17 in 2(wt-9)|"
L, = fglfsp sin?(wt — @) d(wt) = f;lfsp%d(wt) =%[‘“‘W]{p

_ Ilz,sp sin2(m—@)\ _ Ilz,sp sin 2(¢p)
=2 (-9 —TEEE) = 2 (n -+ 21E) €3

T
I, = f (Ut + 112)? + 21 + I13) X sy sin(wt — @) d(wt)
2

TL'Dl

= (1 + 112)*[0T15,p, + 2(I1 + I12) X Igp[— cos(wt — )15,

= (I + 12)*(m = 2mDy) + 2(Ipy + I13) X 155 (— cos(m — @) + cos(2mD; — ¢))

2nDy + w —2¢\ . (m—2nD,
)sm( )]

= (s + 1:2)2( = 2Dy) + 2(Iy + I1p) X Iy X [2 sin( ’ -

= (Ip1 + 1) (mw — 21Dy) + 2(I14 + 112) X Ipsp X [2 cos(nD; — @) sin(nD;)] (C4)
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12 .
= (7T —¢+ %2(@) + (Ip1 + 112)?(w — 2mDy)

1
Isl(rms) = Py 2 (C5)
+4(Ip1 + 1) X gy X cos(nD; — @) cos(wD;)
2. Instantaneous currents through Sz, is2, during different intervals are given by,
Iz + 115y sin(wt — @), a< wt< @
. I, + I gy sin(wt — @), ¢ < wt< 2nD; (C6)
2 iz = Iy + o + Iy sin(wt — @), 2nD; < wt < 1
0, n < owt< 2n

The RMS current for Sz is derived as follows:

5 1 21
Isz(rms) = ﬁf iszz d((‘)t)
0

1 ¥ 21D,
= f (I + Isp sin(wt — QO))zd(a)t) +f (Iz + Isp sin(wt — (p))zd(wt)
@ @
" 2
+ f (ILl + 1, + 1 sin(wt — <p)) d(wt)
2mDy
. 2 _
/ f;p ((1L2)2 + (Isp sin(wt — @))" + 21,515, sin(wt — (p)) d(wt) \

1 2nD . 2 .
= ot + 1277 ((12)? + (Iisp sin(t — 9))° + 21511, sin(wt = @) d(wt)
+ f;,Dl((Im +1)% + Ifsp sin®(wt — @) + 2(Ip1 + I13) XI5 sin(wt — @))d(wt)
(C7)
(wt-)) d(wt) = lfﬁ [a)t __sin z(wt_(p)]n
== ="

T . T (1—cos2
I = fa ILzsp sin?(wt — @) d(wt) = fa Il?spf

2 . _ . _ 12 . . _
_ lisp (T[ —a— sin 2(T—¢) n sin2(a (p)) _ ﬂ(n_ —a+ sin2¢ + sin2(a <p)) (C8)
2 2 2 2 2 2

L= [ (I1)?d(wt) = (I,2)*( — @) (C9)



Appendix 227

T
I; = f 2115116 sin(wt — @) d(wt) = 211,11 5p[— cos(wt — @17

a

= 2I15116p(— cos(r — @) + cos(a — ¢)) = 2,1 5p[cosgp + cos(a — ¢)]

(C10)
s
Iy = f [(IL1)% + 2114155 + 2(I1) X Iy sin(wt — @)]d(wt)
27TD1
= (11 + 211 11) [T 15, + 2(I11) X Iep[— cos(wt — @)15,p.
= (1L21 + 21p411)( — 2nDy) + 2(I1) X ILSp(_ cos(m — @) + cos(2mD; — ¢))
= (I} + 211411,) (r = 2mDy) + 2(I11) X I15p(cos(@) + cos(2mDy — @) (C11)
L+L+1+1,
Ity Ifsp (sin2¢ sin2(a —¢)
+ ZILZILSP(COS(I) + cos (CZ - ¢)) ) + (151 + 21L1]L2)(T[ - 27TD1)
+2(I11) X I 5 (cos(@) + cos(2mD; — @)
(C12)
1 2 2 . .
1\ /2 Iy Iis, (sin2¢ sin2(a — @)
Isorms = (E) [(%4'1%2) (TL’—CZ) + 25p< 2 + 2
+ 2151 5p(cosg + cos (@ — @) ) + Uy + 20411) (m — 2mD;)
1/2
+ 2(I1) X I sp(cos(@) + cos(2mD; — (p))]
(C3.13)
where, a is given by is2 = 0 at ot = a:
I, + Iy sin(a— @) =0 (C14a)
a= ¢ +sin7? (— IL—Z) (C14b)
ILsp
3. Instantaneous currents through Ss, is3, during different intervals are given by,
0 0 < wt<2nD;
] I 4 2nD; S wt< 1w
bs3 = 0 TS wt<m+o+f (C15)

—Igp sin(wt — @) — I, T+o+pf < wt< 2w
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The RMS current for S3 is derived as follows:

2T

1 .
1523(1"ms) = ﬁf 133 d((‘)t)
0

2 1 " 2
Is3(rms) = ﬁ f IL1 d(wt) +f
2

nDq n+p+f

21

(—ILSp sin(wt — @) — I, )2 d(wt) )

