ABSTRACT
CHATTOPADHYAY, RITWIK. Three Port Transformer Isolated Phase Shifted DC-DC
Converter Design & Control for Renewable Energy Source and Energy Storage Integration.
(Under the Direction of Dr. Subhashish Bhattacharya).

Recent advancements of wide bandgap (WBG) semiconductor devices have created
abundant scope of research for Renewable Energy Source(RES) integration into Medium
Voltage(MV) utility grid. WBG semiconductor devices of rating 1200V & 1700V have been
commercially available for a long time and their applications are directed towards low
voltage(around 1kV) power converters. Renewable energy source converters require high
efficiency, low cost & volume. Therefore, the use of WBG SiC devices provides tremendous
opportunity to reduce the size of magnetic components, thereby reducing the overall converter
volume. MV grid tied inverters like Cascaded H-bridge(CHB) or Modular Multilevel
Converter(MMC) converters are suitable for RES grid integration at MV level. However, CHB
requires an input dc source for each modular unit and MMC requires a high voltage dc bus at its
input. The research work in this paper focuses into three port converter system, that can be used
as an input to each modular unit of a CHB or a number of which can be series connected to
develop a Medium Voltage DC or MVDC bus. Use of SiC Mosfet devices of the ratings 1200V
& 1700V provides the possibility of high switching frequency for the three-port dc-dc converter,
which thus demands suitable high frequency magnetics.

Several high Frequency switching converters for dc-dc conversion have been proposed by
researchers over years. One of the critical property that makes dc-dc conversion attractive to
designers is the soft-switching capability. Switching devices like IGBTs & MOSFETSs if
operated under soft-switching provides high efficiency for the converter. SiC Mosfet devices

provide negligible switching loss under Zero Voltage Switching(ZVS) conditions. Phase-shifted



dc-dc Dual Active Bridge(DAB) or Triple Active Bridge(TAB) converters exhibit their inherent
ZV/'S turn-on property due to their operating nature, which makes them lucrative for use with
Mosfet. The dissertation work presented here focuses on three port phase shifted converter like
TAB converter and its associated magnetics. The dissertation work focuses on operating TAB
converter for 10kW/50kW power level at 50kHz or higher switching frequencies, while using
ferrite core transformers. In addition, tape wound core based transformers have also been
discussed here for frequencies around 20kHz switching frequencies.

Phase shifted dc-dc converters use the leakage inductance of transformer or series inductors
as the energy transferring element. Design of high frequency magnetics is crucial as it demands
specific optimum leakage inductance or series inductances for rated operation. A significant part
of the thesis work presented here focuses on leakage inductance modelling and optimized design
of transformers for phase shifted converters. In addition, high switching speed of semiconductor
devices produce significant dv/dt noise signals, which are primary sources for common mode
noises. The inter-winding coupling capacitance plays an important role as it provides the
impedance to the common mode noise path. Therefore, significant attention has been paid to
selecting transformer topologies & designing transformers with low inter-winding coupling
capacitances. Using tape wound core transformers for phase-shifted converters provide a
challenge to converter designers as the leakage flux induces eddy current and creates losses in
the laminations. A different approach for tape wound core transformers has been suggested in
this dissertation work to address the leakage flux issues for tape wound core transformers.

The dissertation work includes high frequency transformer current control techniques for
eliminating dc biases from transformer current during phase change and provides a decoupling of

control variables. The current control method is used to control the dc powers at the converter



input & output ports independently of each other, which provides the path to independent control
of converters for series connection of converter units. Lastly, a generalized phase shift technique
has been suggested to eliminate dc shifts in transformer currents & core fluxes during transients.

The proposed method has been applied across different cases to verify its generality.
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Chapter 1. Introduction

Renewable energy sources like Solar, Wind, Tidal, Wave Energy have been continuously
growing in demand over the years due to their zero carbon footprint, efficiency and lower initial
cost compared to thermal or hydro power installations. Technologies enabling the transformation
of natural renewable energy into usable electrical energy form, is one of the key components
behind renewable energy’s growing development. The transformation from renewable energy to
electrical energy is generally achieved in two stages. First stage is the conversion of renewable
energy in some form of non-usable uncontrolled electrical energy form, such as using
Photovoltaic Cells for PV, Rotating Machines for Wind, Tidal and Wave energies etc. Second
stage of power conversion involves converting the raw, non-usable form of electrical energy to
usable form such as feeding electrical power in compliance with low or medium voltage utility
grid, off grid electrical loads and other. This second stage of power conversion heavily depends
upon power electronic state of the art technology. Solar Energy or Photovoltaics has been one of
the cleanest form of energy sources, which is finding increasing acceptance worldwide. Power
electronic technology enabling the installation of large Photovoltaic(PV) plants, are growing in
demand and evolving with time due to enhancements and inventions in technology. The state of
art of power electronic technology is also coming across rapid advances with the invention of
Wide Band Gap(WBG) devices such as Silicon Carbide(SiC) and Gallium Nitride(GaN)
semiconductor devices. Large scale commercial Photovoltaic installations generally use a power
electronic inverter, which is using Silicon technology, filters and a low frequency 50Hz/60Hz
transformer for grid connection at medium voltages(few kV levels). The primary function of low
frequency transformer is to isolate the low voltage(less than 1kV) PV and power electronics from
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medium voltage(4.16kV-13.8kV) utility grid. The low frequency transformer in such
installations are bulky and costly in nature since they carry the full power feeding to grid. With
new age SiC and other WBG devices, there is an increasing demand to eliminate the low
frequency transformer and use the power electronics technology with high frequency galvanic
isolation, as a direct interface block between PV panels/modules and grid. The thesis work
presented here discusses and focuses on isolated power electronic converter systems suitable for

large scale PV integration.

1.1. Traditional System Architecture for Large Scale PV with Low Frequency

Transformer

Integration of renewable energy sources like PV, Wind into electric power utility grid, has
been the research interest for quite a long period of time. Renewable energy integration using
Silicon-technology semiconductor device based power electronic solutions have been in practice
and has been accepted by industry standards and are implemented for small scale to large scale
installations in significant numbers for renewable energy integration. Integration of renewable
energy sources(RES) has been mostly carried out at low voltage levels(around 1kV or lower) for
renewable source and the grid side voltages vary from 480V to medium voltage levels of
13.8kV. Several medium voltage utility grids in US are in the range starting from 4kV to 35kV
voltage level class. Traditional Si based power electronics have used low voltage power-
electronics of voltage levels around 1kV and have used a step-up low frequency transformer for
connecting to medium voltage grid. System architectures for large scale PV installations as
defined by leading power electronic industries like ABB, Siemens are shown in figures 1.1 and

1.2([1]-[4]). A short summary of the power levels and efficiency standards for PV central



inverters and MW level isolating step-up transformers, are shown in table 1 and 2. The sources

for these data are obtained from ([1]-[13]).
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Figure 1.1. 1MW PV Inverter PVVS800-MWS-1000kW-20 from ABB.
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Figure 1.2. 350kW SINVERT PVS Central Inverters from Siemens.

Typical Si-based system architecture for PV installation, as shown in figures 1.1-1.2, a low
frequency step-up transformer is used which serves two purposes, (i) steps up the inverter
voltage level to match with grid voltage and (ii) provides isolation between ac side and PV side.
The dc voltage of PV varies typically around 400V to 1000V. Similar system architecture has
been in use for commercial solutions, as developed by other leading industries as well. The step
up low frequency transformer is a key element with traditional system architecture for large scale
PV, but it has a huge weight and volume which makes the overall solution expensive and bulky.

The commercial inverters shown above has typical efficiencies around 98.5% and low frequency
3




transformers also have efficiencies above 99%, which puts the total system efficiency in the

range of 97% to 98%. The main motivation behind this thesis work aims at achieving an

alternative solution which does not uses the bulky low frequency transformer, while it maintains

the efficiency standard of the aforementioned commercially available solutions.

Table 1. Few Commercial PV Central Inverters

Product

DC Voltage AC Voltage Power level Max
Series Efficiency
PVS800 600V~1100V 300V~400V 0.5MW~2.7TMW 98.5%-
series/ ABB 98.8%
GE LV5 600V~1500V 400V~550V 0.7MW~4AMW 98.25~9
Series 8.5%
SINVERT 500V~900V 230V~400V 0.1kW~1.7MW 96.1%~
series/Siemens 96.3%
Conext Core 440V~1000V 300Vv~380V 0.54MW~0.68MW 98.3%-~
XC series / 98.7%
Schneider
Electric
SanRex 400V~900V 380V~420V 0.IMW~0.5MW 96%
900V series
Table 2. Commercial Step-Up Medium Voltage Transformers
Source Voltage Efficiency Weight
Level/Power
HPS Dry Type 208V-416V- 99.1~99.2% 2800 LBS to
Transformer 600V/2.5kV-15kV 60600 LBS
0.5MVA-7.5MVA
Energy Star 480V/14.4kV, Upto 99.2% 5000 LBS to
Market Industry upto 2MVA 10000 LBS
Scoping Report

1.2. System Architecture for Large Scale PV without Low Frequency

Transformer

Renewable Energy Sources’(RES) integration into medium voltage grids(4.16kV to 13.8kV)

without the low frequency step-up transformer is quite challenging as the voltage step-up action
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needs to be addressed in the converter architecture and also the isolation between PV side and
grid side is required. In order to investigate converter architectures that can provide solutions for
large scale PV installations such as discussed in (14)-(16), the important component for such
solutions is the grid-integrated inverter for medium voltage applications. The most in-demand and
widely acceptable converter topologies for medium voltage(MV) grid-tie applications are given as

follows
- Modular Multilevel Converter(MMC)
- Cascaded H-bridge Converter(CHB)

The operation, control and working principle of MMC and CHB converters have been widely
discussed in literatures for PV installations([17]-[28]). For MMC based architecture, a very high
voltage input dc bus is needed, which provides all the required power to the ac side. Instead of
using MMC as the grid-tie inverter unit, two/three level inverters using high-voltage SiC devices,
can also be used if a high voltage dc bus is available. With series PV string, as shown in figure
1.3, large number of individual PV modules are needed to be connected in series, which curtails
the PV power availability during partial shading[18]. Also, a single module dysfunction will

reduce the available power by huge margin.
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Figure 1.3. Solar String Based Inverter.

The Cascaded H-bridge topology for large scale PV installation([17]-[23]) require an isolated
dc-dc converter that performs MPPT for each modular dc-dc block, as shown in figure 1.4. In this
type of configuration, the H-bridge modules require high capacitance or additional control action

to reduce the second harmonic oscillation effect on individual module’s dc bus([19],[20]).
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Figure 1.4. Cascaded H-bridge Topology.

While using MMC type inverter or medium voltage inverter([24]-[26]) for grid connection, the
drawbacks of string inverter and CHB can be removed by a having a higher voltage dc bus
architecture, as shown in figure 1.5. In this configuration, the individual dc buses from modular
dc-dc converters, make up a high voltage dc bus which acts as an input dc bus to medium voltage
inverter. In MMC topology, for the case of one modular converter block failure or PV shading for
one block, rest of the modular blocks can operate successfully provided the minimum overall dc
bus voltage requirement is met. In MMC applications, the number of series strings installed can
be more in number than that required for the MV grid-tied inverter. One drawback is the voltage
balancing for each individual dc-dc block([29]-[36]) in the series dc string, when the dc-dc
converters are required to operate as MPPT converter. In this scenario, passive balancing

requirement is required for balancing individual dc bus voltages for the modular converter blocks.
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For MMC inverter, the total dc bus voltage is controlled by the inverter, while the dc-dc blocks

perform MPPT. The inverter has the disadvantage that it cannot operate in P-Q control mode.

DC-DC
PV Converter

Medium

Voltage
Inverter J\(\f]——@)

DC-DC
PV Converter

|
HH

DC-DC

PV Converter |
| I

Figure 1.5. Series Connected DC-DC Converter with Medium Voltage Inverter.

1.3. Energy Storage Requirement for Large Scale PV Integration

Renewable energy sources like PV undergoes interruptions due to varying weather conditions
and other effects environmental effects. PV installations often suffer from shading effects and
undergo fluctuations in output power. In addition to that, PV based grid-tied architectures as
explained above, the grid tied inverter can only do power feed through and cannot perform P-Q
control. In order to smoothen out the output power, and to enable the grid tied inverter to operate
in P-Q control mode under certain operating conditions, an energy storage is required to be

integrated with the PV. Energy storages like battery bank can smoothen out the power output,



storing extra energy during excess PV power generation and delivering extra required power

during low PV power generation([35]-[38]).
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Figure 1.6. PV/ ES Integrated DC-DC Converter Based MV Architecture.

Integration of ES with PV at dc side provides the flexibility to control the power output of each
modular DC-DC block[38,39]. Integration of the whole Energy Storage System using a separate
DC-AC stage provides the power smoothening/energy storage control at the plant level but the
controllability at modular level is not present in this case. In the thesis work here, a single power
electronic converter, using a high frequency transformer providing isolation between all the three

ports(PV,ES and dc output) is discussed. Using isolated DC-DC converter integrating PV and ES,



large scale medium voltage inverter based solution is shown in figure 1.6. The dc-dc converters
are connected in series to create the dc bus for medium voltage inverter. In order to meet the
power rating of the inverter power flow requirement, multiple series connected structures of dc-dc
converters can be connected in parallel. In this thesis work, the PV and ES integrated isolated dc-

dc converter module, as a building block for large scale architecture, is discussed.
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Figure 1.7. PV/ES Integrated DC-DC Converter Based CHB Architecture.

Instead of using PV and ES integrated isolated dc-dc converter module, single stage isolated
dc-ac converter module using four quadrant switches, can also be used as modular building block.
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The inverter architecture using isolated dc-ac converter module is shown in figure 1.8, where

multiple dc-ac modules are connected in series for each phase.
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Figure 1.8. PV and ES Integrated DC-AC Converter Module Based Configuration.

1.4. Impact of Wide Band Gap High Frequency Silicon-Carbide Devices
With the emergence of post-Si Wide Bandgap technology such as SiC and GaN technology,
there has been increasing research work across the globe to replace Si based power electronic

architecture with SiC based power electronics for medium voltage levels[40]-[46]. The new age
11



SiC devices come in different voltages classes such as 1200V, 1700V, 3.3kV, 10kV and upto
15kV. However, the only 1200V and 1700V SiC devices are available till date as commercial
component, the other higher voltage SiC devices are still not available for commercial purpose of
use. Typically, 1200V SiC devices can withstand 800V~900V dc bus voltage[44] and operate
successfully, while 1700V SiC devices are capable of operating successfully at voltage levels of
1kV-1.4kV[43].

The SiC technology offers the advantage of higher switching frequency([39]) than Si
technology for voltage levels starting from 600V and higher upto few kVs. In other words, using
SiC technology, for a specific frequency, the operating voltage that can be reached within
device’s thermal operating limits, is much higher. Hence the use of SiC technology provides the

feasibility of higher voltages and higher power densities for power electronic converters.

The very high voltage fast switching devices for the range of 10kV or higher have much
limitation in terms of reliability and robustness, which encourages the use of series connected
multiple dc buses of the type shown in figure 1.6, to achieve a high voltage dc link. The work
presented in this paper involves the use of 1200V and 1700V SiC Mosfet based multiport dc-dc

converter suitable for RES integration.

1.5. Objective, Key Findings and Contributions
The main objective of this thesis work is to investigate efficient three port converter that can
act as modular building block and can provide all the required functions, with a target efficiency

around 98.5% and above. The key contributions from the thesis work are as follows

e Overview of different three port converter systems and their usability for RES & PV

integrated systems for high power three port system for medium voltage applications.
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Modelling & analysis of key properties, advantages & disadvantages for different

transformer topologies for three port operation.

Leakage integrated three port transformer design with leakage and parasitic capacitance

modelling.

Phase shift control technique & Modulation based control technique for three winding

transformers.

Optimized design of leakage integrated three port transformer for three port phase shifted

operation. Design & operation of 10kW & 50kW ferrite core three port transformer.

Nano crystalline based three winding transformer design & operation. Leakage integrated

two winding transformer designs.

High frequency transformer current control techniques & power control. Series connection

& independent control of multiple dc-dc converters.

Generalized Phase shift technique for phase shifted converters

1.6. Organization

In Chapter 1, the state-of-art renewable energy integration architecture is discussed and how

for medium voltage applications, series connected three port dc-dc converters can be used as

medium voltage dc grid. Each of the three port converter unit acts as an independent modular

building block.

In Chapter 2, different state-of-art three port converter cells/units are exemplified and their

properties are discussed. The three port phase shifted converter unit provides several advantages

over other converters like ZVS operation, reduced magnetic component, bidirectional power
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flow etc. The impact of low inter-winding parasitic capacitances over high parasitic inter-
winding capacitances have also been discussed in this section.

In Chapter 3, modelling & equivalent circuit analysis of three limb three port high frequency
transformer has been done along with leakage inductance modelling & parasitic capacitance
modelling. The modelling results from analytical methods are compared & matched with FEA
simulation results and actual measurement results.

In Chapter 4, three port converter operation using phase shift control technique and
modulation technique has been discussed & analyzed. The drawbacks of three port converter
while using three limb transformer has been addressed in this chapter and possible corrective
measures have been proposed.

In Chapter 5, split-winding type transformer has been proposed for three port converter
operation. Modelling, equivalent circuit analysis and operation of three port converter using
split-winding type transformer has been discussed.

In Chapter 6, optimized design of a 10kW split-winding type transformer has been discussed
which focuses on loss-volume optimization of the transformer, along with converter results and
validations. Also, a 50kW split-winding transformer has been designed for three port operation

and its results are demonstrated.

In Chapter 7, the usability of tape wound core transformers has been discussed for three port
phase shifted operation. Issues related to leakage flux in tape wound core transformers are
addressed and possible corrective measures are suggested. A three port 50kW tape wound core
transformer and a two port 50kW leakage integrated transformer design and demonstrations are

shown.
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In Chapter 8, the high frequency transformer current control technique along with decoupling
of control variables has been proposed and investigated for three port phase shifted converter.
Three different techniques are discussed in this chapter along with their advantages, drawbacks
etc. The proposed control technique has been applied to closed loop control of individual

converters of series connected closed loop converter units.

In Chapter 9, a generalized phase shift control technique has been suggested for two port &
three port phase shifted converters. The proposed control technique has been verified across

different case scenarios for its applicability and generalization.

In chapter 10, conclusions from the research work are drawn and future works are proposed.
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Chapter 2. DC-DC Converter For Photovoltaic (PV)
And Energy Storage (ES) Integration

2.1. Architecture of DC-DC Converter for PV and ES Integration

The dc-dc converter for integrating dc-dc Photovoltaics(PV) and Energy Storage(ES) is a
crucial part of the large scale power conversion system architecture, as discussed in previous
chapter. Large scale conversion systems like series connected dc-dc architecture or cascaded
converter structure would need some form of galvanic isolation for the dc-dc conversion block.
DC-DC converters with galvanic isolation has the advantage of having all the PV modules and
Energy Storage units(from modular converter architecture types shown in chapter 1) to be at
placed at same reference level from the ground. Also, the high frequency transformer in dc-dc
converter provides the opportunity to select desired voltage gain in case of the large voltage
difference between low voltage PV/ES side and the output dc bus side. The converter architecture
can be of different types depending on the installation of energy storage along with PV. A
summary of energy storage integration with a renewable source is discussed in [47]. The energy
storage can be integrated with grid using a separate DC-AC stage, directly connected to the grid at
PCC, in parallel with PV inverter. In this case, total power fed to the grid can be easily controlled
by using energy storage but the low frequency bulky transformer needs to be connected to the
grid. In other method, the energy storage can be integrated at the dc side using several methods,
(a) it can be integrated to the output dc bus with a separate converter, (b) it can integrated at the
PV terminals with a bidirectional converter, or (c) it can be integrated with PV in a single

converter, as shown in figures 2.1-2.3.
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The energy storage(ES) block can be integrated at the dc-dc conversion stage using the three
aforementioned converter architectures[47]. The selection of converter architecture or
configuration depends on application type, power requirement etc. PV panels & converters have
high common mode leakage current flowing through the ground due to presence of parasitic
capacitance between panel and frame([57]-[58]). The isolated topology using ideal high frequency
transformer, provides a blockage to this leakage current path from flowing into other parts of the
converter circuit. However, due to inherent non-idealities of high frequency transformer, inter-
winding capacitances exist in transformers and propagate the leakage current from one winding to
other windings of the transformer[58]. Using non-isolated topologies, this leakage current sees
much lower impedance paths compared to isolated topologies and the common mode leakage
current flows through other parts of converter circuit. If PV and ES do not have galvanic isolation
between them, this leakage current flows through the circuit components connecting PV and ES.
Using isolated topology, the leakage current flow is reduced compared to non-isolated topologies,
but it largely depends on the inter-winding capacitance value. The requirement of isolation
between PV and ES is not very critical, but providing an isolation between them, provides the

flexibility of having wide differences between voltage levels of PV and ES.

2.2. DC-DC Converter and Transformers for High Frequency lIsolation
The isolated dc-dc converter for PV and ES integration is the critical element of power
conversion architecture. The dc-dc converter for PV and ES integration has the following primary
tasks
- Performing MPPT for PV module to extract maximum power available from PV

- Control the output dc bus voltage

- Store extra power generated by PV into ES during low load requirement
18



- Deliver extra power required by load from ES during high load requirement
- Deliver power from ES to grid when PV is off
- Deliver power from grid to ES when PV is off

Clearly the power directions from the ES and grid are bidirectional in nature and from PV the
power flow in unidirectional. The possible power flow cases for the three port converter are

shown in figures 2.4-2.9.
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The converter architecture of dc-dc converter requires a bidirectional converter for Energy
Storage(ES) and Grid side, while for PV side, an unidirectional power converter is sufficient. The
dc-dc converter integrating PV, ES and grid side dc bus needs to have a three port converter
configuration type as has been discussed in literature. Series of non-isolated topologies integrating
three dc ports are discussed in [47]-[56]. In this thesis work, all the three ports are considered to
be galvanically isolated from each other, so that the PV leakage current effect on other ports are
minimal and the voltage differences between different ports can be wide. The isolation between
different ports are provided with a transformer of high/medium frequency type depending on
power level. The three port isolated dc-dc converters with isolation between all the three ports
have been a subject of interest for researchers. A brief summary of isolated three port dc-dc

converters are presented here.

2.3. Different Converter Cell/Blocks for Three Port Isolated DC-DC

Converter
The isolated dc-dc converters presented in different literatures, mostly work on phase shift or
duty cycle control techniques. Several different converters have been proposed by researchers for

different applications, power levels & operating scenarios. One of the most simple topology for
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isolated dc-dc converter is Dual Active Bridge Converter[60], which has inherent Zero Voltage

Switching(ZVS) in it providing the capability to switch at higher frequency. Several other

converters have also been developed been researchers, which can be broadly categorized as phase

shifted converters[60],[47]-[56]. There are three most widely used type of converter cell/blocks

for phase shifted converters [47]-[56]. Figures 2.10-2.13 show the four converter cells as given

below.

- Boost Cell

- Boost Isolated Cell
- Half Bridge Cell
- Full Bridge Cell
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Figure 2.10. Bidirectional Boost Cell.
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Figure 2.12. Half Bridge Cell.

1+
[

=t

Figure 2.11. Bidirectional Boost Isolated

Cell.