12 sin 2(wt — @)|7"
P I _SmAwtT @) T It

1
_ 2 ™
= a)T<IL1[wt] anp, T > wt > s

+ 2115l 2[—cos(wt — (p)]iﬁwﬁ)

1 (.
= oT I;;(m — 2nD,)

If;p(zn_n_(p_lg_sinZ(Zzn—(p)+sin2(n+<2p+ﬁ—(p)>

+

+1°(m—p—p) + 2l 5pl;,(—cos(2m — @) + cos(m+ @ + f — ‘P)))
(C16)

IsS(rms)

2

1 I sin 2 sin 2
= —<Ifl(r[ —2nDy) + LSp(n—(p—ﬁ+ (p+ 4

) +15(m—p—B)+ 2I;,5p11,(cos @ —cos ﬁ))

2m 2 2 2
(C17)
where, B is given by is=0atot=n+ ¢ + f:
—ILgpsin(m+ @ + B— @) =1, =0 (C18)
B = sin™! ('L) (C19)
ILsp
4. Instantaneous currents through Ss, is4, during different intervals are given by,
0 0< wt< 2D,
) I+ 11, 2nD; < wt< 1w
'sa =3 0 T wt<e+m (C20)
—I5p sin(wt — @) p+nm < wt< 2w

1 T 21 - 5
1524(rms) = — <f (I +15)?d(wt) + f (—ILsp sin(wt — ¢))” d(wt) )
21D, p+1
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1 Iy sin 2(wt — )"
— ﬁ((ILl + ILZ)Z[wt]ZTEDl + T wt — f o

1 125 in2(2m—¢) in 2(@+m—0)
= E((I“ + I1,)*(m — 2mD;,) +%(2ﬂ _p_g_ Zn p)  sin (pz _— ) )
(C21)
. 2 IEsp sin2¢
Isatrmsy = |5\ Uia + 12)?(m — 2mDy) + T(” —p+ ) €2)
Appendix D

Derivations of Expressions for Average currents for Diodes Dy and Dy of

Chapter 4

1. Average current through Dy;:

Instantaneous currents through Db during different intervals are given by:

ILl' O S (l)t < 2T[D1
0, 2nD; S wt< m

-~

lpp, =

(Ix +112) + Igp sin(wt — @), m < wt < 2m

(D1)

Average current through Db1 can be derived as follows.

1 2
IDbl(avg) = E-fo lDbld(wt)
1 2mDq 21
= %(f Ip; d(wt) + f (U1 + 1) + Isp sin(wt — (p))d(wt))
0 s

1
= %(Iu [wt](z)wl + (Ip1 + 1) [wt]Z" + I 5p[— cos(wt — @)]27)
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1
= %(lm(ZnDl) + (I + 1) 2 — ) + I 5p(— cos(2m — @) + cos(mw — (p)))
1
IDbl(avg) = E (ILl(T[ + anl ) + ILZ (T[) - ZILSp COS (p)

- i(Iu(Zﬂ)(l — Dy ) + I, (1) — 21,5, cos @)

I Isp COS @
=11((1 — Dgp) +%—LSPT (D2)
2. Average current through Dpo:
Instantaneous currents through Db during different intervals are given by:
Iy + 11, 0< wt< 21D,
_ 0, 2nD; < wt< w
lpp, =
(L1 + I12) + Isp sin(wt — @), m < wt < 27
(D3)

Average current through Dp2 can be derived as follows.

1 21
Ipb,(avg) = 5 fo iy, d(@t)
1 271'D1 21T
= E(f (U1 + I2)d(wt) + f ((1L1 +I12) + Ipsp sin(wt — (p))d(cot))
0 T
1
~on ((1“ + ILZ)[wt]gnDl + (1 + I [wt]F™ + I [~ cos(wt — <P)]7zrn)
1
- ﬂ((hl + 1,,)(2nDy) + (Ipq + 1) (2 — ) + I (— cos(2m — @) + cos(m — (p)))
1
In,ave) = 5 (Upa + 1) (m + 27Dy ) = Iy (2 cos )

1
= ((1L1 + IL2)(27T)(1 — Dgp, ) — 2l cOS (p)

Ipsp cos @

= (ILl + ILZ)(l — Dgy ) T (D4)
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APPENDIX E
Derivation of Expressions for Active Power in Ports 1 and 2 in Chapter 5
E1. Port-1 active power:
Fundamental component of v4s(t) in time domain is given by (5.3):
Vap1(8) = 2?‘/1(1 — cos ;) sin(wst — ¢17) (5.3)

Use of superposition theorem to Fig. 5.9(a) of Chapter 5, resulted in the equation (5.40) for the

fundamental component of current izs11(t) as given by,

I1s11(t) = 151 () — ifs: ()

__ 2 4 _ A _

" n(Xps1+Xcs1) (1 = cos 51) cos(wst (plz) m(Xrs1+Xcs1) COS(a)St HZP) (5.40)
2V.