E
-
f

Figure 2.13. Full Bridge Cell.
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The converter cell blocks in figures 2.10-2.13 can act as single converter unit for different
ports of a three port or multi-port converter system. Using the boost cell unit and boost half bridge
cell units, the dc sources act as current sources whereas using the half bridge and full bridge cell
units, the dc sources act as voltage sources. Different converter architectures have been reported
in literature for three port isolated dc-dc converter with a high frequency transformer isolation.
Figures 2.14 and 2.15 show the converter schematic using boost cell and half bridge boost cell
units. These two converter systems have non-isolated PV and Energy Storage ports, which entails
their dc voltage levels to be close to each other, around 1.5-2.5 times for boost converter, and also
requires extra inductor(s) and a two winding high frequency transformer[47]. However, one of the
switches in each of the switching legs in primary side operate in hard switching manner while the
other switch operates in soft switching manner. In figure 2.15, the primary side dc bus is

connected across the source which results in loss of direct current control for storage[47-56].
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Figure 2.15. Converter Using Half Bridge Boost Cell and Half Bridge Cell.

Figure 2.16 shows the three winding converter architecture with two voltage fed ports and one
current fed port. In this configuration, current stress on the semiconductors and current ripple on
one dc port is reduced. However, with varying voltage source, the duty cycle adjustment can be
provided with boost cell. Figure 2.17 shows another three winding architecture with two current
fed ports and one voltage fed port[40]. Using this configuration, provides the flexibility to control
the current ripple for both the dc source and storage, however, two separate inductors are required
for the two boost half bridge cells, and the hard-switching is present for two of the boost

switching legs.
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Figure 2.16. Isolated Bidirectional Three Port Converter.
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Figure 2.17. Isolated Bidirectional Three Port Converter.
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Figures 2.18 and 2.19 show the three port voltage fed converter system using a single magnetic
structure of three winding transformer[48][49]. The topologies shown in figures 2.18 and 2.19 are
known as Triple Active Bridge(TAB) converters. Figure 2.18 show the three port TAB converter

architecture using three half bridge cell units and figure 2.19 show the same architecture using
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three full bridge cell units. The full bridge cell units have higher number of device counts but for
high power application, the current stresses on the switches are reduced, and also full bridge
architecture provides the flexibility of phase shift control and duty cycle control of winding
voltages while the half bridge architecture provides only phase shift control technique. The
operation of Triple Active Bridge(TAB) converter has first been proposed in [56], which is
similar to the working principle of Dual Active Bridge(DAB) converter. Therefore, the use of
duty cycle control similar to that used for DAB control([61],[62]) can also be applied to TAB
converter and the advantages of higher ZVS operating ranges and optimum operation can be

achieved for TAB converter. For the thesis work presented here, the focus has been to develop a

high power dc-dc unit, integrating PV and ES, for 10kW & 50kW applications. Since the full

bridge converter architecture of figure 2.19 provides extra degree of control freedom, the work

presented in this report has pursued the full bridge converter architecture.
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Figure 2.18. Converter Using Three Half Bridges and Three Winding Transformer.
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Figure 2.19. Converter Using Three Full Bridges and Three Winding Transformer.
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2.4. Three Port High Frequency Transformer Isolated Triple Active Bridge
DC-DC Converter

The Triple Active Bridge converter of figure 2.19, is a three port converter where every port
is bidirectional in nature. The converter has inherent Zero Voltage Switching(ZVS) during
device turn-on which provides low switching losses. The ZVS criteria makes it suitable to be
used with SiC MOSFETSs, which has very low switching losses compared to similar rated Si
IGBTSs. Therefore, TAB converter using SiC MOSFETSs is a preferable approach to have lower
semiconductor losses(due to ZVS switching at turn-on & low switching loss during turn-off) and
higher efficiencies. A schematic of the TAB converter is shown in figure 2.20, where a single
high frequency transformer unit with its leakage inductances, acts as the energy transferring

element. The equivalent circuit of the general three winding transformer is shown in figure 2.21.
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Figure 2.21. Equivalent Circuit of Transformer for TAB Converter.

The advantages of Triple Active Bridge converter lies within the inherent properties such as
(1) All ports are bidirectional in nature, (2) Zero Voltage Switching(ZVS) for Mosfets, (3) Single
High Frequency Magnetic component, (4) Leakage Inductance acting as energy transferring
element, (4) Magnetizing Current sharing by different ports, which depends on the leakage

inductances of different ports, resulting in reduction of core losses. The Triple Active Bridge
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converter thus can be used as a general purpose three port converter for other three port
applications such as battery-grid-load integration, integrating different dc grids etc.

There have been considerable research efforts being directed towards triple active bridge
converter of figure 2.20 over the years. A great deal of effort has been directed towards
achieving ZVS range extension, power decoupling, power flow control, however the high
frequency transformer current control suitable for avoiding dc transients, for three port converter
has not been addressed in literature([87],[88],[91],[92],[96],[97]). Few of the research
motivations have been directed towards topology modification, using half bridge cells in place of
full bridge cells[88], use of series resonant tank in addition with series inductors[90], using the
dc-dc converter for bipolar dc grid applications[94] and using two transformers in place of one
single three port transformer[95]. Majority of the research efforts have been towards
development of low power converter prototypes[91,93]. A three port three phase transformer
base high power three port transformer has been proposed in [89], but the proposed topology
increases the component count of the converter. The research efforts towards the three port phase
shifted converter have not addressed the three port transformer design aspects and have not
investigated different three port transformers for TAB converters. The research work presented
in this paper has addressed use of ferrite core based transformers for high frequency
operation[50kHz-100kHz] and use of nano-crystalline or tape wound core transformer for
10kHz-20kHz applications. The advent of SiC devices has prompted the use of high frequency

converters for high/medium power applications, which need suitable magnetics for operation.

2.5. High Frequency Transformer for Isolated DC-DC Converter
High frequency transformer is the one of the most important element of isolated dc-dc

converter. As mentioned before, the isolation transformer provides isolation, voltage gain and
28



reduces the common mode leakage current. In any transformer isolated converter topology, the
common mode leakage current flows through the transformer’s inter-winding parasitic
capacitances[59] and its value depends on the inter-winding parasitic capacitance values. The
transformer inter-winding parasitic capacitance is affected by winding and core geometry. The
leakage impedance of high frequency transformer act as energy transferring element for phase
shifted converters. The parasitic capacitance and leakage inductance are in general inversely
related to each other, the parasitic capacitance is high when leakage inductance is low, and the
parasitic capacitance is low when leakage inductance is high. This is explained by the field theory
as follows - the electric field is high and the leakage flux is low if two energized current carrying
windings are close to each other, while the electric field is low and the leakage flux is high if two
energized current carrying windings are placed far from each other. Several transformer
geometries have been in use for transformer design based on different core type and winding type
configurations. Few of the commonly used geometry types are mentioned below which are used

for high frequency transformers.

- Core type winding transformers
- Shell type winding transformers
- Concentric winding transformers
- Planar type transformers
- Co-axial winding type transformers
From the list of above mentioned transformers, the inter-winding capacitances vary based on
the geometry and winding arrangement. A comparative evaluation of winding parasitic

capacitance is carried out between a core type transformer and a concentric winding transformer
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using cores of same size and windings for same number of turns. Figures 2.22 and 2.23 show the

three winding transformers using core type arrangement and concentric type arrangement.

Figure 2.22. Concentric Type Winding. Figure 2.23. Core Type Winding.

Table 3. Comparison of Inter-winding Parasitic Capacitance

Concentric Type Winding Arrangement Core Type Winding Arrangement
Cinter—winding : 300-400 pF Cinter-winding : 20-30 pF

A comparison of the effect of the inter-winding parasitic transformer is carried out using
MATLAB/PLECS simulation platform, where a three winding model of [49] is considered for
circuit simulation and inter-winding capacitances are placed as follows. Figures 2.24 shows the
winding current waveforms when the inter-winding capacitances are around 20pF and figure
2.25 show the current waveforms when the capacitances are around 200pF. It can be observed
that the winding currents for high inter-winding capacitances have high ringing on the current. A
more dominant effect of current ringing due to inter-winding parasitic capacitances have been
explained in [59], where the switching frequency is very close to resonance peak of transformer

open circuit impedance due to inter-winding capacitances of range 1nF. The simulation scenarios
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is recreated with a 20 times higher magnetizing inductance and the winding current waveforms

are observed, as shown in figure 2.26.

1.05 1.06 1.07 1.08 1.09 < 1e-3

Figure 2.24. Transformer Winding Currents for 20pF Inter-Winding Capacitances.

6.25 6.27 6.29 x le-3

Figure 2.25. Transformer Winding Currents for 200pF Inter-Winding Capacitances.
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2.10 2.12 2.14 x le-3

Figure 2.26. Transformer Winding Currents for 1nF Inter-Winding Capacitances.

1.50 1.52 1.54 x le-3

Figure 2.27. Transformer Winding Currents for High Magnetizing Inductace and 1nF
Interwinding Capacitances.
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The above figures of transformer waveforms indicate the ringing in winding currents due to
inter-winding capacitances’ effects. As the capacitance grows higher, the ringing and oscillation
increases. The transformer waveforms for figure 2.24-2.27 are for 50kHz switching frequency,
where the switching frequency is low enough compared to ringing frequency. But for the case in
figure 2.27, the oscillation is dominant and distorts the current waveform heavily. The thesis work
presented in this report, focuses on low parasitic based high frequency transformer analysis,

understanding and experimental performance evaluation for PV and ES integration.

2.6. Conclusion

The dc-dc converter is the most crucial element of three port phase-shift controlled dc-dc
converter. Three port isolated converter provides isolation between all three dc ports using a
three-winding transformer. From above discussion, it is clear that the core type topology for high
frequency transformer provides lower inter-winding parasitic capacitance than concentric type
winding. The three-limb core type transformer is discussed in this thesis work for having lower
inter-winding parasitic capacitance, ease of construction, lesser requirement of insulation for

medium voltage prototype.
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Chapter 3. Three Limb Three Winding Transformer

3.1. Magnetic Circuit and Equivalent Inductance Matrix Derivation

The magnetic circuits for magnetic components in power electronic circuits are important for
proper and detailed understanding and analysis of power electronic converters. In order to derive
the magnetic circuit model for three limb transformer, each winding is considered to have its
own leakage inductance. When a voltage is applied on a transformer winding, part of the applied
volt-seconds or induced flux flows through the core and links with other winding(s), known as
mutual flux, while rest of it does not link with other winding(s), which mainly flows through air,
core window volume and winding volume. Figure 3.1 shows the magnetic flux paths for three
limb three winding transformer, where leakage fluxes are shown to flow through outside the core
volume and mutual fluxes flow through the core. In the magnetic equivalent circuit of figure 3.1,
the leakage fluxes are considered to be distributed among different windings. The leakage flux
paths are assumed to be dominant around the winding regions only and leakages around yoke

portions are neglected as the transformer core has much higher permeability than the air.
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Figure 3.1. Flux Flow path for Mutual and Leakage Fluxes.
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Figure 3.2. Magnetic Equivalent Circuit Model for Three Limb Transformer.

In figure 3.1, the MMF and permeance based magnetic circuit model for the three limb
transformer is shown. In MMF based model, a winding is replaced by a MMF source and the
transformer core is replaced by reluctance or permeance. The three MMF sources are Fi, F, and
F3 and the fluxes produced by the winding currents are denoted by ¢1, ¢» and ¢s, which are
equivalent to applied volt-seconds per turn. The fluxes ¢m1, dm2 and ¢ms denote the fluxes that
flow through each limb of the transformer core and link other windings. The leakage flux ¢ is
divided among the three windings as ¢,1, ¢.» and ¢, 3. The permeances for each flux path in the
core limbs are given by P1, P,, P3 and the permeances for leakage path are given by P s and Pp,.
The leakage path permeances for the side limb windings are considered to be same. From figure
3.2, it can be observed that the sum of the instantaneous fluxes from the three limbs is zero, as

shown by equation 3.1-3.2.
P1 TPz +Pus =0 (3.2)
(¢1_¢|_1)+(¢2 _¢L2)+(¢3 _¢|_3) =0 (3.2)

Considering zero leakage fluxes, the expression for Fm is given as shown in equation 3.3.
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- _FRR+FP+FP
" P+P, +P,

(3.3)

Now, @m1, dm2 and ¢ms can be expressed in terms of MMFs Fy, F, and F3 as given in equation

3.4-3.6.

d=(FR—-F)P; (34), du,=(F—-F)P, @35, dus=(FK—-F,)P; @36

Replacing Fm with (3.3), the three fluxes ¢1, ¢, and @3 can be expressed as follows.

¢|v|1 (P2+P3)P1 _P1P2 _P1P3 Fl

1
= PP, (P+P)P, -PP, |F
M3

L -RPR, (R+PR)R || K
Now the fluxes ¢wmi, dm2 and gus can be related to the leakage fluxes as given in equations

3.8-3.10.

G =919 (38), Pua=9"P2 (39, Pus=0P3 95 (310
Now ¢,1, g2 and @3 can be related to their leakage flux path permeances P, P2 and P 3 as

given in equation 3.11-3.13. Equation (3.7) is modified as given in (3.14).

¢, =PuF, @), 4,=P,F, @12, 4;:=P,F; (313

¢1 1 (Pz + Ps)Pl _P1P2 _P1P3 Fl PLl 0 0 Fl
¢2 = m _PlPZ (P1 + Ps)Pz —P3F’2 Fz + 0 PLZ 02 Fz (3.14)
¢3 _P1P3 _P3P2 (Pl + Pz)P3 F3 0 0 PL3 Fa

The fluxes ¢1, ¢, and ¢3 are respective winding voltages’ volt-seconds per turn. Considering
the side limb windings being similar their core and leakage permeances are considered same,

thus P|_1:P|_2:P|_5, and P|_3=P|_m and P1=P2=PS, P3=Pm.
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% (R+R)R P’

1 _Pst I:1 PLS 0 0 Fl
=———| -P? P+P)P. -PP [IF,[+| 0 P, 0

¢2 (2P5+Pm) S ( S m) S s'm 2 Ls 2 2 (3.15)

¢3 _PSPm _PSPm 2F)Sl:)m F3 O 0 PLm F3

The above equation (3.15) can be expressed in terms of winding voltages and currents as
follows in (3.16).

1

— [Vt

Tl . (P.+P )P P’ ~PP IINi®] [P, 0 0 [ Nji(t)

= [V,dt | = P’ (P.+P )P —PP |IN,i,(t)[+| O P, 0, || Ny, (t)

N, (2P +F,) : o 1(3.16)
1 _Pspm —Pst 2Pst N3'3(t) 0 0 PLm N3'3(t) '
— [V,dt
_N3 i

Differentiating both sides w.r.t time parameter ‘t’, the winding voltage expressions are

obtained as given in (3.17), which can be simplified into an inductance matrix form given in
(3.18).

_—le(PerPm)Ps +Nz2P —_NlNZPSZ -N;N;R P, _'d ]
y (2P +PR,) 1 'L (2P +P.) (2P +P) E'l(t)
Vl = M NZZ(PS'I'Pm)Ps +N.2P -N,N;RF, ii (t)
v (2P +F) (P+P) T T (@PaR) AT (3a7)
3 “NiN;R Ry —N,N;RF, 2N,' PP, +N,P iis('[)
| (PR (2P +P,) (P 4Ry ¢ T |LdtT
fd. ]
_Il(t)

V] [ e L
V, |=|-L L, -L.|—i(t
2 21 22 23 dt2() (3.18)
V3 _I-31 _I-sz I-33
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_ le(Ps+Pm)Ps _ NZZ(F)S+Pm)F)s

b = (2P, +P,) T (319), e = (2P, +P,) T @20
— _ Nlszs2 _ _ NlNSPSPm
L21 - L12 - (2PS N Pm) (3_21), LSl - L13 - (ZPS n Pm) (3_22)
_ NZNBPSPm 2N32PmPs

Ly =Ly = (2P +P) B2 =T op py Tt E2)

3.2. Equivalent Electrical Circuit Derivation

The equivalent electrical circuit for three limb transformer is derived in this section based on
the magnetic circuit. The leakage inductance and magnetizing inductance based electrical
equivalent circuit is derived in this section. From figure 3.2, the magnetic circuit for three limb
transformer provides the relation given in 3.17. The leakage fluxes of transformer windings are
related to the winding currents and respective number of turns. The leakage fluxes @1, ¢ and

@13 can be written in terms of winding currents as given in 3.25-3.27.

L, .l
" 13's

A
= —= _ /1_ _ LL2|2 = —L3 =
¢L1 N N1 (3.25), P = N, _—N2 (3.26), ¢L3 N3 N3 (3.27)

In the equation (3.2), the fluxes ¢;, ¢, and ¢3 are written in terms of volt-seconds and leakage
fluxes are written in terms of leakage inductances and winding currents. Differentiating the
equation w.r.t. time gives the equation 3.28, which represents three voltage sources in series
connection. The equivalent electrical circuit is thus represented by three transformers whose
secondary windings are in series, as shown in figure 3.3. The polarity of V3 is taken as opposite
to that mentioned in equation 3.28. From figure 3.3, it can be observed that three transformers

have same secondary current is. Neglecting the magnetizing inductance current, the three
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windings have the following relation given in 3.28, representing same MMF across all the

windings.

¢ Lis

Figure 3.3. Eq. Circuit for Three Limb Transformer neglecting L,

N, = Nyl = Ngly =1 (3.29)

From the equation (3.17), the self-inductance terms have a leakage component and a
magnetizing component. It can be observed that the magnetizing component of L33 is sum of the
of Ls; and Lz, multiplied by respective turns ratio square, given in (3.30). Considering the
magnetizing inductance current, the MMF relation can be expressed as shown in (3.31). The
equivalent circuit representing the three limb transformer using Lms is shown in figure 3.4.
Referring the magnetizing inductance to side limb windings, the magnetizing inductance can be
split up as shown in figure 3.5. The magnetizing inductance in the circuit shown in figure 3.4
represents the measured open circuit inductance seen from the middle winding of three limb

transformer.
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2N.*P P,

B _(N;yo Navo, _
Lns = Les —Lis _(N_j) L31+(N_z) Ls, _m (3.30)

Ny (i =) =Ny (i, —i,) = Ng(i; —i5) =1 (3.31)

LLl
N.:1
[ { I—L3
v, 1:Ng
[ o
I—L2 I—ml VgT
N»:1
[ [

Lm2

Figure 3.5. Electrical Equivalent Circuit With Ly, and Lmp.

Considering the circuit of figure 3.3, while neglecting magnetizing inductance, the three

transformer model can be simplified into two transformer based model, as shown in figure 3.6,
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where Leg is the leakage inductance seen from middle limb winding. Rs is the series resistance
measured from middle winding. From figure 3.6, the leakage inductances L ; and L, can be
referred to middle winding using turns ratio and since the circuit is series in nature, they can be

added together as shown in equation (3.32).

N N
Leq =L+ (N_3)2 L, + (N_3)2 L., = N32(PLm +2PR5)

(3.32)
1 2
) —

N1:N3 m

VlT §| i v, Leq R, A
Vs

NEZNE,

VzT g |§ V,

Figure 3.6. Reduced order Electrical Equivalent Circuit for Three Limb Transformer.

3.3. Leakage Inductance and Parasitic Capacitance Estimation for Three

Limb Three Winding Transformer

Estimation of parasitic elements such as leakage inductance and coupling capacitance of high
frequency transformers are important, specially for applications similar as Dual Active
Bridge(DAB) Converters where the semiconductor dV/dT transient(generated due to fast
switching of devices) is seen by the winding on the magnetic core. For DAB applications, the
leakage inductance acts as the power transferring element, higher the power required, lower
should be the leakage inductance. The leakage inductance also acts as a key element for enabling

ZVS turn-on of switching devices, therefore the leakage inductance should have a significant
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value so that it has enough energy to discharge the parasitic capacitance of the device within the
dead-time interval[53] of a switching leg. Hence estimation of leakage inductance is a key factor
for designing of high frequency transformer. The coupling capacitance plays an important role in
common mode and EMI considerations. For isolated PV systems, the PV parasitic capacitance
between PV terminals and ground has significant value. In order to minimize its effects, the
inter-winding parasitic capacitance of the transformer should be low enough so that it offers high
impedance to the common mode current path of the system. In this section, analytical estimation
of leakage inductance and coupling capacitance of transformer is presented along with FEA
models and experimental measurements. The analytical models are represented in terms of
transformer core geometry parameters. The leakage inductance is expressed in terms of core
dimensions and winding dimensions. Wire dimensions’ effects are neglected here. The research
work presented here has mostly used litz wires for transformer designs. Therefore the current
distribution inside window area of transformer is considered uniform, which leads to
consideration of MMF distribution as linear across the winding width. The front view and side

view of a three limb three winding transformer is shown in figure 3.7.

Wi Wy W, _
. Side View
Front View

Figure 3.7. Dimensional View for Three Limb Three Winding Transformer.
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Dc = core depth

Hc = window height

Wc = window width

Tc = side limb and yoke thickness

Tm = the middle limb thickness

W1 = winding 1 thickness

Wy, = winding 1 thickness

Wws = winding 1 thickness

CLs and CL, = clearance between windings and the core

Hw = same height for all the windings

Analytical methods for leakage inductance estimation for concentric type windings and
sandwich type windings have been carried out in [63]-[64], which considers the flux distribution
along the winding volume only. Leakage inductance estimation for core-type transformers have
been done in [65] but the presented models are not discussed in detail. An approximate method
of finding the pemeances for different geometrical shapes and volumes have been presented in
[66], which have been more precisely detailed & explained in [67]. In order to estimate the
leakage inductances of three limb transformers, the methods presented for permeance estimation
in [66]-[67], is followed.

The leakage inductance of the aforementioned three limb transformer is estimated by
evaluating the permeances of different leakage paths. The leakage paths considered here are
shown in figures 3.8-3.12. Figure 3.8 shows the leakage volumes PLj, PL,, PL, across the core
as seen from the front view. Figure 3.9 shows the leakage volume across the core from side view.

The permeance Py is represented by the volume inside the core, permeance P4 is represented by
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the half hollow cylindrical volume across the core yoke both in front view and side view. The

permeance Py is represented by the half cylinder volume across the window portion only. The

permeance P 3 is represented by the hollow quarter spherical volume as shown in figure 3.10.

The windings are considered rectangular blocks, hence the permeances across the windings are

represented by two type of volumes, P s which is a hollow half cylindrical volume representing

the leakage flux across a portion of winding, along the length of winding and R» which is

hollow quarter spherical leakage flux volume across the winding corner portions.
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Figure 3.9. Leakage Path for Core from Figure 3.10. Leakage Path for Core from
Side View. Corner View.
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Figure 3.11. Leakage Path for Winding Figure 3.12. Leakage Path for Winding
along its Length. from Corner.

The permeance expressions for these volumes are represented as follows in expression (3.33).
The leakage inductance is expressed as sum of all individual permeances, as given in (3.34). The

individual leakage inductances evaluated following (3.33) and are given in (3.35)-(3.41).

o _ A ALV
L=t T ST 333) L =N P_ (3.34)
DW T

2 2T
W, W L c
where W = (W, + 31'2 +TW3) (3.37), Pa= 7(2(\Nc +T.)+ D, +T,) In(1+H_C) (3.38)

2H,,,/3
PL5_1,2 = &(ZTC +D;)In(1+ H 112/3 ) (3.39),

T wil,2
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2H 5 /3 4,uonl,z,a

_H =
Ps 5= ;(ZTm) In(1+ m) (3.40), Pl6 125 = 3y (341

4 3 3
L=N 2(; PLi + E PLS_j + Zi PL6_k) (3.42)

The leakage inductance of three limb transformer can be estimated using finite element
analysis tool Ansys Maxwell. The individual leakage inductances L1, Li», L3 for the equivalent
circuit shown in figure 3.5, can be estimated from the L matrix of (3.18), which is obtained from
finite element analysis of the 3D FEA model(figure 3.13). The expressions for L, Lo, L3 are
given in (3.43)-(3.45). Considering Ly, to be very high compared to individual leakages, the total

leakage inductance of the three limb transformer, referred to middle limb winding, is given by

(3.46).

Figure 3.13. 3D Model of Three Limb Three Winding Transformer.

N N
LLl = Nl2 PLs = L11 - (N_l) I—12_ (N_l) I—13
2 3 (3.43)

N N
LL2 = Nz2 PLs = L22 - (N_Z) L12_ (N_Z) L23
1 3 (3.44)

46



N N
_3) I—13_ (_3) L23

Lis = NP, = Ly —(
L3 3 'L 3 Nl N2

(3.45)

The above three equations are derived considering the two side limbs and their respective
windings are same in dimensions, but the equations are applicable for any core and winding

dimensions.

N N
LL = LLS + ((N_:)z) I—|_1+ ((N_z)Z) I—L2 (3.46)

The inter-winding parasitic capacitance model is derived from the transformer geometry
shown in figure 3.14. In analyzing the capacitance model, two capacitances are taken in
consideration, (a) the capacitance Ccore between transformer winding and core, (b) capacitance
Ceoil between two faces of windings on two separate limbs. An assumption is made that the core
is equipotential causing no drop in electric field intensity around the core. Hence it can be
inferred that the capacitances Ccore1,Ccores are in series, Ceorez,Ceorez are in series and Ceore1,Ceore2
are in series. The expressions for inter-winding capacitances Ci,, Ci3, Co3 are given in (3.47)-

(3.49) in terms of Ccore and Ceoii. The expressions for Ceore and Ceji are given in (3.50)-(3.52).

&Tel CC 'E &1[‘93 Ccoﬁ

Ceoir-3 Ceoil2-3
|

Figure 3.14. Parasitic Capacitance Model of Three Limb Transformer.
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C,.=C ., .+
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C _ Ccorel *Ccorez _ 50 Dc H w
12— coil —
Ccorel + Ccorez (3.49), Ws (3.50)
80 2(Tc + Dc)le,z C _ ‘90 2(Tm + DC)HW3
corel,2 — CLS (3.51), core3 CLm (3.52)

The inter-winding capacitances can also be verified using finite element analysis tool Ansys
Maxwell. The off-diagonal elements of C matrix, as given in (3.53), obtained from FEA analysis

provide the inter-winding capacitances.

C11 C12 C13
[C] - C21 sz C23
(3.53)
_C31 Csz C33 |

3.4. Transformer Prototypes and Verification of Leakage Inductance and
Parasitic Capacitance Estimation for Three Limb Three Winding

Transformer

Verification of the leakage and parasitic capacitances for three limb three winding transformer
has been carried out by comparing the parameter values obtained from FEA analysis and
analytical method with values measured using Precision Impedance Impedance Analyzer
Keysight 4294A. For the aforementioned three limb transformer, a design approach using E cores
is considered, where the middle limb has twice cross-sectional area than side limbs. The number
of turns for each limb is calculated using the voltage equation given in (3.54), where V is peak of
applied voltage, K; is the form factor(K; = 1 for square wave voltages), Ks is the stacking factor of
cores(Ks = 0.98 for ferrites), N is the number of turns, B, is the maximum flux density, A. is the

core area and fs is the switching frequency.
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V= 4'Kf Ks NA% Bm 1:s (3.54)

Transformer power rating is targeted at 10kW with side limb winding voltages at 700V, and
1200V for middle limb winding voltage at 50kHz operating frequency with peak flux density of
0.2T. For the transformer, 3C90 based ferrite core E-100/60/28 is chosen, where two E-cores are
joined to form three limb configuration and two back to back E-100/60/28 cores are stacked to
increase cross-sectional area. The middle limb has twice the cross-sectional area than side limbs.
Litz wire of type 2 with configuration 600/38 is used for windings. In this design, the middle limb
has twice cross-sectional area than the side limbs, hence the fluxes from the side limb add up
together in the middle limb and double the voltage of side limb winding voltages can be obtained
using same number of turns on middle limb. Here, the side limb windings are designed at 700V
and the middle limb winding is designed at 1200V. Figures 3.16 show the laboratory prototype of
the three limb transformer. Table 4 below shows the transformer configuration details with

operating frequency of 50kHz and flux density of limbs at 0.2T.

Figure 3.15. Designed Transformer Prototype.
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Table 4. Three Limb Transformer Dimensional Data

Side limb no of turns 24
Middle limb no of turns 20
Clearance+Bobbin thickness CLs and

CLn 2.5 mm each
Core depth D 55mm
Window height H, 93mm
Window width W, 22.5 mm
Side limb and yoke thickness T, 13.75 mm
Middle Limb Thickness Tp, 27.5mm
Winding 1 thickness Wy 4.5 mm
Winding 2 thickness Wy, 4.5 mm
Winding 2 thickness W3 4.5 mm

3.5. Transformer Parameter Measurement and Analysis

For the transformer prototype shown in figure 3.15, the parameters are measured using
Keysight Precision Impedance Analyzer 4294. For the transformer, the leakage inductances are
measured by measuring the short-circuit inductances and the inter-winding capacitances are
measured by measuring capacitance between windings with each winding being shorted. Leakage
inductances and inter-winding capacitances values are listed in table 3 for the designed
transformer prototype. Figures 3.16 shows the relative distribution for each of the leakage
permeance components from equations (10)-(18) for the prototype transformers. It can be clearly
inferred that for the designed transformer, 70% of total leakage permeance is due to winding and

45% of total permeance is due to the winding heights.
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Table 5. Three Limb Transformer Parameter Comparison

Analytical FEA Measured
Leakage from
Middle Winding | —>tHH 129uH 134uH
Leakage from PV
Winding 189uH 188uH 174pH
Leakage from ES | 1goH 188pH 176pH
Winding
Capacitance
between PV-HV 27pF 26pF 24pF
Capacitance
between ES-HV 27pF 26pF 23pF
Capacitance
between ES-PV 23pF 22pF 20pF

Transformer 1

PL1
PL6_3 506 | | PL2

15% 4%

PL3
7%

’ o
15%

PL5 1
11%

PL6_1

15% PL5 3 PL5 2

7% 11%

Figure 3.16. Relative Distribution of Leakage Permeances.

Open circuit and short circuit impedance plots of high frequency magnetic devices are
important to infer about the resonant frequencies of the transformer. Typically, the open circuit

resonant frequency is lower than short circuit resonant frequency for a high frequency
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transformer. The operating frequency of high frequency transformers should not be in close
proximity to resonant frequencies in order to have a proper operation of the transformer. The
operating frequency should be much lower than resonant frequency, in the linear inductive range
of impedance vs frequency plots, in order to ensure stable operation of the converter.

Figures 3.19 shows the open circuit impedance plot vs frequency for the aforementioned
transformer. It can be observed that the impedance is linear almost upto 1MHz range beyond
which capacitive effect becomes dominant, resulting in resonance peaks. Around the switching
frequency range, the magnetizing impedance, as seen from middle limb winding, dominates and
the resonant capacitance, seen from the middle limb winding, can be obtained from the first
resonance frequency point. Similar to the open circuit impedance plot, short circuit impedance as
seen from the middle limb winding, is plotted in figures 3.21. It can be observed that the short
circuit impedance is linear almost upto 4-5MHz range beyond which capacitive effect comes into
effect. From the open circuit plots, the magnetizing inductance L, values are obtained as
1.53mH. The leakage inductance value as obtained from the short circuit plots is 131puH. The
capacitance as seen from the middle limb windings are obtained from the impedance plot portion

beyond first resonance point, where impedance falls with increasing frequency.
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1.0E+02

Zoc(Ohms)
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1.0E+2 1.0E+3 1.0E+4 1.0E+5 1.0E+6 1.0E+7 1.0E+8
Freq(Hz)

Figure 3.17. Open Circuit Impedance Plot from Middle Limb Winding.
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Figure 3.18. Short Circuit Impedance Plot from Middle Limb Winding.

Table 6. Measured Self Capacitance

Self capacitance C; 6.8pF
Self capacitance C, 10pF
Self capacitance C3 8pF

The measured capacitances as seen from the middle limb winding represent self-capacitance

and the capacitances in parallel with self-capacitance. The parallel path capacitance is neglected

and the measured capacitance is considered as the self-capacitance. For the two designs, the

measured self-capacitances are listed in table 6.
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3.6. Experimental Results

1200V SiC 12[())0\/_ SiC
Device evice
\\ Transformer
Vo | = T | Vo2
700 V
700 V
<3
T Vdcz

1700V SiC
Device — ﬁ} ﬁ} 1200V

Figure 3.19. Experimental Setup Schematic.

In order to verify the effectiveness of the three limb three winding transformer, experimental
studies have been performed with the high frequency transformers designed above with the setup
shown in figure 3.19. The side limb ports have H-bridges using 1200V devices with a rated dc
voltage of 700V and the middle limb port has H-bridge using 1700V devices with a rated dc

voltage of 1200V.

The effects of transformer parasitic capacitances are observed by investigating the winding
currents at different power levels. Figures 3.20 shows the transformer current waveforms for 9kW
of power at 50kHz switching frequency. Figures 3.21 shows the transformer current waveforms
for 6kW of power at 50kHz switching frequency. From figures 3.22-3.23, almost negligible
ringing currents due to parasitic capacitance and device dv/dt, can be observed during switching
transition. Moreover, the fundamental component of transformer current waveform is free of

ringing and unaffected by transformer capacitances, there is no ringing component of current
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imposed on the fundamental component of current. In order to investigate more into the effect of
parasitic capacitances, the two designed transformers are run at lower power and transformer

current wave forms are analyzed in expanded display.
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Figure 3.20. Three Limb Transformer Current Waveform at 9kW, 50kHz.
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Figure 3.21. Three Limb Transformer Current Waveform at 6kW, 50kHz.
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Figure 3.22. Ringing Current for Three Limb Transformer at 10kW, 50kHz.

In order to have a more detailed understanding of the ringing effect, the current waveforms at
switching instants are observed in an expanded manner, as shown in figures 3.22-3.23. Figure
3.22 show the transformer currents during 10kW of power, which has very low ringing compared
to the line current. Figure 3.23 shows transformer current waveforms during switching transients,
for 3kW power at 50kHz, where current ringing is significant as line current is lower. The
ringing in transformer line current seems higher as the line current magnitude is lower than
10kW. The ringing effect mostly remains unchanged with power level since the ringing is
affected mostly by voltage levels of switching waveforms, dV/dT of switching transients, power

and gate loop inductances.
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Figure 3.23. Ringing Current for Three Limb Transformer at 3kW, 50kHz.

3.7. Conclusion

From the analysis of three limb three winding transformer as discussed above, the equivalent
circuit is series in nature and have been established using the experimental waveform of
transformer winding currents. The leakage inductance and parasitic capacitance models are close
to FEA and actual values. The designed three limb transformers offer quite low current ringing

due to parasitic effects, which are slightly dominant during voltage level transition.
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Chapter 4. Triple Active Bridge Converter Operation
With Three Limb Transformer And ZVS Analysis
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Figure 4.1. Three port DAB Converter using Three Limb Three Winding Transformer.

This chapter focuses in power flow control for three port triple active bridge converter using
three limb three winding transformer. Figure 4.1 shows the converter schematic using three limb
three winding transformer, where the PV and ES port has H-bridges connected to the two side
limb windings and higher voltage dc bus, which is output bus for this case, and it has another H-
bridge connected to the middle limb winding. The PV and ES side H-bridges has a dc voltage
rating of 700V and the output dc bus has a voltage rating of 1200V. The PV and ES side bridges
use 1200V SiC-Mosfets and the H-bridge connected to middle limb winding use 1700V SiC-

Mosfets.
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4.1. Three-Limb Transformer Power Flow Based on Equivalent Circuit

From the discussions on magnetic and electrical equivalent circuit of three limb high frequency
transformer, the power flow expressions are developed here for triple port active bridge converter.
From previous chapter, the equivalent circuit of figure 4.2 is referred in this section, which can be
simplified as shown below in figure 4.3. Also, considering the side limb portions to have same
cross-sectional area, the magnetizing inductance seen from the side limb windings can be
considered to be equal. From the reduced order circuit of figure 4.2, winding currents of PV and

ES can be considered to be same.

E—
|
. e MM
HPY ® 5 q * Lic A
Vv 31| ¢

—rT_YY] Nes:Nc
»H <
) (

Figure 4.2. Electrical Equivalent Circuit for Three Limb Transformer.
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Figure 4.3. Reduced Order Electrical Eq. Circuit for Three Limb Transformer.
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For the phase shift control of the three limb high frequency transformer, the power flow of
each port will depend on the phase differences between the winding voltages. The four possible
positions of the winding voltages are shown in figure 4.4. The voltage on the middle limb winding
voltage V. is considered to be the reference, and the magnitude and phase differences of winding
voltages V,, and Vs are referred to V.. Depending on the phase shifts, the rms values of winding
currents and the currents during switching instants change. The expressions for winding current

values at different switching transitions are given in (4.8)-(4.16).

N N N

pv pv c

R = = NC
I e ) "1 N, (43) e =" (44, Ly = 62" L (4.4),

L = Lva + r122|-|_es (4.5), LLS3 = r312 LLs (4.6), I—ns2 = LLc LLs3 + LLch + LLSSLm 4.7),

i (4)= N, =1V e (Lo  Lna) T = Vg (Lic + L) (7 = 2|8y, = 6us ) + Voo Lna (7 = 2|8, )
e N pv 26!)'.”32 (48)
<M 1V (Lo + L) (=20, =8~ Voo (L, + Lg) 7+ Vi Log (7= 2] )
pv \7es va 20)|_n32 (4.9)
i (O) _ Nc _r31VPVdC (LLC + Lm3)(7[ -2 ¢pv )_ r32Vesdc (LLc + Lm3)(7z' - 2|¢es |) +Vdcm I-m37z'
" N pv 2(0Ln32 (4-10)

ies(¢ v) — valpv(¢pv) 411 ies(¢es): valpv(¢es) 410 ies(o): NPVIDV(O) 113

p Nes ( . )’ Nes ( . ), Nes ( . )

i (¢ ) _ _r31vadc Lm3ﬂ_ r32Vesdc Lm3 (” -2 ¢pv _¢es )+Vdcm (LLs3 + ng)(ﬁ -2 ¢pv )

ooy 200 7 (4.14)

. _r31vadc Lm3 (7T -2 ¢pv - ¢es ) - r32Vesdc Lm37T +Vdcm (LL53 + ng)(ﬂ' - 2|¢es |)

' (0:) = (4.15)
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60



_r31vpvdc Lm3 (7[ -2 ‘¢pv

) - r32Vesdc I'm3 (ﬂ- -2 |¢es |) +Vdcm (LLS3 + LmS)”

IC (0) = 2a)Ln32 (4'16)
Vo | Vo
I Ves I ¢|(i Ves
| | |
| s | v
| 5 ’ ¢ | Gov c
(a) (b)
va | ¢pv va
f—)
| |
I Ves | Ves
Eﬂv.' |
|
I |
| Pes Vs | Pes Vs
nm— e
(c) (d)

Figure 4.4. Four Possible Positions of Winding Voltages for Three Limb Transformer.
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Figure 4.5. Ideal Electrical Eq. Circuit for Three Limb Transformer.



For the four power flow scenarios shown in figure 4.4, the phase shift angles ¢, ¢, are positive
when V,, and Ve are leading w.r.t. V¢, whereas the phase shift angles ¢1, ¢, are negative when V,,
and Vs are lagging V.. The power flowing out of PV and ES ports and the power flowing into port
3 are calculated by averaging the instantaneous power of each port over half switching cycle.
Neglecting the magnetizing inductance effects, for ideal circuit of figure 4.5, the expressions for

Ppv, Pes and Ppigale are shown in equations (4.17-4.19)

) Ve ) B = 5) (7 | = hs] )+ eV Vesn B (7

pv = ool (4.17)

(r3lvpvdc )(r32 esdc )(¢pv B ¢es ) (72— - ‘¢pv - ¢es

)+r32 esdc dcm¢es( _|¢es|)

es 7m)Leq (4.18)
B r31vadc dcm¢pv ( ‘¢pv )+ r32 esdc dcm ¢es ( - |¢es |)
Priddle = ol (4.19)

€q

From the equations, it can be evidently observed that Ppy+Pes=Pmidae. The first part of
equations 4.17 and 4.18 denote the power flowing from PV port to ES port, which can be
represented as in (4.20). The second part of equations (4.17),( 4.18) represent the power flowing

from PV and ES port to middle port, which are given in (4.21) and (4.22).

vadc r1 V,

|Poves| = miequdc [((/ﬁpv ~ ) (7~ by — s )]‘ (4.20)
\Y V.

‘va—middle - %ﬁeq‘%m |:¢pv (72' _‘¢pv ):” (421)

|Pes—middle| = \%‘[¢es (71' - |¢es|):H (422)

€q

The transformer prototype described in chapter 3, is referred here to analyze and to look into

the operating ranges for the three port converter. The power flow ranges of each port for the two
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types of three limb transformer, described above, are shown in figures 4.6-4.7 for phase shifts

varying from —m/2 to +m/2.

Figure 4.6. PV Port Power for Three Limbs Transformer.

Pmiddle

(watts),
x 10

0
Ppu
Figure 4.7. Middle Port Power for Three Limbs Transformer.
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The feasible operating points for positive power output of PV and positive and negative power

output for ES port is shown in figure 4.8.

o ES discharging
o ES charging
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Figure 4.8. Operating Points for 3Port Converter.

4.2. Decoupled Power Flow Control Strategy

The three port converter system of figure 4.1 has two degrees of freedom ¢y, and ges.
Henceforth, power flow of only two of the three ports can be controlled. The average power
expression for PV and ES ports are given in equations (4.17)-(4.19), which are coupled
expressions of @y, and ges. Decoupling of P,y and Pes over the operating power range can be done
by pre-computing several operating points such that the set of pre-computed values of ¢y, and ges
are exhaustive in nature to cover the range of power flow for each port[49]. With pre-
computation of operating phase angles, for any operating point in the converter operation, the

values of ¢pya and gesa are available for a point A which is in close vicinity to the actual desired
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operating point. In this case the power flow controller only has to adjust ¢, and ¢es over a very
small range[49]. For this kind of control, linearized model of the power flow expressions of each
port are required for any arbitrary operating point A. Linearizing equations (4.17) and (4.18)

over point A gives the following expressions for small changes in power

AP, = G aAdyn + G pAdia (4.22)

AI:)esA = C;lZAA¢va + GZZAA¢esA (4-23)

Where Giia, Giza, Goia, Gaoa are functions of gpia and gesa. The expressions for Giia, Gioa,

G21a, G224 are given in equations (4.24) — (4.26).

(rVVC)(r Ves C) (rVVC)VCm
Gup === S (= 2By, — )+ (=2, ) (424)
eq
(132V puac ) (F32Vesao )
Gon =Goia = = p;a)l_;z . [ﬂ_2‘¢pv — | (4.25)
(rVVC)(r VES C) I Vesc ch
GZZA = = p;:-a)l_?’z s (ﬂ_2‘¢pv _¢es )+ ( = : ) d (72-_2|¢es|) (426)
eq eq

The small changes in power can be expressed in matrix form as follows

AIDva — G11A G12A A¢pVA :G A¢va
AP Goia Goon || AP A@p (4217)

The interaction between two power flow expressions can be eliminated for any arbitrary
operating point A using equation 4.27. While for other operating points around its close vicinity,
the decoupling can be achieved using a decoupling matrix H, as explained similarly in [49],
which decomposes a coupled multivariable system into a linearized independent system. The

control structure required using matrix H is given below.
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AvaA — GH A/,i’va A¢va —H Aﬂ’va
AI:)esA Aﬂ’esA (4'28)’ where A¢esA Aﬂ‘esA (4.29)
To achieve independent control loops, the structure of the matrix multiplication should be
diagonal[4.30], therefore the decoupling matrix H can be calculated as H=G™. The system

controller for the independent power flow control of two ports 1 and 2 are shown below in figure

4.14.

H :G—l :|:H11A H12A:|

H 21A H 22A
_ 1 |: G,2a _Gle:| (4.30)
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Figure 4.9. Control Loop for Decoupled Power Flow Control.

4.3. Simulation Results for Decoupled Control
The aforementioned control strategy for three port DAB converter has been implemented and

verified in MATLAB/PLECS simulation environment. Designed three port transformer’s
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parameters from chapter 3 has been referred in the simulation model. The PV and ES voltages are
kept at 700V and Vqc3 has been kept at 1200V. Equations (4.17) and (4.18) are solved for I1(lpy)
varying from 1A to 12A and I5(lgs) is varied from -12A to 12A. The solution points are obtained
for each combination of I; and I, using a scale of 1A between two consecutive points. The
obtained values of ¢; and ¢, are used to calculate the H matrix for each combination of 1; and I,.
All the solution points of ¢; and ¢,, indexed by I; and I,, together with the corresponding H
matrix element are loaded into a look up table. The control schematic of figure 4.14 is
implemented here, where for any reference of I, and I, corresponding ¢:a and ¢, and the H

matrix elements are fetched from the look-up table to control the reference power.

4.3.1. Constant PV Power with Change in Port 3 Power
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Figure 4.10. ES Power Change Under Constant PV Power.

Figure 4.10 shows the input dc current changes for Iy, and les and output lgcs current for port 3
when PV is delivering a constant current of 10A and port 3 power intake undergoes changes.

Under this scenario ES power inflow changes to outflow mode to feed the extra port 3 power
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demand. In figure 4.10, initially ES is charging itself with 5A, now as port 3 power demand
changes, it discharges to provide the extra power requirement while I, remains unchanged due to
decoupled control of figure 4.9. Next, as port 3 power demand falls, ES comes back from

discharging to charging mode again.

4.3.2. Zero ES Power with PV Power Changing

In this scenario PV power output changes as solar irradiation changes but ES continue to
remain in idle, without taking in or feeding out any power. In figure 4.11, PV output current I,
changes from 7A to 12A, and then again back to 5A, without disturbing the ES idle condition of

Zero power.
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Figure 4.11. PV Power Change Under Zero ES Power.

4.3.3. Constant ES Charging with PV Power Changing

In this scenario PV power output changes as solar irradiation changes but ES continue to

charge itself under constant current. In figure 4.12, PV output current I, falls from 7A to 1A, and
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then again jumps to 12A, while the current control of figure 4.9 continues to charge ES at constant

current. When PV current is 1A, the extra power required for ES charging is fetched from port 3

constant dc bus.
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Figure 4.12. PV Power Change Under Constant Current ES Charging.

4.3.4. Zero Port3 Power Constant ES Charging with PV Power Changing

In this scenario, port 3 remains idle at zero power condition while ES charges itself with all the

power that is generated by PV. In figure 4.13, as PV output current I, is 5A, ES charges with 5A.

As 11 changes from 5A to 12 A, ES charges with 12A. As |, falls to 7A, ES charging current also

falls to 7A. In this scenario, the decoupled current control shows it can control the port 3 dc

current I3 as well, in

an indirect manner by controlling I, and I, at same level.

69



11/1I_PV (Amps)
12—
10
8

12/1_ES (Amps)

Em:ﬁ R Lﬁfﬁ:ﬁf — ﬁiﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ::::::F :ﬁfﬁﬁﬁﬁﬁf

13 (Amps)
3
2
1
O [
-
-2
-3
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Figure 4.13. PV and ES Power Change Under Zero Port 3 Power.