= o (1 — cos 81) cos(wst — 15) — (2My) cos(wst — 0p)] (E1)

Instantaneous power in port-1 is given by,
Pp1(t) = Vap1(£). 11511 (1)

B 4V2
m2(Xps1 + Xesa

) (1 —cos ;) [(1 — cosd,) sin(wgt — @15) cos(wgt — @q5)

—(2M,) sin(wst — ¢13) cos(wst — 65,)]
= Ky [(1 — cos 8,) sin(wst — @13) cos(wst — @15) — (2My) sin(wgt — @1,) cos(wst — 0,)]

(E2)

where

_
w2 (XLs1tXcs1)

K, (1 —=-coséy) (E3)

Active power in port-1 can be calculated by using (5.41) and (E2),

P, = %f()zﬂ Vyp1(t). ips11 (1) d(wst) = %fozn Pp1(t) d(wst)
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1 21
— o[ Kl = 05 ) sin(ast = p12) cos(it = pr2)
0
— (2M,) sin(wst — ¢13) cos(wst — Hzp)] d(wgt)
K
= ﬁ 1 — 2]

2T
I = f [(1 = cos 6;) sin(wst — @1,) cos(wst — @1,)] d(wst)
0

= J;71(1 = cos 8,) (5 5in 2(wst — p1) )] d(wst)

= [(1 — cos 61)% [— cos 2(wst — (plz)](z,”] =0.

21
I, = J. (2M,) sin(wst — @45) cos(wst — Hzp)] d(wgt)
0

27T 1
= f (2M,) é{sin(Zwst — Q12 — Hzp) + sin(9219 - (plz)}d(a)st)
0

21

1
= (M1){§ [_ COS(Zwst — Q12 — 92p)]0 }+ Sin(92p - ‘P1z) [wst]g™

= (M;){0 + [sin(Hzp — <p12) Zn]}

= (Ml)[sin(ezp — (P12) Zn]

Pp1 = E[h - 1]

1 4V
(2m) m? (Xps1 + Xes1)

(1—cos8;) (My)[—sin(6,, — ¢15)2 7]

. 4M,VE
7% (Xps1+Xcs1)

(1 —cosé,) [sin(@y, — 65p)]

E2. Port 2 active power:

Fundamental component of vcpi(t) in time domain is given by (5.1):

Vepy (t) = 2—:;2 (1 — cos §;) sin(wst)

232

(E4)

(ESa)

(E5b)

(E6), (5.42)

(E7)
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Use of superposition theorem to Fig. 5.10(a) of Chapter 5, resulted in the equation (5.49) for the

fundamental component of current irs21(t) as given by,

[1521(t) = 1521 (8) — ifs21 ()
A

- ”lzeqzl

cos(wst — @5 — 01p) — (1 — cos §,) cos(wst) (5.49)

”l eqll

Instantaneous power in the port 2,

p2(t) = vepq (£). 521 (E)

2
cos(wst — @12 — O1p) —

2V, 4V,M
= —(1 — c0s §,) sin(wgt) { —=
| eq2|

(1 — cos 6,) cos(wgt) }
|Zeq1|

cos(wst — @12 — O1p) — 75— (

1 — cos §,) cos(wgt) }
|Zeqil

4V _ 2M,
=— (1 — cos &) sin(wst) 75—
|Zeql

=K, {| y (sin(wgt)) cos(wst — @15 — O1p) — @ (1 — cos 6,) (sin(wgt)) cos(wgt) } (E8)
where
K, = 47%222(1 — cos §5,) (E9)

Active power in port-2 can be calculated by using (5.50) and (ES8),

1 2w
Pra=gz| P d@.)

= ﬁf { 2M (sin(w,t)) cos(w,t — @, — 61p) — — (1 — cos &,) (sin(w;t)) cos(w,t) } d(wgt)

2m ), eq2 eql
_ K o E10
=i+ 1) 1
2T 2M2 .
I = J;) Z—(sm(a)st)) cos(wst — ¢, 911:) d(wst)
eq2

2T ZMZ
= fo [— ) ]2 {sm(Zw t—@, — Hlp) + sm((p12 + Hlp)} d(wgt)
eq

M,

2
]{[_%COS(Zwst — P12 — 91p)]0 + sin(@12 + 01p) [wst]37}

B |Zeqa|
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2
|zeq2| [——cos(Zws ~ P12~ Glp)]o + sin(<p12 + 91p) [wst]2™}

-z 2|] {0+ (2m)[sin(@12 + 61p) ]}

= | |] (2m) [sm(<p12 + Blp)] (E11)
2T 1
I, = — 1 — cos 8,) (sin(wgt o) td(wst
> f { |Zeq1|( cos 8,)(sin(wst)) cos(w )} (wst)
= fOZ" {— |Ze1q1| (1 — cos 52)%sin(2wst)}d(wst)
o, (E12)
Pp =—(; + 1)
1\4V;
(271) = (1 c0s 8,) [l eqzll (2m)[sin(¢@1, + 61,)]
= MoV (1 — cosé,) [sm(<p12 + le)] (E13), (5.51)

B 7T2|Z 2|