4.3.5. Constant Port3 Power Demand as PV Power Changes

In this case in figure 4.14, the port 3 has a constant power demand or current demand of 6kW
for 5A current at 1200V output voltage. While PV power undergoes variation due to solar
irradiation, the ES changes its output current to feed extra power demand or take in extra PV
power generated. In figure 4.14, initially PV delivers 12A, while ES charges itself with 2A. When
PV current drops to 10A, ES takes zero current. When PV output current falls to 2A, ES output
current jJumps to 8A to provide constant demand of 6kW. When PV current rises up to 7A, ES

output current falls to 3A to keep the port3 power demand unchanged.
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Figure 4.14. Constant Port 3 Power Under PV power Variation.

4.4. Discussion on ZVS Operation for Three Limb Three Winding
Transformer enabled Triple Active Bridge Converter Operation under Phase
Shift Control

Natural Zero Voltage Switching turn-on or ZVS turn-on operation for high frequency
switching based two-port DAB converters[53], is a significant advantage over other hard-
switched converters. For converters using Mosfet devices, ZVS turn-on is important for higher
switching frequency as most of the Mosfet switching loss takes place during hard turn-on.
However, with the advent of SiC Mosfet devices, hard turn-on operation of converter can be
allowed to some extent provided converter efficiency target is met. For the three port DAB
converter of figure 4.1 with the phase shift control technique, the ideal ZVS scenarios are

analyzed and discussed in this section.

For a switching device like a Mosfet or IGBT + anti-parallel diode, natural ZVS turn-on takes

place when prior to the turn on of a device, the current is flowing through the body diode or anti-
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parallel diode in an opposite direction to the positive channel conduction direction of the device.
In other words, before the devices turn on, the circuit current flows through the body diode or
anti-parallel diode when the positive gate signal is applied to the device. For a switching leg of an
H-bridge with a series inductance at switching node, carrying a continuous current, the conduction
of current through anti-parallel diode also depends on dead-band time, value of the output
capacitance of the device, magnitude of inductance and magnitude of current[53]. For this
discussion, the change in ZVS operating region is due to device capacitance is neglected and only
direction of current flowing out of the corresponding switching node is considered. The prototype

transformer details for 10kW power in chapter 3 are shown below.

Table 7. Transformer Parameters for Three Limb Transformer

Design Type 1 Transformer
VpviVes:Ve = 1:1:2
Lic=59.3uH
Ln=1.53mH
L;=51.64pH
Li,=51.68uH

For the different winding voltage positions shown in figures 4.4, ideal case of ZVS
requirement is stated as outgoing current from the switching leg should be negative during —Vg. to
+Vq transition. Based on the assumption, the ZVS operating constraint for the three limb
transformer model of figure 4.4, are givens below. The ZVS operating regions in the range of (-

/2 to n/2), are shown in figures 4.15-4.18.

ipv(¢pv)<0, ies(¢es)<o : Ic(0)>0
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Figure 4.15. ZVS Operating Region for Three Port Converter.

The figures 4.15 clearly indicates there is a loss of ZVS for the converters for a considerable
portion of operating range of the two high frequency transformers. Figures 4.16-4.18 show the
individual port ZVS operating ranges for the two transformers. The ZVS operating ranges are

verified through simulation of three port converter using the aforementioned two transformers.

-2 -1.5 -1 0.5 6 ¢pVO.‘5 1 1.5 2
Figure 4.16. ZVS Operating Region for PV Port.
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Figure 4.17. ZVS Operating Region for ES Port.

Figure 4.18. ZVS Operating Region for Middle Port.

From the above plots of ZVS operating ranges, it can be found that for the three limb
transformer, both PV and ES converter has loss of ZVS over significant operating region, while

the middle port converter has ZVS over full operating region. The ZVS scenarios have been
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verified using simulation in MATLAB/PLECS environment by creating a simulation model of
converter system shown in figure 4.1. Figure 4.19 shows three limb transformer winding
waveforms for the converter when all the three ports have natural ZVS turn-on, since all the three
ports have lagging current, as during —Vg. to +V transition, the outgoing currents for PV and ES
port is negative, while the incoming current for middle port is positive. Figure 4.20 shows the
scenario when ES port has ZVS but PV port has no ZVS, as the outgoing current for PV port is
positive and the outgoing current of ES port is negative. Figure 4.21 shows the transformer
winding waveforms when PV port has ZVS and ES port has no ZVS, as the outgoing current for
PV port is negative and the outgoing current of ES port is positive. The incoming current to

middle port is positive in both figures 4.20 and 4.21.
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Figure 4.19. Transformer Voltages and Currents for ¢, =0.6 rad and ¢.s = 0.6 rad.

75



-1000
-1500

Figure 4.20. Transformer Voltages and Currents for ¢,y =0.1 rad and ¢es = 1 rad.
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Figure 4.21. Transformer Voltages and Current for ¢, =1 rad and ¢es = 0.2 rad.

(oo

4.5. Experimental Study of Three Port Converter

1.40815 1.40820 1.40825 1.40830 1.40835 1.40840 1.40845 x le-1

The ZVS scenarios for three port converter using three limb transformer are observed using

experimental study. The PV and ES side converters use 1200V/60A SiC Mosfet device and the

middle port converter uses 1700V/45A SiC Mosfet. The three port converter has been run at
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50kHz switching frequency, using the two types of three limb transformers discussed before.
Different ZVS scenarios are observed for three port operation with prototype transformer.
Figures 4.22-4.24 show the ZVS and non-ZVS scenarios for the three port converter using design
type 1 transformer.

In figure 4.22, the PV and ES winding voltages have lagging currents as the winding currents
are negative during —Vqc to +Vy. transition. For the middle port winding voltage, the incoming
winding current is leading and positive during —Vgc to +Vy transition. The three ports have
natural ZVS turn-on in figure 4.22. In figure 4.23, the PV winding voltage has negative and
lagging current during —Vqc to +Vq transition, while the ES winding voltage has positive and
leading current during —Vqc to +V transition. The middle winding voltage has incoming leading
current to the middle bridge. In figure 4.24, PV and middle port converter has natural ZVS turns-

on, while ES port has no natural ZVS.
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Figure 4.22. Transformer Waveforms for All Three Ports having ZVS Turn-On.
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Z016.-10-29 85:30:16 [ 0L ok Hormal
YOROGAWA 3401299 ] ZO0MS /S SH5A

EE§ D€ MainFl0k xx o0

in(10A/dJY

HE

25, 000w - : : :

CH2 CH3 CH4 CHS CHE
160 a(2.00 YV 10.0 4 Z2.00 0 16.0 A
ACIMG AC1MS ACIMS: AC1MS: ACIMS:

Figure 4.24. ES and Middle Port having ZVS Turn-On, PV port having no ZVS.

In figure 4.24, the ES winding voltage has negative and lagging current during —Vgc to +Vgc

transition, while the PV winding voltage has positive and leading current during —Vgc to +Vgc
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transition. The middle winding voltage has incoming leading current to the middle bridge. In
figure 4.24, ES and middle port converter has natural ZVS turns-on, while PV port has no natural
ZVS.

The efficiency measurement for three port dc-dc converter with three limb transformer using
phase shift control has been carried out using Power Analyzer WT3000, as shown in figure 4.25.
Both ES charging and discharging scenarios have been carried out for efficiency measurements.

The experimental schematic is shown in figure 4.25.
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Figure 4.25. Experimental Setup Schematic with Split-Winding Transformer.

The efficiency of the three port converter for different operating conditions, is measured by
measuring the total input and output power of the setup shown in figure 4.39. The total input and

output power of the converter defined as follows.

va =Vil, P :Vzlz, P(::VSIS

es

When ES is delivering power, then P,, = va+| P | Pout =R

) Cc

And when ES is charging, then B, = va , Pout = Pc+| F)es |
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The efficiency of the converter is defined as ;, = Po% , the efficiency plot of the converter

system is shown below in figure 4.26. The data for efficiency calculation is measured for 5
minute continuous run for each of the operating point. The peak efficiency has been found to be

around 97.9%.
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Figure 4.26. Three Port DC-DC Converter System Efficiency Plot.

4.6. Operating Three Limb Three Winding Transformer with One Port Idle
One of the most important aspects of operating a three port converter, is its successful
operation under the condition of ‘one port idle condition’. Under the scenario of idle condition
operation for one port, the corresponding converter is kept switched off or the corresponding
winding can be kept open, in which case an open circuit voltage develops across the winding. In
‘switched off” condition, all the semiconductor switches are turned off, as shown in figure 4.27-
4.28, and the dc source/storage may or may not be available to the converter dc bus capacitance.
During idle condition, when one winding is open, then the corresponding winding do not provide

any excitation to the core, hence the reluctance offered is very low and as a result the
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corresponding limb acts as a short to the flux path. As a consequence, the mmf sources from the
other two limbs, see a low reluctance path through the third limb with open winding, and
majority of their fluxes flow through the low reluctance path. A very small portion of flux links

the two active windings. This phenomenon is shown in figure 4.29-4.30.

o\ o\
= - Voc

0 0
I |

Figure 4.27. Converter in ‘Switched Off’
Condition. Figure 4.28. Winding in Open Condition.
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Figure 4.29. Flux paths of Three Limb Transformer when One Side Port is Idle.
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Figure 4.30. Flux paths of Three Limb Transformer when Middle Port is Idle.

In ideal transformer, in presence of zero air gaps in limbs, the fluxes from both the windings

add up and flow through the limb with open circuit, and mutual flux is almost zero. In case of

limbs with small air gaps, very small mutual flux cuts through the active windings.

MATLAB/PLECS simulation has been performed to verify this phenomenon.
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Figure 4.31. Ideal Transformer’s Voltages & Currents with Open Middle Winding.
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Figure 4.32. Ideal Transformer’s Voltages and Currents with Open Side Winding.
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Figure 4.33. Actual Transformer’s Voltages and Currents with Open Middle Winding.
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Figure 4.34. Actual Transformer’s Voltages and Currents with Open Side Winding.

For ideal transformer, the magnetizing inductance is infinite, hence no winding current flows
through any of the windings in figure 4.31-4.32. With actual transformer, a small air gap is
considered, which causes a considerable magnetizing inductance. As a result, magnetizing
current flows through the windings in figure 4.33-4.34. When a side port(PV/ES) is idle, zero
current flows through the idle port as the dc bus gets charged through the diodes during initial
current rush, and sits at the peak value of induced winding voltage, thus causing no power to
flow in side limb winding. Majority of the fluxes thus flow through side limb winding, and small
flux flows through middle limb, causing a very small voltage to get induced, when the middle
limb has a load attached. When the middle port is connected to a constant voltage dc bus, the
middle winding gets a very small current flowing through it and a large voltage is developed
across side limb winding, which is much higher than the rated voltage and can cause failure of
transformer and semiconductor devices. The reason behind very high induced voltage is the

addition of fluxes from the other two side limbs. The transformer winding waveforms are shown
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in figure 4.35. In this case, though the middle port winding and the side port winding, which are
active, the winding currents are reactive in nature and the average dc current of the three ports
are zero, as shown in figure 4.36.
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Figure 4.35. Transformer’s Winding Voltages and Currents with Open Side Winding.
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Figure 4.36. Average DC Currents of Three Ports when Side Winding is Open.
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The shortcomings of three port three limb converter in ‘one port idle’ operation is verified
with laboratory experiments with the prototypes discussed above. The corresponding port, which
is kept idle, has all semiconductor switches turned off by pulling down PWM signals to zero. For
the PV or ES ports, when one is in idle condition, only the PWM signals are put off for one and
the dc sources are kept on, while the other side port switches are active and the middle port is
loaded with resistive loads. Figure 4.37 show the transformer winding waveforms when PV port
is idle and figure 4.38 shows the transformer waveforms when ES port is idle. It can be observed
that in both the cases, the side limb windings carry mainly reactive currents and a very small
power is transferred to port 3, since the middle winding develops a small voltage. Hence it can
be inferred that most of the flux from the active side limb links the other idle side limb and a
very small portion links the middle port. In figure 4.39, the middle port is kept idle, with resistive
loads removed from its dc bus. It can be observed that the side limbs carry mainly reactive
current, while middle winding carries zero current with high ringing in winding voltages, which

is caused by leakage inductance and dc bus capacitance.
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Figure 4.37. Transformer Waveforms When PV port is Idle.
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Figure 4.38. Transformer Waveforms When ES port is Idle.
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Figure 4.39. Transformer Waveforms When Middle port is Idle.
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4.7. Possible Techniques for Operating Three Limb Three Winding

Transformer with One Port Idle

Two possible techniques have been analyzed and suggested here so that the three limb three
winding transformer can be operated successfully when one port is to be kept idle. The first
method includes use of a crowbar switch to short the idle port winding, so that enough magnetic
field is present along the limb cross section area. Schematic of the three limb three winding

transformer using a shorted winding is shown in figures 4.40, 4.41.

Vdcl V1 V3

Figure 4.40. Three Limb Transformer with Shorted Middle Port.

Figure 4.41. Three Limb Transformer with Shorted Side Port.

The second method includes use of a double throw switch so that the idle port winding can be
connected in parallel with one of the active windings. The schematic of the three limb

transformer using this method under one port idle condition is shown in figure 4.42, 4.43.
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Figure 4.42. Three Limb Transformer with Parallel Connected Side Ports.

Figure 4.43. Three Limb Transformer with Parallel Connected Side & Middle Ports.

4.8. Decoupled Power Flow for Triple Active Bridge Converter Operation

with Modulation Control Technique and ZVS Scenarios

The phase shift control discussed above, have shown how non-linear control method is applied
to the PV and Energy Storage(ES) power flow control. The non-linear method requires pre-
estimation of operating points and requires memory storage for implementing in hardware.
Moreover, the ZVS operating region for the three limb transformer is limited for both the types of
transformers. In this chapter, modulation control based linear control method is applied to PV and

ES power flow control. The ZVS operating scenarios for the whole converter system and for the
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individual converters of PV, ES and middle ports are discussed here. A discussion on ZVS

operating regions is carried out to analyze ZVS operating regions.

The equivalent circuit of three limb three winding transformer derivation has been done in
chapter 3. The reduced order equivalent circuit, neglecting magnetizing inductance, is derived in
chapter 3. The derived equivalent circuit is shown in provided in figure 4.44. The power flows
from one side limb H-bridge to another side limb H-bridge of the three port DAB converter can
be realized by circuit analysis of equivalent circuit of figure 4.44. The possible voltage levels that

can be applied to the winding voltages by an H-bridge are Vg, 0, -Vqc, as shown in figure 4.45.

eq
. Rs A
Vv Vo

N
T Vee g Vee

Figure 4.44. Equivalent circuit of Three Limb Three Winding Converter.

The power flow from one port to another port of the three port dc-dc converter of figure 4.44
can be realized by circuit analysis of equivalent circuit of figure 4.44. Each port of three limb
transformer has H-bridges connected to them. The three possible voltage levels that can be

produced at the output ac terminals of an H-bridge, are Vyc, 0, -Vqc, as shown in figure 4.45.
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Figure 4.45. Three Level Voltage Output of an H-Bridge.

The fourier representation of three level voltage of figure 4.45 is given by equation (4.32).

vy = 3 Mo

n=odd N

sin Dz sin net
> (4.32)

The three winding voltages of three limb transformer equivalent circuit of figure 4.45, can be
represented in the same way as given by fourier representation in equation (4.32). The three
winding voltages are represented in fourier series as given in equations (4.33)-(4.35). In these
equations, the middle winding voltage is the reference and the PV and ES winding voltages are

having phase differences of 6,y and &es w.r.t. the middle winding voltage.

N
4( % )vadc nD T
vV, )= :TV sin 2‘”

sin(not +9,,) (4.33)

n=odd n
N
A( / W
, N esdc . nD .
V,, )= > es sin —=s7" sin(nwt +6,,)  (4.34)
n=odd Nz 2
, ViV . nD .
V. (t)= Y —%Msin n o sin(nat) (4.35)
n=odd N7 2

From the equivalent circuit, which neglects the magnetizing inductance, the winding current is

same in shape and phase in all the windings, only the magnitude differs based on number of turns.
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Hence, analyzing the current referred to middle winding can provide the power equations. The
RMS current expression for n® component of middle current is given by equation (4.36), where
6pv and &es are the phase angle differences of fundamental component of side limb winding
voltages w.r.t. fundamental component of middle limb winding voltage. For power flow from side
limb sources to middle limb source, the phase angles are leading while for power flow from
middle limb source to side limb sources, the phase angle is lagging.

. Vo 4no,, +V g, £no, -V, £0
| =
" 2,20,

(4.36)

I:)k = Z I:)kn = Z Real(\/anin*) (437)

n=1,3,5 n=1,3,5

__ _"kn"cn
n Z ~ ~ (4.38)

n n n

V. 2c0s6, +anVjn cos(no, —no;+6,) V, V. cos(ns, +6.)

where k=pv,es

The power flowing from one side limb winding of the three limb transformer is given by
equation (4.37), which is sum of real powers due to each harmonic components of the voltage and
current, where Vi, is the RMS voltage of n™ harmonic component of K" winding. Real power due
to "™ harmonic components of the voltage and current for k™ winding is given by equation (4.38),
where Vj, is the RMS voltage of the other side limb winding. The expressions for winding

impedance parameters Z, and 6, are given in equations (4.39) and (4.40).

nol,,
R

S

Z, = \/Rsz +(noly)®  (@439) 6, =tan™( ) (4.40)

For a high frequency transformer nwLe.;>>Rs, hence 6y=r/2, hence the expression for Py,

changes as follows.
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_ViaVin sin(nd; —no,) +anvcn sin(n o, )

kn
nol,, nol,,

(4.41)

Analyzing the equation (4.41), it can be inferred that the first term represent the coupling
between the two side limb winding voltages and the second term represent the power flowing
to/from middle limb winding from/to one of the side limb windings. To decouple the power flow
of each side limb ports, three options are feasible to make to the coupling term zero. First option
is to make the side limb winding voltages lead at same angle, 6,y = e, and the second option is to
place them 180 degree apart, 6,y ~ 6es = . Clearly, from the equation (4.41), if the two side
limbs’ winding voltages are placed at same leading angle w.r.t. V, the side ports will deliver
power and if they are placed 180 degree apart, one will deliver while the other will consume
power. Hence, when PV and ES both are delivering, their respective winding voltages can be
placed at the same phase shift angle of §(leading), and when PV is delivering and ES is charging,
PV voltage can lead V. by phase shift angle 6, and ES voltage can lag V. by phase shift (z-6). A
third option for decoupling the side limb port power flows, during ES charging, PV voltage leads
V. by 6 and the ES voltage lags V. by n. Using method 2, ES can charge from both Vg, bus and

PV, while, using method 3, ES can charge only from PV.

wleql

Figure 4.46. Method 1: PV and ES delivering.
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Figure 4.47. Method 2: PV delivering, ES charging.

Figure 4.48. Method 3: PV delivering, ES charging.

The power flow expressions for the three ports under the different methods can be evaluated
from equation 4.41. Power flow of each port is expressed here as sum of active power
components due to each individual harmonic component. Equations (4.42-4.50) give the average
power flow expressions for the three ports(output power for PV and ES and power flowing into
middle port).The power flow expressions for the three ports are functions of winding voltages,

phase shift angle and total series leakage inductance,
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a) Method 1., dpy = des = J; PV and ES delivering

. (/ )van ., Sin(n o) N/ WV, V., sin(n o)
Nw

(4.42), P = (4.43)

N/ V...V, sin(n o)

+ (4.44)
n l 5 e n l 5 q

1 5

3

OO ( )van ., Sin(n o)
pv

b) Method 2: , dp = J, des = m-0; PV delivering and ES charging

N
oo ( )van ch Sln(n é‘) ® ( % )Vesnvcn Sln(n 5)
/ (.45, P == 2

.45), = 4.46
n 1 5 n=1,3,5 na)Leq ( )
oo (/ WV ounVen SIN(N 5) N/ W, V., sin(n o)
4.47
n 1 5 nol,, n 1 5 L, (447
c) Method 3: , @y, = @, des = m; PV delivering and ES charging
(/ W (N/ W, Sin(n5)
00 pvn esn
(4.48),
n 1 5
. ( )van ., Sin(n o)
Py = 4.49),
: 2315 oL (4.49)
N
0 (/ )van( / ) esn Sln(n 5) 0 (/ )van cn Sln(n 5)
(4.50)
—135 —135
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From the power flow expressions above, it can be inferred that all expression are functions of
phase shift angle &, hence decoupled power flow control is not feasible by controlling the phase
shift angle. However, individual port powers can be independently controlled by keeping the
phase shift angle 6 fixed at a pre-selected value and controlling the output ac voltage of each
converter. The rms or average value of converter output voltages can be controlled by controlling
duty cycles of output square wave or quasi square wave voltages. From equations 4.33-4.35, the

three winding voltages can be expressed as functions of Dy, Des, Dc.

Using method 1, when both PV and ES are delivering, the PV and ES winding voltages are
kept at a fixed leading phase shift angle &, and their output power can be controlled by controlling
their individual duty cycles, as given in equation 4.41. It can be observed that method 2 is same as
method 1, only the polarity of ES winding voltage changes, hence the same equations for method

1 are applicable to method 2.

Method1,2: P, =f(D,,) (451), |P.|=f(D.,) (452, P.=P,+P, (453)

Using method 3, the ES and middle port winding voltages are kept at reference phase angle
and PV winding voltage is made to lead the reference by 6. The power going into middle port is
controlled by controlling duty cycle of middle winding voltage, while power going into ES port is

also controlled in similar way by controlling duty cycle of ES winding voltage.
Method3: P, = f(D,) (454), |P.|=f(D.) (455), P, =P.+P, (456)

Using method 2, the ES can be charged at a higher power when PV output power is very low,
by taking extra charging power from middle port dc bus, while using method 3, the ES can only

be charged from PV.
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4.9. Switching Technique for Duty Cycle Control Method

The typical three level winding voltage waveform during a full switching cycle period for the
H-bridge converter is shown in figure 4.45. Two different kind of switching techniques are
possible for getting the three level voltage waveforms. First technique is to switch every H-bridge
leg at 50% duty cycle and shift the two switching legs of the same H-bridge by some angle to
create a three level voltage output. Figure 4.49 shows the switching technique for this method,
where S;, S, are switches of one leg and S3,S, are switches for another leg. For this switching
technique with 50% duty cycle, one switching leg of the H-bridge connected to middle limb
winding is taken as reference and the phase leading/lagging angles of the switching legs of other

H-bridge are calculated using ¢, Dyy, Des, De.

Switching technique 2, as shown in figure 4.50, has unequal duty cycle for switches. In this
technique, one leg has a carrier signal proportional to D, and the other leg has a carrier signal
proportional to (1-D). The switching logic for both the legs are opposite to each other or
complimentary to each other, which has been shown in figure 4.50. In this method a single carrier
wave is used for a bridge, while the phase differences between the winding voltages is created by

shifting the corresponding carrier waves by the required phase shift angles.

The difference between the two switching techniques is unequal switch conduction. For
technique 1, neglecting the deadband time, the current flows through the Mosfet channels for the
whole switching period, while for technique 2 the current flows through body diode of mosfets
during some portion of the switching cycle, when the switch is off. As a consequence, in
switching technique 1, all the mosfets have equal conduction losses while in technique 2, all the

mosfets do not have equal conduction loss, mosfets remaining on for lower time has higher
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conduction loss as conduction through body diode of SiC-Mosfets creates more losses than

conduction through channel.
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Figure 4.50. Switching Technique 2 with Asymmetrical Duty Cycle.

98



4.10. Triple Active Bridge Converter Turn-on ZVS operating Regions

Power switches such as Mosfets and IGBTs have natural ZVS turn-on depending on the line
current value and direction flow during switching transition[60]. The ZVS turn-on takes place
when the switch to be turned on has zero voltage across it, when the gate pulse is applied, which
happens due to current flowing through the anti-parallel diode of the switch. Dual active bridge
converters and triple active bridge converters generally has natural ZVS turn-on characteristics for
outgoing lagging current and incoming leading current. The switching node current varies
depending on different values of phase shift angle and zero voltage duration of winding voltages.
Using modulation control technique 1, when PV and ES both deliver power, there are twelve
possible cases or modes of positioning of winding voltage transitions, which are shown in figures

4.51-4.62, where V1, V3, V3 represent the winding voltages Vpy, Ves and V.

I e
1 - i 3 - g1
Nt — — — — — — — V- —_—— =
T & i Tz ? 7 s
5 M 5 »
h— I = | _ _ _ _ _ _
v = Zz
[0 Zj T V3 ] Z} T
Figure 4.51. Strategy 1: Mode 1. Figure 4.52. Strategy 1: Mode 2.

99



Vi

Vi

Vi

€

é@“@ - i
2 #-gz
o )’l e
™ Ly
_‘_*_‘5_'1 e
0 7 T

&1 - oy
fz Tz
.l').lh.
I
I—— A I
IZE
o Zj T

i - i
£ i 52
5 (>
5
1 2'2

Figure 4.57. Strategy 1: Mode 7.

e _
fr - i
Vs
ﬂ_
—d i
. [€ "
3 i 73
0 Z; T
Figure 4.54. Strategy 1: Mode 4.
Vi _
i -
Va g2 m—dz
>
] i N I
3 [ 2-2
0 Z; T
Figure 4.56. Strategy 1: Mode 6.
Vi o
i -
R S
B . =2
s
1
1 22
Vs ] Z] T
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Figure 4.61. Strategy 1: Mode 11. Figure 4.62. Strategy 1: Mode 12.

Using modulation control technique 2, when PV delivers and Energy Storage gets charged,
there are twelve possible cases or modes of positioning of winding voltage transitions, which are

shown in figures 4.63-4.74.
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Using modulation control technique 3, when PV delivers and Energy Storage gets charged,

there are ten possible cases or modes of positioning of winding voltage transitions, which are

shown in figures 4.75-4.84.
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Figure 4.78. Strategy 3: Mode 4.
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Using the three control strategies, the ZVS operating regions for the triple active bridge
converter can be evaluated by determining the line current value and direction during the different
switching transition instants. For determining the ZVS operating points, it is assumed that the
effect of device capacitance is negligible and sufficient dead-band time is available for the ZVS
transition to take place. In other words, the ZVS operating region discussed here pertains to ideal
ZV/'S operating cases, where a small negative current present in the line is enough to discharge the
device capacitance and the effect of transformer magnetizing inductance is neglected. The
winding current is evaluated as given in equation (4.57), neglecting the effect of magnetizing

inductance.

t,0)-V.(D,,t,0)}dt

H 1 |\|I0V Nes
(o) =— f . V,,(D,,.1,8) +—=V, (D s

es’
eq N

c

The i_ as evaluated from (4.57), is used to check the current direction during the switching
instants shown in figures 4.51-4.84. During control strategy 1,2 and 3, the criteria being used for

ZV/'S operating point determination is given below.

ZVS Criteria for Control Strategy 1

i, (4) <0 @s8), i (4)<0 @s9) i(Z)>0 @eo), i (Z,)>0 (s,
i (=) >0 @e2), iL(m—3,) >0 463)

ZV/S Criteria for Control Strategy 2

I (@) <0 @4ea), 1.(4)>0 @es), 1.(Z)>0 @ee), 1.(Z,)>0 @6,

i, (=) >0 @es), iL(m—3,) <0 469
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ZV/S Criteria for Control Strateqy 3

I (4) <0 @70), 1.(Z4) >0 @471), 1.(Z,,)>0 472, 1.(Zy)>0 473,
i (Zy,) >0 4.74), i (m—¢,) <0 (475)

Clearly, control strategy 1 is the only feasible method for PV and ES both to deliver.
Therefore, control strategy 1 and 2 is a combination of operating PV and ES in power
outflow/inflow scenarios, while control strategy 1 and 3 is the other possible scenario for PV and
ES integration. Using the ZVS criteria listed above, the ZVS operating points for the three limb
transformer based triple active bridge converter is evaluated as below. Clearly the ZVS operating
points are functions of the phase shift 6, duty cycle Dyy, Des and Dc. For the analysis presented
here, two values of phase shift 6 are considered, 6=n/3 and 6=n/6. The duty cycle D, for the
middle winding voltage is varied over range of (0<D.<1) for variation of Dy, and D¢ over the

ranges (0<D,<1) and (-1<Des<1) respectively.

4.10.1. ZVS Operating Point Ranges with Control Strategy 1 and 2
Using control strategy 1 for PV and ES delivering conditions and using control strategy 2 for
PV delivering and ES charging condition, figure 4.85 shows the full converter ZVS operating

points for the three port converter.
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Figure 4.85. Converter ZVS Operating Points for Three Limb Transformer.

It can be observed that for phase shift values around 30 to 60 degree, using transformer type 2,
the converter has much higher ZVS operating points than using transformer type 2. However, it
can be observed that for both the converters, no ZVS operating points are there when D is
negative, i.e. the during ES charging, the converter system doesn’t have ZVS. To investigate more
into the ZVS of converter, individual H-bridge ZV'S operating points are evaluated. Figures 4.86-

4.87 show the PV and ES converter ZV'S operating points for 6=30 degree.
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Figure 4.86. PV Converter ZVS Operating Points at 6=30 degree.
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Figure 4.87. ES Converter ZVS Operating Points at 6=30 degree.

It can be observed that there are no overlapping ZVS operating points for 6=30 degree in the

negative Des region, which rules out the possibility of converter ZVS during ES charging.
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However, the ES converter has considerably large ZVS operating points. Figures 4.88-4.89 show

the ZVS operating points for 6=60 degree.

" I I I i I I I i
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Figure 4.88. PV Converter ZVS Operating Points at 6=60 degree.

Figure 4.89. ES Converter ZVS Operating Points at 6=60 degree.

110



Figure 4.90. Middle Port Converter ZVS Operating Points at 6=30 degree.
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Figure 4.91. Middle Port Converter ZVS Operating Points at =60 degree.

Figures 4.90-4.91 show the middle port converter ZVS operating points, where it can be
observed that for a particular phase angle, the ZVS region increases with increasing value of duty

cycle D¢. Also, for higher phase shift angle, the ZVS range is higher for fixed duty cycle D..
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4.10.2. ZVS Operating Point Ranges with Control Strategy 1 and 3
Using control strategy 1 for PV and ES delivering and using control strategy 3 for PV
delivering and ES charging, figures 4.92 and 4.93 show the full converter ZVS operating points

with the transformer type for 6=30 degree and 6=60 degree.
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Figure 4.93. Full Converter ZVS Operating Points at 6=60 degree.
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It can be observed from figures that for this control strategy of 1 and 3 that the full ZVS
operating points include some ES charging portions for phase shift angle of 60 degree, which is
not present for full ZVS operating points of control strategy 1 and 2. Also, using control strategy
3, a slightly greater range of ZVS operating points are obtained for the full converter system. The
ZV/S operating ranges for individual converter ports are analyzed and evaluated as shown below.
Figures 4.94-4.95 show the PV converter ZVS operating regions for phase shift angles of 30

degree and 60 degree.
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Figure 4.94. PV Converter ZVS Operating Points at 6=30 degree.
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Figure 4.95. PV Converter ZVS Operating Points at 6=60 degree.

From the above figures, it can be observed that for both the transformers, the ZVS operating
points vary with the three duty cycles, and ZVS operating points are higher for ES discharging
scenarios compared to ES charging scenarios. The ZVS operating points for ES converter are

shown in figures 4.96-4.97 for the two transformers for two different phase angles.

Figure 4.96. ES Converter ZVS Operating Points at 6=30 degree.
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Figure 4.97. ES Converter ZVS Operating Points at 6=60 degree.

From the figures 4.96-4.97 for ZVS operating region of ES converter, it can be observed that
ES converter has high ZVS operating points with both the transformers compared to control
strategy 2. Figures 4.98-4.99 show the ZVS operating points for middle port converter using the

two transformer design types for two different phase shift angles.

Figure 4.98. Middle Port Converter ZVS Operating Points at =30 degree.
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Figure 4.99. Middle Port Converter ZVS Operating Points at =60 degree.

The ZVS operating point plot for the two transformer types using control strategy 1 and 3,
provides a wide range of operating points for different values of duty cycles. It can be inferred
that using transformer type 1 provides a high range of ZVS operating points than using

transformer type 2.

4.11. Experimental Study with Modulation Control of Three Port Converter
In order to verify the decoupled power control using modulation control, the dc current of
source PV is controlled at a reference value and the dc current of source ES is controlled as well
to control the power flowing into port 3. The ES port power controls the dc bus voltage of
middle port at a fixed value. For experimental purpose, the input dc voltages for PV and ES are

kept at 500V and the HV dc voltage is controlled at 1000V.
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Figure 4.100. Closed Loop Power Control of Three Port Converter.
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Figure 4.101. Closed Loop Power Control of Three Port Converter.

Figure 4.100 shows the scenario when |_1 changes from 10A to 7A due to change in I 1
reference current which is set through s DSP controller, the dc voltage V3 falls which initiates
increase in current |_2 to feed in more power from ES to restore the dc voltage V. Similarly,
figure 4.101 shows the scenario when current I_1 increases from 10A to 7A due to change in 1_1

reference, resulting in increase in Vg4c3, Which initiates the current |_2 to fall to restore Ve to
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1000V. Few cases of ZVS and loss of ZVS scenarios are shown below for three port converter

using three limb three winding transformer with Modulation control in figures 4.102-4.104.
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Figure 4.102. Winding Waveforms Using Control Strategy 1.
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Figure 4.103. Winding Waveforms Using Control Strategy 2.
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Figure 4.104. Winding Waveforms Using Control Strategy 3.

Using the modulation control, each of the three the converters undergo different ZVS and no-
ZV/'S scenarios or partial ZVS scenarios, when one leg of the corresponding H-bridge has natural

ZV/'S turn-on but the other switching leg has hard turn-on.

4.12. Conclusion

The phase shift control method provides a low ZVS operating range for the converters. Using
three limb transformer provides a high ZVS range for middle port H-bridge but low ZVS region
for PV and ES port bridges. The efficiency achieved with phase shift control is not very high for
as compared to phase shifted converter. The one port idle condition thus provides a major
drawback for the designer to use extra connecting/disconnecting switches for successful operation
in ZVS. The modulation control method for three port dc-dc converter offers simpler control of

power flow associated with each port, it has a varying natural ZVS operating region depending on
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the chosen value of phase shift angle. Determining the optimum phase shift angle and modulation
duty cycle while having ZVS for all the three converters is a quite complex process. The
modulation control provides a partial ZVS turn-on scenario where one leg of a H-bridge gets ZVS
but the other leg does not have natural turn-on ZVS. One major disadvantage with modulation
control is the high reactive power flow for either PV or ES port at certain scenarios, which can be

observed from the waveforms shown above.
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Chapter 5. Three Limb Split-Winding Transformer

The three limb three winding type transformer as discussed in previous chapters, has few
drawbacks as mentioned above while being operated for three port triple active bridge
configuration. One of the major shortcomings is case of power flow among two ports during idle
conditions, when the converter connected to one port is switched off and the dc link source is
inactive. Secondly, the three limb three winding transformer while being operated as Dual Active
Bridge converter has low ZVS operating points for all the converters, the H-bridges connected to
PV and ES side has lower ZVS operating region, as discussed in above chapters. Loss of ZVS
operating points at high switching frequency leads to lower efficiency. In order to overcome
these shortcomings, a split-winding type three limb transformer is proposed in this chapter, using
which the problems of open circuit condition and loss of ZVS operating points are overcome. In
this transformer, the middle winding is kept same as in case of three limb three winding
transformer while the PV and ES windings are split up into two sections each, which are put into
two side limbs and are connected in series, as shown in figure 5.1. The transformer shown in
figure 5.1 is re-arrangement of three limb three wnding transformer discussed in chapter 3 & 4,
which provides significant advantages in terms of ZVS operation, one port idle operation,
efficicency etc., which will be discussed in detail in this chapter. The split-winding transformer
of figure 5.1 has equal core volume, core cross-section and copper requirement while comparing

with three limb three winding transformer.
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Figure 5.1. Schematic for Split-Winding Type Three Limb Transformer.

5.1. Magnetic Circuit and Equivalent Inductance Matrix Derivation

In order to analyze the effectiveness of split-winding type three limb transformer, it is
essential to have a proper model derivation for magnetic circuit of the transformer. For power
electronic circuit analysis, understanding of magnetic circuit s important in order to obtain a
proper electrical circuit model. In order to analyze the magnetic circuit of split-winding type
transformer, the leakage inductances are modeled as parallel flux paths through the air across the
windings, windings are replaced by MMF sources and magnetic core is represented with
reluctances or permeances. In figure 5.2, the MMF and permeance based magnetic circuit model
for the split-winding type three limb transformer is shown. All the parameters related to side
limbs are related by suffixes ‘@’ and ‘b’, the middle limb parameters are denoted by suffix ‘C’.
Permeances of the two side limbs with the yoke portions are P, and P, and permeance of the

middle limb is P.. Each winding is replaced by an MMF source with a parallel leakage path. The
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windings on the left hand side limb has two MMF sources Fa1, Fa together with two parallel
paths Pia1, PLaz for leakage fluxes ¢ia1 and ¢ra2. The applied volt-seconds on each winding
portion of left hand side limb is represented by ¢.1 and ¢42. The windings on the right hand side
limb has two MMF sources Fy1, Fy2 together with two parallel paths Py, Py, for leakage fluxes
b1 and Pp2. The applied volt-seconds on each winding portion of left hand side limb is
represented by ¢,; and ¢p,. The middle limb winding has a MMF source F. with parallel path P
for leakage flux ¢.c. The applied volt-seconds on the middle limb winding is represented by ¢.

The fluxes that flow through the three limbs are represented by @ma, dmp and Pmc.

Pmc
Pa ¢Ma PC T Pb ¢Mb

PLa1 PLo1

PLalr ? PrLc PLblr ?
Pe
Lor LoV s

bz | Sz

Figure 5.2. Magnetic Equivalent Circuit Model for Three Limb Transformer.

From the above figure 5.2 of three limb transformer, the sum of the instantaneous fluxes from
the three limbs is zero, as given by equations (5.1) and (5.2). The expression for fictitious mmf

Fm is given in equation (5.3).
Pva + Po + e =0 (5.1)
(Fal + |:a2 - I:m)*l:)a_|_ (Fbl + I:b2 - I:m)*l:)b_|_ (Fc - I:m)*l:)c =0 (5.2)
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F _(Fa1+Fa2)*Pa+(Fb1+Fb2)*Pb+|:cPc
mo P, +P +P

(5.3)

Now, @m1, dm2 and ¢ms can be expressed in terms of MMFs Fy, F, and F3 as given in equation

5.4-5.6.
e = (Fu +F —F)PL 5.4), dw =Ry + Ry, —F)P, 655),

¢Mc - (Fc _ |:m)l:)c (5.6)

Replacing Fr, with (5.3), the three fluxes ¢ma, dmp and ¢guc can be expressed as follows.

Fal

¢Ma 1 Pa(Pb + Pc) Pa(Pb + Pc) _Pan _Pan _PaPc Faz

By " iP) -RR -PR - R({E+R) R(R+R)  -RR ||Fy

o] |l AR BB -RR PR PR(R+R)|F,|®7
FC

The fluxes ¢ma, dmp and @y can be related to the leakage fluxes as given in equations 5.8-
5.10. The applied volt seconds for each winding can be expressed as functions of core flux and

leakage fluxes, given in equations (5.8)-(5.10).

¢Ma - ¢a1 _¢La1 = ¢a2 _¢La2 (5.8), ¢|v|b = ¢nl _¢Lb1 = ¢n2 _¢Lb2 (5.9),
¢Mc :¢C_¢ Lc  (5.10)

The leakage fluxes for all the windings can be related to their leakage flux path permeances
PLa1, Praz2, Pib1, PLs2 and Py as given in equations (5.11)-(5.15). Using equations (5.11)-(5.15) in
equations (5.4)-(5.6) changes the 3x5 matrix of equation (5.7) into a 5x5 matrix expression as

shown in equation (5.16).
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Do = PooFp (5.14), 9 =PR.F (5.15),
P(R+P) P(R+P) PR PR -PP T[F,]
P(R+P) P(R+P) -PR PR -PP |IF,
m -R.R -PR R(R+R) R(R+R) -RR |IF,
) : -PR -P.R R(P.+R) R(PR.+R) -RPF, Fi.
_PcPa _PcPa _Pch _Pch Pc(Pa + Pb)_ Fc i
TE]
PLaZ Faz
Plon Fiy
Ply2 Fy.
PLC L FC N

(5.16)

The fluxes @a1, ¢a2, Pb1, P2 and ¢ are respective winding voltages’ volt-seconds per turn.

Expressing the fluxes in terms of volt-seconds and the mmf sources in terms of ampere-turns,

equation (5.16) is expressed as shown in (5.17).

1 [V,,dt
Nal
1 _
N_az [V, 0t
L [\AL o
Nbl (Pa+Pb+Pc)
1
—|V,,dt
szj ”
L [v.dt
L Nc J
_PLal
I:>L512
+ Pl
PLbZ
L P

R(R+R) R(R+R) -RR -P,R -P,R
P(+P) R(R+P) -PR PR PP
RR -RR R(R+R) R(+R) AP
RP RP R(R+R) R(RR) AR
| PR RR PR PR R(R+R)]
1 N (0]
Naala ()
Npgiy, (1)
Nyl (t)
| N (t) |

c |

i Nalial (t) ]

Naziaz (t)
N (t)
szibz (t)

L Ncic (t) |

(5.17)
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Differentiating the above equation w.r.t time parameter ‘t’, the winding voltage expressions

are obtained as given in (5.18), which can be simplified into an inductance matrix form given in

(6.19).
Nalzpa(lat)+|:’c)+ 2 NalNaZPa(Pb+Pc) _NaleIPaPh _Nale2Pan _NalNcPaPc
(Pa+Pb+Pc) a (Pa+HJ+Pc) (Pa+Pb+Pc) (Pa+Pb+Pc) (Pa+Pb+Pc)

v Ny NP(R +P,) NaZZPa(Pb +R) o =Ny NyPR =N NioPR -NoN.P.F, i)
val (P.+R +P) (P+R+P)  * (P.+R +P) (P.+R +P) (P.+R +P) _al(l)
2 I 2

VZ _ “Ny NPy “NyNoRP, Nb12Pb(Pa+Pc)+N 2p NNy Py (P, +P) “Ny NP, d iz 0 (518)
1T bl " Lhl 1
v (P,+R,+P) (P,+R +P) (P,+R +P) (P,+R +P) (R+R+PR) dt L0
b2 b2
A ~NipNaRP, ~NipNio R Py NiNyR (P +R) NbZZF)la(Pa+IDc) 2 Ny, NRR i.(t)
(P +R+FR) (P,+R+R) (P,+R+R) (R+R+R) (P,+R+R)
_NcNalpaPc _NcNaZPaPc _NcNmePc _NchZPch chpc(Pa +Pb) 2
(P +R+FR) (P, +R+R) (P,+R+R) (P, +R+R) (R+R+P) ]
v, L L., -L, -L,. -L. ]9
al alal ala? albl alb? alc " (t)
t
Va2 LaZal La2a2 _LaZbl _LaZbZ _La2c d
Voo |= “Lowar Loz Lo Lo —Lu it i, ()
(5.19)
Vb2 _Lb2a1 _Lb2a2 Lb2b1 Lb2b2 _LbZC
d
_ _ _ _ — 1, (t
L Vc 1 L Lcal LcaZ chl ch2 Lcc | dt 3 ( )

From equations (5.18), the individual leakage inductances can be expressed as given in 5.20-

5.24.

LLal = Na12 PLal = Lalal _(

N a
_1) La1a2

a2

(5.20)

Na
I-La2 = Naz2 I:)Laz = La2a2 _(_2)

Nal LaZal (521)

N N
Lo = Nox Pos = Lo _(N_bl) Lowe  (5.22) Lo = Noo"Ploz = Loave _(N_bz) Looer (5.23)
b2 b1

N, N,
I-Lc = ch I:)Lc = Lcc - (_) Lcal - (N_) chl = Lcc _(
bl

Nal

Nc
_) Lca2 -

Na2

N
(_
Ny

Sl (5.24)
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5.2. Equivalent Electrical Circuit Derivation

The equivalent electrical circuit for split-winding type three limb transformer is derived in this
section based on the magnetic circuit. The equivalent circuit of split-winding type transformer is
similar to that discussed in chapter 3, with modifications for multiple windings. From figure 5.2,
the magnetic circuit for three limb transformer provides the relation given in 5.18. The leakage
fluxes of transformer windings are related to the winding currents and respective number of
turns. The leakage fluxes ¢ a1, @Laz, PLo1, dLo2 and @i can be written in terms of winding currents

as given in (5.25)-(5.29).

¢ _ ﬂ’Lal _ LLallal ¢ _ X’Laz _ LLaZIaZ ¢b _@_ LLbllbl
Lal — - La2 — - Lbl — -
A\ Ny (5.25), No, Na, (5.26), Ny Ny (5.27)
¢ _ ﬂ’LbZ _ I‘Lb2|b2 //L _ I‘LCI(:
Lh2 — -

_ e _
Ny, Ny, (5.28), fle = N, N, (5.29)

The electrical equivalent circuit of three limb three winding transformer is series in nature as
discussed in chapter 3, as the fluxes add up from the three limbs to give a series electrical
equivalent circuit. Similarly, for the split-winding type transformer, the equation for the middle
winding voltage can be written as given in equation (5.30).

di, (1

1
N—C(Vc L= )7 et (530)

For single core based three winding transformers, the electrical equivalent circuit is parallel in
nature[56], since all the windings cut across the same mutual flux. For the side limbs of split-
winding type transformer, same mutual flux is enclosed by the two windings. The windings on
the side limbs of the split-winding transformer can be put in parallel to each other while the

middle winding can be in series with two set of parallel windings from both the side limbs. The
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voltage equations for the side limb fluxes are shown in equations (5.31) and (5.32). The resulting
equivalent circuit is shown in figure 5.3. The magnetizing inductance of the transformer is
referred to the middle limb winding, as in case of three limb three winding transformer.

Neglecting the magnetizing current, the mmf equation for the split-winding type transformer is

shown in equation (5.33).

1 d.al ®, 1 dlaz (t)
N_al(val al ) o a2 (V B ) ¢Ma (5:31)
di di
Ni(vbl — Ly b (t)) = . (Vb2 — L ke (t)) Do (5.32)
b1 Ny,

T Vi1

Lib2
o

Figure 5.3. Electrical Equivalent Circuit for Split-Winding Transformer.

Noilay + Naolay = Npghyy + Npoly, = N =1 (5.33)
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5.3. PV and ES integration with Split Winding Type Three Limb Transformer

Figure 5.4. PV and ES Connection for Split-Winding Transformer.

The split-winding type transformer discussed above is analyzed in this section for PV and
Energy Storage(ES) integration. In order to use the split winding type transformer for PV and ES
integration for a three port application, one winding from each of the two side limbs are selected
and are connected in series. The connection diagram for split winding type transformer is shown
in figure 5.4 and the equivalent electrical circuit is shown in figure 5.5. The sections al and b1 are
connected in series with opposite polarity terminals being joined, so that the voltages of the series
connected windings, get added. In a similar way, sections a2 and b2 are joined together in series.
Figure 5.4 shows the connection diagram for equivalent electrical circuit. For PV and ES
integration using split-winding type configuration, it is convenient to split the PV and ES into two
identical windings on two side limbs, i.e. the side limb winding sections have equal number of

turns, winding height. Also, cross section of the two side limb sections are considered to be equal.
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Figure 5.5. PV and ES Connection with Electrical Equivalent Circuit.

From the above two figures of split winding transformer configuration for PV and ES

integration, the equation (5.19) needs to be modified to reflect three winding voltages and

currents. An assumption is made that both the PV and ES windings are each split into two equal

halves on the two side limbs. The two equal halves for PV and ES have equal number of turns and

also the geometric dimensions of the two side limbs are same. Hence, Na1=Np1=Ns1, Na2=Np>=Ns,

and P,=P,=P;s and P.=Py,. For the PV and ES integration, Vp, = Va1 + Vi1, Ves = Va2 + Vi, a1 =

In1 = Iy, la2 = In2 = les. Replacing the parameters of equation (5.19) with these values provides the

equation (5.34), which can be written as shown in equation (5.35).

2N,RP
2P +P.
2N51Ns2PsPc

2P +P.
_ZNslNcPsPc

P +P

+ N512 (PLal +

Pl)

2N51N52P5PC

2P +P.
2N, PP,
2P +P.
_2N52NcPsPc

2P +P

+ NsZZ(PLaZ + P

Lb2)

2NN PP,
2P.+P.

-2N,N.PP,

2P +P.
2N.’P,P

CSC_I_N

2
R
2PS+PC ¢ L
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va L pvpv L pves chv d I pv (t)
Ves = vaes Leses - Lces a ies (t)
B Vc ] _chv _Lces Lcc L ic (t) | (5:39)

From figure 5.5, the two winding sections of PV and ES ports are connected in series, hence
for equally split windings, PV and ES voltages are divided equally across the two windings,
hence the reflected voltages, as seen from the middle winding are given as 2*0.5*(N¢/Ns1)*Vpy
and 2*0.5*(N¢/Ns2)*Ves. Hence, the reflected voltages for PV and ES ports are multiplied by
ratio equal to number of turns on middle winding to number of turns on any one section of split
windings. The equivalent circuit can thus be reduced to a more simple form as shown in figure

5.6.

Figure 5.6. Reduced order Electrical Equivalent Circuit.

In figure 5.6, all parameters are referred to the middle limb winding, the parameters are listed

out below.

. NC
Lpv :(

SN,
L )2 (LLal + LLbl) (5.36), I—Les = (—)2 (LLaZ + I‘Lb2) (5.37)

Nsl st
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(5.38), Ve =( Ne v, (5.39)

: N,
V. ., =( W N
s2

pv pv
N sl

5.4. Triple Active Bridge Operation with Split Winding Type Three Limb

Transformer
1200V SiC Mosfet 1200V SiC Mosfet
| Converter Converter
s v I
vadcl | | Va el
| J} T |Vesdc
it .
I ==:|-| ES
| |
I
] )i a
} N
- | | | bt
T —b !
I V | I
l PWM J} dem (= I |
| | = PWM
| | _ BUS | |
| | 1700V SiC Mosfet | B
|| : :_ Converter ﬁ} , | | | |
————— f =1 1
L | *PWM } r——l |
| Lo 11 Ll |
- - — - —— —/ > Controller - — |
[C— —

Figure 5.7. Triple Active Bridge Converter Using Split-Winding Transformer.

The three port split-winding transformer is the transformer for three port dc-dc converter or
triple active bridge converter as shown in figure 5.7. The power flow expression for triple active
bridge converter or three port DAB converter can be derived from the reduced order equivalent
circuit of figure 5.6. Neglecting the magnetizing inductance, the power flow equation for such a
star network modeled three port transformer has been derived in [56], where the star connected

model is transformed to delta model as shown in figures 5.8-5.9 and the power flow equation
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between any two ports is derived. Conversion of leakages from star to delta model are given in

equation (5.40)-(5.42).

Figure 5.8. Star Network Model Figure 5.9. Delta Network Model

Lipy Lies L, L
_ ’ ’ Lpv —Les ’ Lpv —Lc

L, =L +Lhes + L (5.40) Lis=Ly +Lc+——— (5.41)
Le Les
L _ L 4 L Les’ I_LC
L23 = bes T Lhic +—, (5.42)
I—va

In this discussion, V. is considered as the reference voltage and Vp, and Vs are shifted by
angles ¢, and ¢es. Considering 50% duty cycle switching for all the three winding voltages, i.e.
180 degree on-time for each switching device, the power flow between any two ports are
expressed as follows in (5.43)-(5.45). Individual power flow associated with each port is
obtained by algebraically summing up the power coming and going out of each port. The power

flowing out of PV and ES ports and going into middle port are given in (5.46)-(5.48).
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( C )( C )vadc esdc (¢pv ¢es)(7z— ‘¢pv ¢es

N
P — sl 52
PV —ES oL, (5.43)
N N,
(Nic)vpvdc dcm¢pv (ﬂ- ( N esdc dcm ¢es (ﬂ- |¢es |)
P . — sl P ) — s2
PV —middle 7[6!)'_13 (544), ES—middle 7m)L23 (545)
N
(Nic)vpvdcvdcm¢pv (7[ - ‘¢pv )L12 c )( C )vadc esdc (¢pv ¢es)(7[ ‘¢pv ¢es )L13
Pov = = ”le L1 (5.46)
3712
N,
(N esdc dcm¢es (7[ |¢es |) L12 C )( C )vadc esdc (¢pv ¢es)(7[—‘¢pv — Pes 23
P =—22 Sﬂa)L2 L (5.47)
3712
Nc
(Ni)vpvdcvdcm ¢pv (72— - ‘¢pv ) L23 + ( esdc dcm ¢es (7[ |¢es |) L13
Prigdie = = A= (5.48)

ol L,
In case of a non-ideal transformer, the magnetizing inductance may not be too high to neglect
due to presence of intended air-gaps to prevent core-saturation, the magnetizing inductance
effects need to be considered for power flow calculation. From the figure 5.6, the voltage

induced across the magnetizing inductance L is given as shown in (5.49).

Vo Lies Lic +Vea Ly L +V L

m 3
I—n

L,

va Les

V (5.49),

where Lo=L 'L L. +L, Lo b+, L.L.+L.L.L

Lpv —Les Lpv —Les Lpv —Lc —mc Les —Lc —mc

The average current from each winding is given as shown in equations (5.50)-(5.52)

T

i j Ny Vo)

pv(avg)

(550), ies(avg) Tl j(\/es _( 52 )V )de (551),

v 0 c Les O

134



i 1 =
Ic(avg) = FLLC_(‘;(Vm _Vc)de (5.52)

Considering 50% duty cycle switching for all the three winding voltages, i.e. 180 degree on-
time for each switching device, the average winding voltages for the three winding voltages are

equal to their dc link voltage. Average power flow associated to each port is given by

multiplication of average port voltage and average current, which are expressed in (5.53)-(5.57).

vadc,Vdcm¢pv (7[ “Ppv )LLes L +vadc Vesdc (¢pv - ¢es )(ﬂ- - ‘¢pv - ¢es )LLc me
PV T ol ® (5:53)
esdc dcm¢es (ﬂ' |¢es |) I—va me pvdc esdc (¢pv ¢es)(ﬂ' ‘¢pv ¢es )LLc mc
ES 7Z'C()L 3 (554)
n
vadclvdcm ¢pv (7[ “|Ppv ) LLes L +Vesdc Vdcm ¢es (72- - |¢es |) I—va, me
Prigale = (5.55)

ol

. N, N,
where vadc = ( N ) pvdc (5 56) esdc = (N_)Vesdc (557)
sl s2

In a PV and ES integrated three port phase-shifted dc-dc converter, the PV always acts as
power source or remains idle, while ES port and third port, which if connected to grid, can act
both as a source and sink. Considering this set of power flow scenarios, the winding voltages’

positions for different possible cases are shown in figures (5.10)-(5.12).
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0

Figure 5.10. Vpy, Vs are leading V¢ and Vpy leading Ves.

_.|___.
=
<

0

Figure 5.11. Vpy, Vs are leading V¢ and Vpy lagging Ves.
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i Ves
:— Pes
I v
(I

0

Figure 5.12. Vpy, Vc are leading Vs and Vpy leading Vc.

The transformer winding voltages and the phase shifts together with the leakage inductances
define the winding currents and the ZVS scenarios. Equations (5.76)-(5.84) show the three

winding currents’ values during the instants ¢;, ¢, and 0.

sl

NC

s2

NSl

— Nsl

NSZ

P! (5.58), Iz = (5.59), I = (5.60),

C

Nsl

st Nc
s =N (8:61) fa = (5:62), T = 1 (5.63)
c s2

Lo =Ly, (5.64), Ligy =T Lies (5.65), Liy = ry’Lyp, (5.66), Ly =Nyl (5.67),

LL12 = I’122 LLes (5.68), LL13 = r132 LLc (5.69), Lml = r132 me (5.70), Lm2 = r232 me (5.71),

Lns = Lne (5.72), L° =6°L°(573), L, =1,°L° (5.74), Ls® = L,°(5.75)

_vadc (le L13 + L12 Lml + L13 Lml)” + IF12Vesdc L13 Lml (7[ -2 ¢pv - ¢es ) + r13Vdcm L12 Lml (7[ -2 ¢pv )

I, (40,) = i (5.76)
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_vadc (L12 L13 + L12 Lml + L13 Lml)(ﬂ -2

¢pv - ¢es

) + IrlZVesdc L13 Lml” + IF13Vdcm L12 Lml (7[ - 2 |¢es |)

IPV (¢es) = 2w|_n13 (577)
i (0) _vadc (L12 L13 + L12 Lml + L13 Lml)(” - 2 ¢pv ) + r12Vesdc L13 Lml (72- - 2 |¢es |) + r13Vdcm L12 Lmlﬂ-
= 5.78
. 20l ° (5.78)
. _Vesdc (L21L23 + L21Lm2 + I-23 Lmz)(” -2 ¢pv - ¢es )"‘ r21vadc L23 Lmzﬁ + r23Vdcm LZleZ (77 -2 ¢pv )
Ies (@) = I (5.79)
n2
. Vesge (Lo Log + Loy Lp + Los L)+ 10V e Lo Ly (7= 28, = i) + 1V g Loy Ly (7 — 2|¢es |)
Ies () = I (5.80)
@ n2
i (0) Vegae (Lyg Log + Ly Ly + Ly Ly ) =2 Doy )+ FyV e Losloma (7~ 2|¢es |) +0Vien Lo Lo @
es\Y) = 5.81
ZwQS ( )
. Vdcm (L31 L32 + L31 I-m3 + L32 Lms)(” -2 ¢pv ) - r31vadc LSZ Lm3ﬂ- - r32Vesdc L31 Lm3 (7Z -2 ¢pv - ¢es )
i () = I (5.82)
n3
. Vdcm (L31 L32 + L31 I‘m3 + L32 Lm3)(” - 2 |¢es |) - r31vadc L32 I-m3 (77 - 2 ¢pv - ¢es ) - r32Vesdc L31 I‘m37z-
I (d) = I (5.83)
w n3
. Vdcm (LSl L32 + L31 Lm3 + LSZ Lm3)7z- - r31vadc L32 Lm3 (7[ -2 ¢pv ) - r32Vesdc L31 Lm3 (7[ -2 |¢es |)
i.(0) = (5.84)

20)Lr]33
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Figure 5.13. Full ZVS Region for TAB Converter with Split-type Transformer.

The full ZVS operation range for the three port triple active bridge converter is shown in
figure 5.13 for phase shift angles @,y and ¢ in the feasible operating range of (-n/2, +n/2) for
phase shifted isolated converters. It can be observed that the split-winding transformer provides a
large ZVS operating range for the converter, based on the assumption that very small inductor
current can discharge the voltage across the device capacitance. The ZVS range is evaluated

based on the ideal condition for ZVS, as shown below.

1, (D) <0 (585), s (4,) <0 (5.86), 1.(0)>0 (5.87)

5.5. Comparison of Split-Winding Transformer & Two-Limb Three Winding

Transformer
The split-winding transformer discussed above is similar in equivalent circuit and
functionalities when compared to two limb three winding transformer. The physical structures of

two limb three winding structure & its equivalent circuit is shown in figure 5.14.
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Figure 5.14. Two Limb Three
Winding Transformer.

Figure 5.15. Three Limb Three Winding
Transformer.

A comparison of the two limb three winding and split-winding type transformer is carried out
for same voltage and current ratings. The comparison of the two transformers is based on same
amount power rating and same volume of core material and addresses same copper requirement,
leakage inductances, core loss and copper losses. Table 8 below shows the comparison between
leakage inductance of split-winding transformer and leakage inductance of two limb three

winding transformer.

Table 8. Leakage Inductance Comparison

Two Limb Three Split-Winding

Winding Transformer Transformer
Lis 0.28pH/turns’ 0.44pH/turns’
Lis 0.28pH/turns® 0.44pH/turns®
Ll 0.22pH/turns’ 0.506pH/turns”

The differences of leakage inductances result in different operating angles. Higher the phase
angle, higher is winding current for same operating power level with higher reactive power.
Larger operating phase angle also result in lower operating flux density, which results in lower
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core losses. Therefore, for phase shifted converters, with higher leakages the core loss goes down
with increasing loading/operating phase angle. Figures 5.16-5.17 below shows the operating flux

densities for the two different transformers when the ES is charging and ES is discharging.

025
0.2
S0«
r:.10*. 15
=
=01
§ --Two Limb 3wdg
0.05 ~=Split_typw 3wdg
0
v 20 40 60 80 100
Percentage of Loading

Figure 5.16. Peak Flux Density Comparison for ES Charging.

0.25
& 0.2
2015
a
K 01
= --Two limb 3wdg
W
AN0.05  —Spli type 3wdg
0
0 25 50 75 100
Percentage Loading

Figure 5.17. Peak Flux Density Comparison for ES Discharging.
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5.6. Split-Winding Transformer Leakage Inductance

The leakage inductance of split-winding transformer play an important role in defining the
power flow limits for three port dc-dc converter. In this section, analytical evaluation for the
leakage inductance of three limb split-winding transformer is derived. The method for deriving
leakage inductance of split-winding type transformer is similar to that presented in chapter 3. For
split-winding type transformer, with three windings occupying each half of window area, leakage
between any two windings are estimated through the permeance method of chapter 3. Deriving
the leakage inductances, when three windings are carrying current is not straight-forward, hence
considering two windings to be active at any instant, the third winding is considered open. The
mmf distribution inside each window half for the three cases are shown in figures 5.18-5.20. In
these figures, only the active windings are shown. The transformer core and window dimensions

are shown in figure 5.21.

Wdgl Wdg3 Wdg3

Wdg1

Wdg2

MMF

Wdg2

MMF MMFE \

Figure 5.18. Wdg 1-3 Figure 5.19. Wdg 2-3 Figure 5.20. Wdg 1-2
active. active. active.
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0,

o

Front View

Side View

Figure 5.21. Transformer Dimensions.

The leakage fluxes for three limb three winding transformer are across the core volume and
winding volumes as shown in chapter 3. In a similar manner, the leakage flux paths or volumes

for three limb split-winding transformer are shown in figures 5.22-5.26.

e S

Figure 5.22. Leakage Flux Path across the Core from Front View.
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Figure 5.25. Core and Winding Portions Leakage(1-3 or 2-3) for Front/Side and Corner.



Figure 5.26. Core and Winding Portions Leakage (1-2) for Front/Side and Corner.

The leakage permeance for the paths shown above are of different geometrical nature, e.g.
half cylindrical shell structure, quarter spherical shell structure, half solid cylinder, cube. The
leakage permeance is considered only due to permeability of air, permeability of core is

neglected. The leakage permeance is expressed as follows.

A Al

v
LL=uoT=uo|—2=ﬂo|—2 (5.88)

The mmf inside the window area has a trapezoidal shape, as shown in figures 5.16-5.18, the

leakage permeance components for winding-to-winding leakage are expressed as follows.

DcW13 W W
Pligs) = to “H_(cubic shape) (5.89), where Was = 3%+ ==+ Wy (5.90)
w
DcW23 W,

w2

— WW
Rlie-9 = # =~ (cubic shape) (5.91), where Was = 52 W, (5.92)
w

D W, H, H
PL1(1—2) = Ho W (cubic shape) (5.93), where W, = TWl + TWZ +T, (5.94)
w
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P

L4(window)

_Hy T,
=~ (W) IN+225) it eylindrical hollow shell) (5.95),

Uy T,
PL4(Slde - (2T +D )In(1+2 ) (half cylindrical hollow shell) (5.96)

_ My T,
I:)L4(middle) - ; (rm) In(1+ 2H_) (half cylindrical hollow shell) (5.97),

Y7}
PLa(window) = O-24(70)(2WW) (half cylinder solid) (5.98)

Hy H,. /3
I:’L5(wolgl) =(= )(2T +D )(1 +2 /3) (half cylindrical hollow shell) (5.99)

:u W2
Plsquigz) = 0)(2T DA+ 2 ,3) (half cylindrical hollow shell) (5.100)

H

/3
PL5(wng) (,Uo )T A+ 2—— H

) (half cylindrical hollow shell) (5.101)

w3

P ( VLl )
Lo(wdgy) = Ho |2’ (quarter spherical hollow shell) , (5.102)

avg
where Vu = (5 )(r ~5,")2T,+D,) (5.103)

r = wl

y O 2

Vs H., H
and Layg = (E)(ro+rin) and o Y

L2
Plewwegz) = #o(=7) (quarter spherical hollow shell) (5.104),

avg

where Vio = (5 )(r -1,?)2T,+D,) (5.105)
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T H.,
and I‘avg = (E)(ro-l_ rin) and o :7, I, = 2

T.+2(H, —H,3)

Ple(wdg3) =(%)(2Tm)(1+2 w ) (half cylindrical hollow shell) (5.106)
w3
4u H, 4y H,,
PL?(del) :70(?1) (5.107), PL?(deZ) ZTO(TZ) (5.108),
44, H,, Ve
Pirwagy = (%) (5109), Plawaey = 6(—2) (5.110)
T 3 avg

Ty, 3 3 T H.,
Vi, =2(=)r"-r7) Ly, ==)0+r,) =" 1 =—+
where Vi (3)(0 in ), avg (2)(0 |n), 0 K 0 2

V8_2
L 2

avg

Plowagz) = Ho ) (5.111)

C _ w2

4 V4
where V12 = Z(E)Uf—ﬁns) Lag = (E)(ro-l'rin) o= =,
(PL7, PLs are quarter spherical hollow shell)

P. wiga-3) = Plswags) + Pleqwags) + Plrqwaga)
5.112
+2*(PL5(wdg1) + Plrwdgny T Plowdgny T Plswagn  Plaqwindowy T Plaqwindowy + PL1(1—3)) ( )

P wig2-3) = Plsuags) T Plewags) T Plrqwdgs)
5.113
+2% (Pswag2) T Plrwagz) + Plswag) T Plaqwag2) + Plawindowy T Plawindow) T Rz 3)) ( )

Pl wiga-2) = 2 (Plswagy + PLrwagyy T Plswag2) T Plrqwdg2)
5.114
+P_4csize) T Plaqwingow) + Prawindowy T PLagmiaaiey T Plag2)) ( )

The leakage inductances between windings are calculated as follows

Liss = N**P s (5:115), Ly =N *B i0s (5.116),
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LL12 = N12 *PL_de(le) (5.117)

The leakage inductance from FEA model of split-winding transformer can be estimated from
the 5x5 L matrix of equation 5.18, but FEA method considers the leakage between two split
portions of same port, whereas being series connected, the leakage between them is not present.
The leakage inductance is thus estimated by combining the split-portions together in FEA

simulation and deriving the leakage from 3x3 matrix as shown below.

L, L, L

L= L21 Lzz I—23

L, Ly, L

2 2

LL31 = L33 _t_l (5.119), LL32 = |-33 _II-_3_2 (5.120), LLlZ = L11 -
1

22 L22

(5.118)

L,’

(5.121)

Where L 31 = leakage between 3(middle) and 1(PV) referred to 3(middle)
L.3; = leakage between 3(middle) and 2(ES) referred to 3(middle)
L.1» = leakage between 1(PV) and 1(ES) referred to 1(PV)

A ferrite core based split-winding transformer is built using stacks of E100/60/28 joined
together having the same dimension as the design type 1 transformer of chapter 3. The PV and
ES port and the middle port have voltage ratings of 700V and 1200V, same as that for design
type 1 transformer in chapter 3. For same peak flux density in limb portions, the split portions of
PV and ES winding have half the number of turns as the number of turns in PV and ES windings
of design type 1 transformer. Figures 5.27-5.28 show the three limb three winding transformer

and split-winding type transformer.
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Figure 5.27. Three Limb Transformer. Figure 5.28. Split-WindingTransformer.

The leakage inductance between any two windings of split-winding transformer is measured
by keeping the third winding open, keeping the secondary winding short and measuring
inductance from the first or primary winding. Following this method, the leakage inductances for
the three cases L;31, L3> and Lij, are obtained. Table 9 gives the comparison of leakage

inductances using analytical method, FEA analysis and actual measurement.

Table 9. Leakage Inductances

Analytical FEA Method Measurement
Lis 162pH 176pH 181pH
Lis2 162pH 176pH 188uH
Ly 72uH 73uH 70pH

The leakage inductances L,3;, Lis; and Lij» can be represented by the winding leakage
inductances of figure 5.29, as shown below. The relationship between the measured leakage

inductances and the equivalent circuit leakage inductances are represented as follows.
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“f

Figure 5.29. Reduced Order Equivalent Circuit of Split-Winding Transformer.

' ' N 112
L =L+ Lva (5.121), Ly =L+ L (5.122), Ly = LLPV +(NSZ) Lo (5.123)
S

Solving the above equations, the values of Ly, Lies and Licare obtained as follows,
The measured magentzing inductance of the transformer is around 1.15mH, which is much lower

than estimated by FEA and analytically, due to unwanted air-gap in the core of the transformer.

5.7. Split-Winding Transformer Parasitic Capacitance

The transformer inter-winding parasitic capacitances play an important role in suitable
working principle for the transformer. The high dv/dt of SiC devices, together with the inter-
winding parasitic capacitance, are the crucial sources of EMI noise. The inter-winding parasitic
capacitance of split-winding transformer is estimated using the method as described in chapter 3.
The inter-winding capacitance model is shown below. The analytical equations for inter-winding
capacitances are given in equations 5.124-5.133. Each winding portion is considered as an
equivalent electrical plate and the core is considered equipotential. The concerned capacitances
are capacitances between winding and core and between different windings. The inter-winding

capacitance values for analytical method, FEA analysis and measured values are given in table
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10. The inter-winding capacitance based network model for three limb split-winding transformer,

for simulation platforms such as MATLAB/PLECS is given in figure 5.31.

Ccoils—la Ccoil3-1b

Ceoilz-2a Ceoilz-20

Figure 5.30. Winding-to-Winding and Core-to-Winding Capacitance.

80 2(Tc + Dc ) H
Ccorelb = CL

S

& 2(T.+D,)H,,
i (5124), Ccore2a = CcoreZb =— CCL < 2

S

C

(5.125)

corela —

&oD.H
Wsz

80 Dc H wil

Wsl

— — w2
C:coil3—1a - Ccoil3—1b -

(5.126), Cooitz—2a = Cooitz_2p = (5.127)

& (2T, +D.)0.5*W,, +W,,,)
Coeoil(ab)y = 2 T, . 2 (5.128)
1

C *C

corela core3
+

coil3—1a C + C

corela core3
*

CCOre a CCOre
Cs2a =Csap =Ceoiiz2a + C : 2 (5.130)

core2a + Ccore3

Csa=C54 =C (5.129)

—la

*
corela CcoreZa

+C

Cla2a =Ch b =Coitany + (5.131)

C

corela core2a

C *C C *C
C P corela core2b 6132 C = core2a corelb 5133
e Ccorela + CcoreZb ( ) S CcoreZa + Ccorelb ( )
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Table 10. Inter-Winding Parasitic Capacitances

Analytical FEA Method Measurement
Cs1a 13Pf 14pF 17pF
Cs2a 13pF 14pF 18pF
Ca.1p 13pF 14pF 14pF
Cs.2 13pF 14pF 16pF
Cla-Za 6pF GDF 5pF
Cib-2p 6pF 6pF 7pF
Cia-2b SpF SpF 3pF
Cib-2a opF opF 4pF

Figure 5.31. Inter-Winding Capacitance with Split-Winding Transformer Model.

The open circuit and short circuit impedance plots vs frequency of the split-winding
transformer is measured using Precision Impedance Analyzer 4294A. The open circuit impedance
plots for the three ports, are shown in figures 5.32-5.34. The first resonance peaks for the open
circuit impedance plots for the three port are around 1MHz and much higher than switching

frequency range of 50kHz-100kHz.
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Figure 5.32. Z, plot from ES winding.
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Figure 5.33. Zy plot from PV winding.
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Figure 5.34. Zy plot from Middle winding.
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Figure 5.35. Zg plot from ES winding.
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Figure 5.36. Zg plot from PV winding.
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Figure 5.37. Zg plot from Middle winding.

The short circuit impedance plots for the three ports, are shown in figures 5.35-5.37. The first
resonance peaks for the open circuit impedance plots for the three port are around 5MHz and
beyond and much higher than switching frequency range of 50kHz-100kHz. The open circuit and
short circuit plots of the split-winding transformer clearly indicate the inductive nature of the
open circuit impedance and short circuit impedances of the transformer, as the resonance peaks
are at a much higher frequency than switching frequency. The transformer has reasonably low

inter-winding capacitance to avoid any unwanted ringing in transformer winding currents.

5.8. One Port Idle Operation with SplitWinding Type Three Limb

Transformer

Using the split-winding type three limb transformer, the scenarios of one dc port being idle
while the other two ports take part in power flow can be successfully executed without shorting
the open port winding connecting it in parallel, hence the use of double throw switches as
discussed in chapter 3, can be eliminated. For the split-winding type three limb transformer,
while PV is idle or ES is idle, the flux flow paths are shown in figures 5.38-5.39, where induced
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flux from winding cuts the other winding. In case of a loss of grid, the middle limb dc port can
be disconnected and the converter can be switched off, and the power flow can take place

between PV and ES, the flux flow path of which is shown in figure 5.40.

T iy et VA

Middle

Figure 5.38. Flux flow path when ES winding is open.

O R ——
|r ¢ | ¢| | ¢ _T
| |
| Middle |
ESl ESZ
| | | | !
e ———— _ N ~,)

e
PV, : PV,
- | -
ES, : ES,
1 ]
L——————_ v e i

Figure 5.40. Flux flow path when middle winding is open.
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The idle condition operation is verified using PLECS simulation platform. Both electrical
equivalent circuit model and magnetic circuit models are used for verification. The idle condition
is realized by switching off all the pulses to the respective H-bridge converter and disconnecting
the source/sink from the dc capacitance of the H-bridge. Figures 5.41-5.43 show the winding
voltages and currents for the three windings when one of the three ports are idle, which leads to
the conclusion that split-winding type three limb transformer is capable of power transfer from

one port to the other when one port is idle.

20
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Figure 5.41. Transformer winding voltages and currents with Open ES winding.
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Figure 5.42. Transformer winding voltages and currents with Open PV winding.
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Figure 5.43. Transformer winding voltages and currents with Open Middle winding.

It is observed from figures 5.41-5.43, that the winding attached to the inactive or idle port
develops a square voltage waveform because of the flux cutting through the winding. Now for
equal volts per turns for each winding, peak or high value of this square wave voltage is close to

the rated dc value of the idle port but less than the rated value, hence the diodes are not forward
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biased to carry any current. In case of idle ports without any constant voltage dc bus(in case of
PV unavailability or loss of grid), initially the dc bus capacitor of the idle port gets charged to the
peak value of the induced voltage in the idle winding due to winding current conduction through
diodes. Once the capacitors are charged, the diodes are not forward biased any further and

conduction through the diodes stops.

5.9. Experimental Study of Split-Winding Transformer

The split-winding transformer prototype discussed above, has been used in experimental
study to verify the power flow and ZVS cases. The experimental setup include the same 1200V
and 1700V SiC Mosfet based laboratory prototype setup as discussed in previous chapters. The
same experimental setup used for experimental study of three limb three winding transformer is
used for the split-winding type transformer. The converter system has been run at 50kHz
switching frequency for experimental study. Figure 5.44-5.45 show the schematic and the picture

for the experimental setup.

—
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V1—|— ‘#}

PV I,
oc | L L
supply | T }‘ ‘{ ‘#} —l—
V3
700V ES 1200V

S
L
Vz—l— 4@

Figure 5.44. Experimental Setup Schematic with Split-Winding Transformer.
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Figure 5.45. Experimental Setup with Split-Winding Transformer.

As can be seen from figure 5.44, the PV and ES ports are fed from same dc bus, which is
emulated by a big capacitor, when either PV or ES is idle, the respective converter is switched
off. The middle limb winding is connected to a resistive load bank. During idle condition of
middle port, the resistive load bank is disconnected and the converter is switched off. The
experimental study for one port idle condition is described as follows. Figure 5.46 and 5.47 show
the transformer winding waveforms during PV being idle and ES being idle condition. It can be
observed that during idle condition, zero current flows into the idle port and the winding
develops a voltage, due to the induction of core flux. The peak of winding voltage and voltage
across the dc bus capacitance for the idle port are same at 700V, hence no winding current flows
through the idle port winding. The same observations can be made for both the cases of PV and
ES ports being idle. Figure 5.48 shows the condition of middle port being idle, where it can be
observed that the winding voltage in middle port develops a ringing voltage, which is due to the

absence of any constant dc source, which are present across PV and ES ports.
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Figure 5.46. Transformer Waveforms when PV Port is Idle.
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Figure 5.47. Transformer Waveforms when ES Port is Idle.
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Figure 5.48. Transformer Waveforms when Middle Port is Idle.

Figure 5.49 shows the transformer winding current waveforms for simulation model including
parasitic capacitances and figure 5.50 shows the transformer winding waveforms from hardware
experiment. The simulation model including parasitics has been created using PLECS magnetic
circuit model and by using physical capacitances in the magnetic circuit model. It can be
observed that the simulation model waveforms are nearly identical to the hardware waveform

and the effect of capacitances are almost negligible.
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Figure 5.49. Experimental Transformer Winding Currents at 9.4kW, 50kHz.
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Figure 5.50. Simulation Transformer Winding Currents at 9.4kW, 50kHz.
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Different power flow scenarios of PV/ES discharging and charging conditions are

experimentally tested for split-winding type three winding transformer. Figure 5.51 show PV

delivering and ES charging scenario, when PV is delivering 12.5kW and ES is charging with a

power of 2.4 kW, while the load takes a power of 9.4kW. It can be observed that for all the PV

and ES winding voltages, the outgoing winding currents are negative when the voltage has a

transition from —Vy. to +Vqc, which signified natural ZVS turn-on. For middle winding voltage,

the incoming current is leading and positive when the winding voltage undergoes a transition

from —Vy. to +Vgc, which results in natural ZVS turn-on scenario. Figure 5.52 represents the case

where PV delivers 4.5kW, ES delivers 5kW and the load takes 9.4kW of power. In this scenario

as well, the outgoing currents for PV and ES are negative and incoming current for middle

bridge is positive during —Vg. to +V transition.
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Figure 5.51. PV delivers 12kW, ES charges with 2.4kW and load takes 9.4kW.
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Figure 5.52. PV delivers 4.5kW, ES delivers 5kW and load takes 9.4kW.

When the PV or ES port powers are very low, then the winding currents are investigated for

ZV'S as shown in figures 5.53 and 5.54. In both the figures it can be observed that for PV and ES

port, the outgoing winding current is negative while the bridge voltage goes from —Vy to +V

transition and the currents are positive during +Vq to -V transition. The case, where middle

limb winding bridge is delivering low power, is investigated in figure 5.55. In this case as well

the conditions for ZVS can be properly observed for the three windings.
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Figure 5.53. PV delivers 1.2kW, ES delivers 8.3kW and load takes 9.4kW.
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Figure 5.54. PV delivers 5.2kW, ES delivers 1.2kW and load takes 6.3kW.
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Figure 5.55. PV delivers 5kW, ES takes 1.6kW and load takes 3.3kW.

The efficiency of the three port converter for different operating conditions, is measured by
measuring the total input and output power of the setup shown in figure 5.46. The total input and

output power of the converter defined as follows.

va =Vil, Pes =V, 1, Pc :V3|3

When ES is delivering power, then B, = va+| P |, Pout = F%

And when ES is charging, then B, = P, , P = Pc‘"| P |

P
The efficiency of the converter is defined as 7 = O%r] , the efficiency plot of the converter

system using split-type transformer & three limb transformer is shown below in figure 5.56. The
data for efficiency calculation is measured for 5 minutes continuous run for each of the operating

point. The peak efficiency has been found to be around 98.7%. The average efficiency of split-
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winding transformer based dc-dc converter is around 1% higher than three limb three winding

transformer based dc-dc converter of chapter 4.
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Figure 5.56. Efficiency Comparison for Split-Winding & Three Limb Transformer.

5.10. Conclusion

The proposed split-winding transformer for three port DAB converter has eliminated all the
drawbacks of three limb three winding transformer. Using split-winding transformer provides a
higher full ZVS range for the converter, higher efficiency and much suitable operation of the
converter during ‘one port idle’ condition. The analytical and FEA model for estimating the
leakage inductance and parasitic capacitance of split-winding transformer is quite close. The
leakage inductance model varies within 10-15% while the parasitic capacitance model is quite

close and the values are too small to comment on the magnitude of variation.
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Chapter 6. Optimized Design For Three Port Ferrite
Core Transformer

As discussed in chapter 5, the power flow capability of high frequency phase-shifted dc-dc
converter depends on transformer leakage inductance and switching frequency. The design of
multi-port transformer for three port converter system requires optimized volume and losses with
required leakage inductance for rated power flow. Use of fast-switching SiC devices also
demand low inter-winding parasitic capacitance for reduced common mode current. The work in
this paper focuses on loss-volume optimized design of three port high frequency transformer
integrating PV and Energy Storage(ES) based on leakage inductance and parasitic capacitance
model. Two laboratory prototypes of 50kHz and 100kHz operating frequency have been
designed to verify the actual transformer losses with estimated losses from the optimized design

procedures.

6.1. Split-Winding Transformer and Equivalent Circuit

As per the discussion from chapter 5, the split-winding type transformer, for same core size
and number of turns, offers higher efficiency than three winding three limb transformer of
chapter 4. The split-winding transformer enabled three port phase shifted Triple Active
Bridge(TAB) converter, integrating PV and Energy Storage(ES), is shown in figure 6.1, where
the PV and ES windings are split into two portion on two limbs and connected together in series.
The middle limb has the output winding, which can be designed for medium voltages for higher

voltage applications. The work discussed in this paper, focuses on optimized design of split-
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winding type three winding transformer based on analytical evaluation of leakage inductances,

inter-winding parasitic capacitances and loss analysis.

I, 1200V SiC Mosfet
— V =
I_o_ m Converter  _ les
wl, L 4 ﬁa |
]/(bn' {} T Vies | ES

1200V SiC Mosfet
Converter I;

¢ Ve

1700V SiC Mosfet
Converter #}

Figure 6.1. Triple Active Bridge(TAB) Converter with Split-Winding Type Three Port
Transformer.

The split-winding transformer topology, shown in figure 6.1, has the PV and ES windings
split into two parts and each part is placed on two side limbs and are connected in series. The
middle limb has the third winding which is a higher voltage winding compared to PV and ES. In
this thesis work, the PV and ES voltages are fixed at 800V, which is considered the rated voltage
for PV and ES, and the middle winding voltage is rated at 1200V. The electrical equivalent
circuit for the transformer of figure 6.1 has been derived in chapter 5 and is shown in figure 6.2.
The power flow for Triple Active Bridge(TAB) converter is dependent upon phase shifts among

the three winding voltages. Figure 6.3 shows a typical phase-shifted winding voltages' waveform

for the TAB converter. The middle winding voltage V. is the reference voltage and the PV and

ES winding voltages V,, and V, are phase shifted w.r.t. V, by angles ¢,, and ¢, respectively.
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Figure 6.3. Three Port Transformer Winding Voltages.

The transformer winding currents for a TAB converter are piecewise linear in nature[56] and
are functions of the phase shift angles ¢, and ¢,. Since PV can only deliver power and Energy
Storage can both charge and discharge, there are three possible scenarios for ¢pv and ¢es, @
D> 0> 0, () 4 >4, >0, and (c) 4,, > 0> ¢, The expressions for the transformer’s winding

currents at different voltage transition instances(from figure 3) over a half cycle, are derived
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using piecewise linear model of [56] and are given in equations (1)-(9), which are derived for the
case of (ﬁpv <@, <0, but the piecewise linear model of winding currents have same expressions

for the other two cases as well.
o (D) = Vi K7 +Vie K (T = 2] Bes ) +Veen” K™ (1 =214, 1) (6.1)
iy (Bh) = Vo K™ (7 =2 s ) +Vees” K" m +Vyi "K' (7 =21 6 ) (6.2)
i (0) = Vo K™ (7 =21 B, ) +Ves" K™ (7 = 2| s ) +Viger” K™ (6.3)
oo (Fp) = Vees K™ (7 = 2] Do ) + Vo, " K™ +V e K™ (7 = 2| 4, ) (6.4)
les () = Ve K ™7 + Vi “K™ (1 = 2| Gy ) + Ve K™ (7 =214, 1) (6.5)
i (0) = Vo Ky (7 = 2] 4 [) + Vi, “K® (7 = 2| B, [) + Voo K7 (6.6)
I (Bov) = Ve Ky (7 =2 B 1) =Vigy "K' Vo K (7 =2 B 1) (6.7)
I (Bes) = Voo Ko™ (7 = 2| s ) =V 'K (7 = 2[ s [) =Vees K" (6.8)
i.(0) =V, K 7 -V,

dcm deCKZC (72- - 2 | ¢pv |) _\/desC KSeS (72. - 2 | ¢es |) (69)

The average current over a piecewise linear model is given as follows in (6.10-6.12).

15, (0) =1, (0)+ —— prv ~Vo)do (610), i(0) =i (0)+— j(ves -V, )do (6.11)

pvo es 0

i.(0) =1

The constant parameters K", K.* K.° of equations (6.1-6.9) are functions of the slopes for
the piecewise -linear model of winding currents(explained in chapter 8), which can be expressed

as functions of leakage and magnetizing inductances LLpV, Lies L. and L, . The voltage V,
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across the magnetizing inductance L, is given in )equation (6.13) where Ln3 is given in

equation (6.14), where the PV and ES winding voltages and inductances are referred to output

side winding.
_ va’ I—Les, I—Lc +Ves, I—va' I—Lc +Vc I—va, I—Les, I—m
m = E (6.13)
n
Ln3 = Lva'LLeleLc + I—va' I—Les’ Lm + I—va/ I—Lc I—m + I—Les’ LLc I—m (614)

The instantaneous currents and magnetizing voltage equations represented above are used in
this chapter to derive the copper loss and core loss model for the split-winding type transformer

in this paper.

6.2. Core Loss Modelling for Three Port Transformer

The core loss for three port transformer is derived here using iGSE method[83] as a function

of operating phase shift angles ¢pv and ¢,,. For the three port transformer of figure 6.2, the
voltage V. depends on the polarity of each of the three winding voltages, which are dependent
on the following three cases, (a) @, > @, >0, (b) 45 >4, >0, and (c) ¢, >0>¢,. The voltage
V. is a non-linear discontinuous function of ¢pv and @, over a cycle, however each half cycle
can be divided into three linear continuous sub intervals, which are defined by ¢,, and b As
per the IGSE method, the expression for core loss per unit volume, between any two instants };

and 7, is given in equation 6.15. The c:j_? and AB are calculated for each of the continuous
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linear interval between 0 to  based on the operating phase shift angle values. The core loss per

unit volume for each of the three cases mentioned above are given in equations (6.16)-(6.18).

a

72 dB
(AB)"“d6 (6.15)

1
P(r.,7,)== |k |—
v(yl 7/2) ”I i dt

é

Casel: ¢, > ¢, >0

Pcore = P\/(O'ﬂ-_|¢pv |)+ Pv(ﬂ-_|¢pv |,7Z'—|¢es |)+ Pv(ﬂ-_|¢e5 |1ﬂ') (616)

Case2:¢, >¢, >0

Pcore = Pv(o’ﬂ-_|¢es |)+ R/(”_|¢es |’ﬂ_|¢pv |)+ Pv(ﬂ-_|¢pv |17Z') (6.17)

Cased: g, >0> g,

Pcore = P\/(O’| ¢es |)+ Pv(l ¢es |’7z-_|¢pv |)+ Pv(ﬂ-_|¢pv |’7Z') (6.18)

6.3. Copper Loss Modelling for Three Port Transformer

The copper losses for the three port transformer, using litz wire, is derived here using the ac
resistance modelling method presented in [84]. The ac resistance model presented in [84] is a
frequency dependent model, which provides estimation of copper losses for higher harmonics.
The instantaneous winding current expressions have been presented in the above sections, which
are used to derive the winding rms currents for all the odd harmonics. In this section, only upto

7" harmonic components of winding currents are considered for copper loss calculation. The

total copper loss for the three windings are represented in (6.19),where l,, is the fourier
coefficient for n" harmonic component of k" winding current, R, is the dc resistance for k"

winding and FR, .. is the ac resistance factor for n harmonic of k™ winding current.
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R 4p. N(MLT)
P, == L ?Re e FRiac) (619 Rede =2 6.20
c 2 ; (; o e kn’aC) ( ) e k”dsterstr ( )
. : 2 _ ' —si
_ ASINQ@A) +sin2A) | 1.9(m’ -1) , sinh(A)=sin(A) .,

2" cosh(2 A) — cos(2A) 3 cosh(A) +cos(A)

where N is number of turns on winding portion, MLT is the mean length of turn, p¢, is copper

resistivity, dsr and N are the diameter and number of strands in the wire, k is the packing factor

of litz wire, taken as 0.5, and m is defined as m= le/E where N, is the number of winding

layers. The factor A is defined as A= (%)0-75(@5tr /5W)\/Z , Where 1 (porosity factor) is taken as

0.9. The skin depth factor for litz strand 0, is defined as &, =+/0,, / (mu,"f), which is a

function of harmonic frequency nf . Harmonic components of each winding current is derived

using the fourier coefficients as shown below in equation (6.22).

1,2 =%[( [1(6) cos(ng)d6)” +([i(6)sin(ne)d6)*] (s.22)

6.4. Optimized Design and Discussions for Three Port Transformer

6.4.1. Genetic Algorithm Based Optimization Procedure
A Genetic Algorithm based optimization procedure using MATLAB's in-built Genetic

Algorithm approach is followed here. The design flow for the optimization is shown in figure
6.5. A brief summary of the optimization process is described below. The middle winding
parameters are suffixed with 3 and PV and ES winding parameters are suffixed with 1 and 2

respectively.
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. As an input to the optimization procedure for high frequency three port split-winding
transformer, the voltage levels for different windings, operating frequency and power
ratings are selected. In this paper, kVA rating for each port is taken as 1.4 times of
maximum active power transfer rating, in order to account for the reactive power
associated with transformer active power flow. Ferrite material of grade 3C97 is selected

as the core material and corresponding steinmetz parameters K, &, g are derived from

ferrite 3C97 material loss data curve.

. A set of free variable or parameters are chosen for this design which are maximum
operating flux density By, maximum current density J, number of layers on middle
winding I3, core depth D and number of turns in each layers Nj;, N2, Njs.

. The middle limb core cross-sectional area Az is calculated from voltage relation
V=4N;3l5fBn. The core width T, is derived from core size and side limb width T, are
taken as half of middle limb width. The number of turns for each split-section of PV and
ES winding are calculated by equating the volts per turn of each winding with middle
winding.

. The max current for each port is derived from rms voltage of the port and max kVA
rating. In this paper, switching frequencies of the range 50kHz to 100kHz are considered,

for which litz wire based design is considered. The number of strands for litz wire is

calculated from Ny, =41 /(Jzd,*). For switching frequencies of 50kHz and 100kHz,

strand sizes of 38AWG and 40AWG are considered.

. After core cross-section size and number of strands are calculated, litz wire conductor

sizes are determined with a packing factor of 0.5. The winding dimensions are calculated

from number of turns per layer and number of layers. The window dimensions and core
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dimensions are calculated next from the winding size and core sizes referring to figure
6.4. A minimum gap of 2mm is taken as clearance between inter-windings and between
core to winding. Once the core, window and winding dimensions are determined, the
leakage inductances and inter-winding parasitic capacitances are determined as explained
in previous section.

Once the leakage and parasitic capacitances are calculated, a check for limiting values of
parasitic capacitances and operating phase angles ¢pv and ¢,, are considered. A limiting

value of 50pF is taken for parasitic capacitances and extreme case operating phase angle

limits are taken at J_r% , as shown in the optimization loop in figure 6.5. If the calculated

values of phase angles and parasitic capacitances exceed their corresponding set limit, the
solution is rejected for that set of free variables. However, if the calculated values of
phase angles and parasitic capacitances are within limit, the derived solution for that
particular set of free variables is considered acceptable and the corresponding transformer
losses & transformer volumes are calculated and stored. The GA algorithm then
considers the next set of free variables for optimization. The GA algorithm considers a

population size of 200, generation size of 400 and pareto fraction of 0.85.

""""" W, CL. ] T
= *f* <« s PRI
o A I A
S - = s
4¢|:| [f . ¢
. i R
Side View

Front View

Figure 6.4. Transformer Dimensions.
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System Specs : V, fand KVA rating of transformer
Core Material :K, a8 Litz wire strand size: dg,.

Y

Free Variables : By, J, I3, D¢, Nyj, Njo, Ny3
Select next set of values for free variable (

/ Calculate Core Dimensions 1T, T, \
Number of Turns Ny, N, N3
Strands per Wire Nggp, Ny, Noye3
Number of layers 1,15
Calculate Hy,;, H,,,>, H,3, W1, Wy2, Wiy3
Calculate H,,,, W, H
Calculate leakage inductances Ly, L5173
KCalculate parasitic capacitances Cy o, C23,C]y

Yes

No

Calculate @py and oy for following cases
i) Ppy=Pmax. Pes=-Pmax, Pc=0
ii) Ppyv =Pmax, Pes=0, Pc=Ppyax
iii) va:Q Fes =Pmax. Fe =Pmax

Yes

if (1Ppv| > Dpipir )
oF {fﬂ¢€5| > (Dltmtt)

No

Calculate Ppope and Pey
Ploss = B + Pey

core
Calculate Transformer Box volume Vi,

Y

Genetc Algorithm(GA) based
Optimization Program
if (Vpox» Ploss) an optimal solution
Store the free variables, Py,yeo,Vpox

Figure 6.5. Optimization Flow for Transformer Design.
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Figure 6.6. Pareto Front Design Plots for 50kHz and 100kHz Designs.

Figure 6.7. 50kHz Transformer. Figure 6.8. 100kHz Transformer.

The design of three port transformer is carried out using the aforementioned optimization
process for ferrite based three port transformer design for 10kW active power transfer rating for
each port at 50kHz and 100kHz operating frequencies. The rated PV and ES port voltages are

800V and the output middle port has rated voltage of 1200V. In figure 6.6, the pareto front loss-
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volume optimized design plots, which are outputs of the optimization process, are shown for
50kHz(blue) and 100kHz(red) designs. The optimized plots provide several locally optimized
designs over the range. The pareto front provides two extremes where some designs have low
loss & high volume and some designs have high loss & low volume. From practical
considerations, some designs are considered optimum designs, which do not have very high
losses and the volume is also not high are considered feasible solutions. These optimum designs
are in between the two extremes of the pareto front of figure 6.6. The two specific designs for
50kHz and 100kHz are selected near the bend portion of the pareto fronts of figure 6.6, both
having equal weighted losses. Two laboratory prototype transformers are built from the design
specs of the two above selected designs of figure 6.6. The designed transformer prototypes are
shown in figure 6.7-6.8. The transformer parameters for these two transformers are listed in table
11 and the leakage and parasitic capacitances from theoretical, FEA and measured values are

shown in tables 12 and 13.

Table 11. Designed Transformer Details

Operating Frequency 50kHz 100kHz
Operating Max. Flux Density 0.22 0.15
Number of Turns for each split PV Winding 22 16
Portion
Number of Turns for each split ES Winding 22 16
Portion
Number of Turns for Middle Winding 33 24
Magnetizing Inductance(from middle port) 9.17mH 3.4mH
Litz Wire no. of strands for PV & ES Port 420 700
Winding
Litz Wire no. of strands for Middle Port 280 435
Winding
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Table 12. Inductance & Capacitance for 50kHz Designed Transformers

Analytical FEA Measured
Lipy 88uH 85uH 80uH
Lies 88uH 85uH 105pH
Lic 124pH 138uH 150pH
Cov-es 20pF 20pF 17pF
va-middle 24PF 24pF 26pF
Ces-middle 24PF 24pF 22pF

Table 13. Inductance & Capacitance for 100kHz Designed Transformers

Analytical FEA Measured
Lipy 44pH 40pH 39uH
Lies 44pH 40uH 47uH
Lic 72uH 80uH 85uH
Copv-es 16pF 16pF 14pF
va-middle 22pF 22pF 23pF
Ces-middle 22pF 22pF 20pF

6.5. Experimental Study and Loss Analysis

The prototype transformers designed as per the optimization procedures discussed above, are
tested for determining performances and efficiency. A 10kW rated laboratory prototype of triple
active bridge converter of figure 6.1, is developed using SiC Mosfets. The PV and ES side rated
voltages are 800V each, therefore 1200V SiC Mosfets C2M0040120D are used for PV and ES
port H-bridges. The output port connected to the middle winding of the three port transformer is
rated at 1200V, for which 1700V SiC Mosfets C2M0045170D are used. For experimental
purpose, the output port of 1200V is fed to a resistive dc load bank and the output voltage is
maintained at 1200V by adjusting phase shift angles. Figures 6.10 and 6.11 show the steady state
transformer winding voltage and current waveforms for the 50kHz and 100kHz design
prototypes, at 10kW PV power and 9kW output load power, while the ES port takes 1kW
charging power. The waveforms are captured using 100MHz bandwidth voltage probes and
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120MHz bandwidth current transducers. From the figures 6.10 & 6.11 confirm that the steady
state voltage and current waveforms for the transformers are devoid of any higher frequency
ringing due to parasitic capacitance effects. The efficiency for the whole converter system is

derived from the total dc output power and total dc input power of the three port converter. If ES

is charging, then P, = P igqe + P and B, =P,,. When ES is discharging then B, =P, + Py

out

and P, =P, . The efficiency is defined as 77 = . The whole converter system efficiency

in

plots, using 50kHz and 100kHz prototypes are shown in figure 6.12.
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Figure 6.9. Transformer Waveforms for 50kHz Prototype.

181



£017-892-13 99:36:19 | 10k Normal

YOKOGAWA € 587724 o] SOOMS = ZH5A!
Chl z P - z €< Mainz 10k >> N : H
e 0 5000 0 : :
tHs | § gpeo U

ies(10A/div)

[SS%

CHS —CHG
zeouv|1oona|lzee v 10.0a
DC1HM% DCiM%2 DC1HM% DC1M$ DC1Ms

CHA

Figure 6.10. Transformer Waveforms for 100kHz Prototype.
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Figure 6.12. Total Converter Losses over Operating Range.

The efficiency plot from figure 6.12, shows that both the designs at 50kHz and 100kHz
provide high efficiency around 98.5% to 99% from 5kW to 10kW operating power range. It can
be observed that below 5kW region, the efficiency starts falling sharply, which is due to the rise
in switching loss resulting from loss of ZVS due to low current in transformer winding and
resulting hard switching. For proper ZVS operation, significant line current is required to
discharge the MOSFET output capacitance, which is absent during low current operating region,
causing hard switching of MOSFETSs at high switching frequencies. In order to visualize the
losses, the system losses are plotted in figure 6.12, showing the significant increase in losses in
the hard switching region. The losses in ZVS region are dominated by MOSFET conduction

losses and transformer losses. The transformer losses in ZVS region can thus be estimated by
subtracting the MOSFET conduction losses from total losses, P vanstormer = Ploss total — PvosreT -

The MOSFET conduction losses in ZVS region are estimated from PLECS simulation. The

temperature dependent PLECS models of the 1200V and 1700V SiC Mosfets, along with the
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thermal characteristics for heat sink and thermal pads are incorporated into the PLECS
simulation. The PLECS model thus can closely predict the on-state resistance of MOSFET for
the particular operating condition and provide closely accurate conduction losses. The
transformer losses are thus obtained from subtracting the MOSFET conduction losses from the
measured losses, and are now matched with theoretical transformer losses(core loss + copper
loss) in figure 6.14. The theoretical transformer losses are derived from the core loss model and
copper loss model defined in section 2. Higher order polynomial based trend lines are used to
curve fit the different estimated losses and theoretical losses in figure 6.14. There are differences
of 5SW-15W between the estimated losses and the theoretical losses, which can be attributed to
several stray losses in the hardware prototype and in addition to that, ZVS operation of
MOSFETSs also have some losses which are not considered here. Overall, the pattern of the
estimated losses and theoretical losses are similar to each other, increasing over the power range,

indicating that the losses are mostly dominated by current.
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Figure 6.13. Estimated and Theoretical Transformer Losses over ZVS Range.
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The transformer design method, for phase shifted converter, using leakage model has
provided close experimental results compared to theoretical results. The average leakage model
is within 10% to 15% accuracy and the parasitic capacitance model based on equi-potential core
and windings also provide close estimation for inter-winding parasitic capacitances. The GA
based optimization procedure, using the transformer volume and weighted average loss as
objective functions, has proven to provide good optimal designs, as the experimental efficiencies

for the converters are around 98.7% to 99% for the half load to full load power range.

6.6. Three Port Phase Shifted Converter Analysis for Quasi-Square Wave
Winding Voltages

6.6.1. Harmonic Model Based Winding Currents & Average Power for Three Port
Transformer

In this section, analysis for operation of three port phase shifted Triple Active Bridge(TAB)
converter using quasi-square wave voltages or square wave voltages with zero voltage duration,

is presented. In this section, a reduced model of the equivalent circuit is used, which is obtained

by considering the magnetizing inductance L, >>L ;L ,,L 5 and converting the star connection

of leakage inductances into a delta connection as shown in figure 6.15. The equivalent
inductances of delta connection can be obtained by converting the leakage inductances in delta
form. A typical transformer winding voltages and currents waveform for quasi-square wave

voltage operation is shown in figure 6.16.
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Figure 6.14. Equivalent Circuit of Delta Connected.

Figure 6.15. Transformer Winding Voltages and Currents.

The winding voltage expressions using harmonic models for each port with quasi-square

voltage waveforms are given in equations (6.23)-(6.25). The three winding currents are derived
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here using the winding voltage harmonics. The harmonic current vector expressions for any
harmonic component 'n', using the voltage vectors, are shown in equations (6.26)-(6.28). The
active power flow expressions for each port are derived over a switching cycle and are expressed
in (6.29)-(6.31). The current expressions in vector form are derived in terms of different
parameters, and are given in equations(6.32)-(6.34). The RMS current expressions are shown in

equations (6.35)-(6.37).

u, (ot) = 27: N sin(nDZl”)sin(ncot +ng) = i@um sin(nwt +ng,) (6.23)

1 N7

u, (wt) :27:4:]/;‘;2 D7 )sin(nat +ng,) = Z\/@U%sm(na)wn@) (6.24)

n=1

ug(a)t)ziﬁ/:;s ( Dyz )sin(nat) = Z\/(7U3nsm(ncot) (6.25)

n=1

_ U1n4n¢1 _U2n4n¢2 n Ulnln¢1 _U3n40

| =
n nol, nol, (6.26)
U2n4n¢2 _Ulnén¢1 U2n4n¢2 _USnAO
= + (6.27)
nol,, nol,,
Ulnln¢1 _U3n40 U2n4n¢2 _U3n40
5 = + (6.28)
nol, Nol,
U, U, sinn UnUnsinn(/ﬁ
P Z( 1 2 ¢12 1 3 13) (6,29)
nol,, nol,,
-, U,U, sinng, U,U. sinng
P2 _ Z(_ 1n~?2 12 , Z2n~3 23) (6.30)
o1 nol,, nol,,
U,U,,sinn UnUnsinn
P Z( 1 3 ¢13 2 3 ¢23) (6,31)

Nl , nowl,
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Uln Sin(n¢1) + Uln Sin(n¢1) _ U2n Sin(n¢2)]

I =
n =l nwl,, nwl,, nwl,,
. U, U, cos(hg,) U, cos(ng) U, cos(ng)
+l + - - 1 632
nwl,, nwl,, nwl,, nwl,,
= Ain + jBln
— [U2n Sin(n¢2) + U2n Sin(n¢2) _ Uln Sin(n¢1)]
o nol, nowl,, nol,
. U, U, cos(ng) U, cos(ng,) U, cos(ng,)
+][ + - - ] (6.33)
Nol, nol,, nol,, nNol,,
= A2n + jBZn
— [Uln Sin(n¢1) + U2n Sin(n¢2)]
o nol,, nol,,
U, U,, U,cos(hg) U, cos(ng,)
+ll " - a ] (6.34)
nol,, nol, nol, nol,, :
- A’sn + jBSn

7
I12,rms = Z(Ain2 + Blnz) (6.35)
n=1
2 . 2 2
I2,rms :Z(AZn + BZn ) (6.36)
n=1

7
I?irms = Z(A:Snz + BBnZ) (6.37)
n=1

6.6.2. Core Loss Derivation for Quasi-Square Wave Voltage Waveform

The core loss for three port transformer is derived here using the steinmetz equation for core

loss. An approximate approach of core loss considering the fundamental component of core flux

is considered here. The core flux induced in the transformer core is a function of the voltage V.,
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induced across the magnetizing inductance L,of the equivalent circuit of figure 6.2. The
expression of V, is given in equation (6.44).

U u, u
V = _1_|__2+_3 |_2
. [K1 K, K3] (6.38)

where, K; =Ly L,, K, =L, L, K =Ly L, and L =L L ,+L L o+ 5L,

Considering only fundamental component, the voltage V., is given as follows,

v _ [ﬁunsin(wt AN J2U,, sin(wt +¢,) N J2U,, sin(at)

L2
m K. K, <. I (6.39)

the peak value of the fundamental is given in equation(6.40).

V 2Ull 2U 21 + 2U 31 + 4U 21U31 COS(¢2) + 4U11U 31 COS(¢1) + 4U11U 21 COS(¢1 _¢2

)2
= + 6.40
m, peak [ Klz K22 K32 K2 K3 K1K3 Kle ] ( )

The peak value of Vm,peak is used to find the peak value of core flux, by considering all the
elements from the third port, it can be referred from any other two ports as well. The expression

for core loss is derived below, where ‘f* is the operating frequency, w=2zf, A, is the cross

section of the core and 1., is mean length of magnetic flux path.

Vm eal a
B ’pAi (6.41) , I:)core = KBpeak f ﬁp%lm (6.42)
3

K =
pea C()N

6.6.3. Copper Loss & Device Conduction losses for Quasi-Square Wave Voltage
Waveforms

The copper losses for high frequency transformer and conduction losses for devices are

expressed in following equations using the RMS values for winding currents.
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Pcu = Z(Z(Imn)szn,ac) (6.43)

m=1 n=1

7
3> > 2(1,,")Ry (6.49)

3
m=1 n=1

I:)device

6.7. Experimental Study and Discussions
6.7.1. Different Operating Methods with ZVS & Minimization of Losses

An experimental study of a 10kW three port converter prototype of figure 6.1 has been
carried out for comparing the system efficiencies for different operating schemes. The
comparison has been performed for three types of operating mode (a) Fixed frequency operation
with square wave winding voltages, (b) Variable frequency operation with square wave winding
voltages and (c) Fixed frequency operation with quasi-square wave winding voltages. The
operation of three port phase shifted converter using method (a) with fixed frequency and square
wave winding voltages provide unique operating points for every value of reference power flow
associated to each port. Hence for method (a), solving the following equations provide the
solutions for every operating scenario. One of the drawbacks of fixed frequency operation with
square wave is observed at low power scenarios, where natural ZVS turn-on of devices is lost
due to low transformer winding current, which results into drastic reduction of efficiencies at low
power region, as can be seen in previous sections of this chapter. In order to improve the
efficiency at low power operating region, achieving natural ZVS turn-on for switching devices is
important. This can be achieved by method (b), increasing the frequency of the operating
winding voltages, so that the phase shift angle required for same power transfer is higher than
that required for operation at nominal design frequency. The higher phase shift angle results in

higher reactive power and higher winding current, thus extending the ZVS range for the three
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port converter operation at low power. The second method of increasing the ZVS operating
range is to use quasi-square wave voltage waveform, which introduces a zero voltage period in
winding voltages, enforcing wider phase angle and higher winding current, resulting in increased
ZVS range. However, increasing frequency or reducing duty cycle of winding voltage
waveforms, results in change of core loss, copper loss and device conduction loss. Hence,
determining optimum switching frequency and optimum values of phase shift angles, duty cycles

of winding voltages are necessary.

P Vit iaVoeath (7 — |¢1|) Lialia n VierhioVieo (4 — ) (7w — |¢1 -9, |) Ligbm
) =

3 3
ol p/100]

(6.45)

P — Vaeal2Vaeats (7 — |¢2 |) LioLliz _ BVieVaeo (6 — 4,) (7 — |¢1 — |) Lisolm
2 rol rol,,?

(6.46)

P — VeeVaes? (r— |¢1|) Lioslis

3

" rszvdczvdc3¢z (- |¢z |) Lislis
ol ol

(6.47)

The turn-on ZVS criteria for any switching leg is explained in [60], where the outgoing
current needs to lag the phase voltage. For negative to positive transition of winding voltage for
any port, the current flowing into the winding, should have a negative minimum value during the

transition instant. The required minimum value of the negative current is given in equation
(6.48), where k is the winding port for which ZVS is evaluated, and C, is the drain-source

device capacitance for the switching device.

k,min

C
=2 Lds V.V, (6.48)

Lk
The evaluation of optimum switching frequency for three port converter operation with

square wave winding voltages, is obtained by varying the frequency over a range and finding the
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minimum value of system losses over the frequency range. A MATLAB routine is created to
evaluate the optimum switching frequency, which uses the core loss, copper loss and device loss
models from section 2 to evaluate the total system dominant losses. The ZVS conditions are
checked by using the current expressions of (6.1-6.9) and the ZVS criterion of equation (6.48).

Evaluation of optimum values of winding voltages' duty cycles are carried out by using the
duty cycles D;,D,,D, as free variables for MATLAB minimization routine ‘fmincon’. The
minimization routine checks for each combination of the duty cycles over the range of upper

bound and lower bound values, solves the operating phase shift angles ¢,d, using equations

(6.29-6.31), checks for ZVS conditions, evaluates the total dominant system losses by summing
up core loss, copper loss \& device conduction loss models from section 3. The ZVS condition is
checked using equation (6.48), where the harmonic components of winding currents are added to

get the instantaneous winding current values during transition, as given in equation (6.49).
! 2 2 1 B
. : 1 By
I (¢k) = Z Akn + Bkn Sln(n¢k +1an Kn) (6.49)
n=1 n

6.7.2. Study for Efficiency Improvement with Frequency Variation

The different operating methods of three port Triple Active Bridge converter mentioned
above, are experimentally verified with a 10kW SiC-Mosfet based three port converter. The
experimental prototype converter uses 1200V/60A SiC-Mosfets for port 1 & 2, and 1700V/45A
SiC-Mosfets for port 3. The three port high frequency transformer used is made of ferrite cores
with litz wire. Figure 6.17 shows one of the three H-bridges for three port converter and figure

6.18 shows the 50kHz/10kW high frequency transformer. The converter has been run over 2kW

to 10kW power range. The voltages for three port converters are defined as Vy, =V, =800V ,
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Vs =1200V . The frequency range chosen for frequency variation method is from 50kHz to
100kHz. The duty cycle range chosen for the quasi-square wave winding voltage waveforms, is
from 0.7 to 1. Figures (6.17)-(6.20) show the transformer winding voltages and currents for

different cases.
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Figure 6.16. Fixed Frequency Operation at 50kHz.
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Figure 6.17. Variable Frequency Operation at 62kHz.
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Figure 6.18. Quasi-Square Wave Operation for 2kW Operation.
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Figure 6.19. Quasi-Square Wave Operation for 1.2kW Operation.

The efficiency of the converter is measured using power analyzer WT3000. The efficiency is

P,=B+

in

P
defined as 77 :PLH' If the RES and ESS both are delivering power, then P, and

in

P

out

P

P.. = P. If the RES is delivering power and ESS is charging then =P,+P and P,=R.
It can be observed that using frequency variation, the improvement in efficiency is achieved by a
small margin. Using the duty cycle variation method at fixed frequency of 50kHz, the
improvement in efficiency achieved is quite considerable. However, the efficiency improvement
is achieved around the low power region, while for mid power to full power region, all the three
methods provide almost the same efficiency. In figure 6.19 and 6.20, it can be observed that few
ports have loss of ZVS at very low power region, where only one leg of the converter

experiences natural ZVS turn-on.
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Figure 6.20. Converter Efficiency with Different Methods.

The different methods of operating the three port converter system have been successfully
tested using the laboratory prototype. The converter models for power flow and loss calculations
have been comprehensively defined in sections 2 and 3. The three operating methods provide
almost equal efficiency between mid to high power region. The duty cycle variation method
provides relatively higher efficiency at low power operating region compared to frequency

variation method.

6.8. 50kW High Frequency Three Port Split-Winding Transformer for Three
Port Phase Shifted Converter

This section of the chapter presents experimental studies for a three port 50kW ferrite core
transformer for three port phase shifted converter. The transformer is designed using off-the-
shelf ferrite U cores, instead of using a custom design. The design process uses an optimization

to select the designs which has leakage inductances low enough for 50kW power transfer. The
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designed transformer uses 8 pieces of U93/76/30 ferrite cores for the three port transformer. Four
pieces of U93/76/30 cores are arranged in E-E format to create a three limb structure and then
another four pieces of U93/76/30 cores are arranged in similar manner and stacked with the first
E-E shape to create the three port split-winding transformer. The dimensions of the three port

transformer and the winding details are given below.

A 1 CL CL
Wi —> <« — 4_>WC H., ¢Tc D,
HW1¢ WSI T D ¢
Tc Iy

He <> Hus LY

] (s VOt
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W, Wiy . .
! " _ Side View
Front View

Figure 6.21. Transformer Dimensions.

Figure 6.22. 50kW Ferrite Core Transformer Prototype.
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Table 14. 50kW Transformer Dimensions

Core Height H 150mm
Core Depth D, 60mm
Side Limb Thickness T, 30mm
Middle Limb Thickness Ty, 60mm
Window width W, 35mm
Window height 90mm
Clearances CL,, CL, 3mm
Side Limb Winding height Hy; » 42mm-44mm
Middle Limb Winding Height 65mm
HW3
Side limb number of turns 6
Middle winding number of turns 9
Side winding litz wire 2500/38
Middle winding litz wire 2500/38
Designed Flux density at 50kHz 0.18
Rated voltage for side winding 400Vv/800V
sections/total
Middle winding rated voltage 1200V
Port 1 (PV) Leakage Inductance 8.5uH
Lig
Port 2 (PV) Leakage Inductance 9.67uH
Lo
Port 3 (Middle) Leakage 34.25uH
Inductance L3
Magnetizing Inductance Lz from 1.7mH
middle winding
Capacitance C;.3 56pF
Capacitance Cy.3 51pF
Capacitance Cj., 42pF

6.9. Experimental Study for 50kW SiC Enabled Three Port Converter
Prototype

The 50kW three port converter prototype is built using 1200V/325A and 1700V/225A SiC
Mosfet modules. Figures 6.23 & 6.24 show the schematic and actual prototype of 50kW three
port converter. The converter system uses the same gate driver technology as used for 10kwW

prototype. The PV & ES ports use 1200V/325A SiC Mosfets & the output port use 1700V/225A
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SiC Mosfets. The ferrite core 50kW transformer designed above is used as the three port
transformer with these converter system. The efficiency of the converter system is measured by
measuring the dc input power to the system and output dc power of the system. The input &
output powers are measured by power analyzer Yokogawa WT3000. The voltage levels of the
converter match the maximum voltage rating(1000V) of the WT3000 for PV & ES port(800V).
The dc voltage of the output port(1200V) is measured by using a resistive divider of two resistors
and connecting the individual resistors across the WT3000 voltage measuring inputs. The output
dc currents are measured by LEM current sensors and connecting the LEM current sensor

outputs to WT3000.
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Figure 6.23. Three Port 50kW Converter System.
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PV & »ES Converters Output Converter

Figure 6.24. 50kW Converter Prototype.

The ferrite core transformer is operated at two different frequencies of 50kHz & 75kHz at
different loading conditions. Figures 6.25-6.26 show the transformer winding voltages &
currents at two different frequencies of 50kHz & 75kHz. The winding currents & voltages are
measured using high bandwidth 100MHz sensors. It can be observed that the winding voltages &

currents are devoid of any high frequency MHz level ringing or noise.
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Figure 6.25. Transformer Waveforms at 50kHz.

200



20180528 17:14:12 | 1M Normal
YOKOGAW 4 2359 1G3-= SHEAiv

THZ ~ CHA3 ; CHS

59.60 A 1.00kV 1.689kV
DC1Mn DC1Ms DC1Ms

Figure 6.26. Transformer Waveforms at 75kHz.

The converter system efficiencies and losses at 50kHz & 75kHz operating frequencies are
shown in figures 6.27 and 6.28, where it can be observed that the efficiency points for 50kHz
switching frequency are around the 98.8%-99% marks, whereas for 75kHz switching
frequencies, the efficiencies are around 98.4%-98.8%. The efficiency of the converter decreases
with loading for 75kHz operation. One reason for this is attributed to the phenomenon that at
75kHz, the transformer winding resistances are higher than those at 50kHz. Also, at 75kHz, the
winding currents are higher than 50kHz operation, as the required phase angle at 75 kHz is
higher, so it demands a higher reactive component of current. The breakdown of conduction
losses for the converter and semiconductor, and the transformer core loss and the other stray

losses are shown in figures 6.29 & 6.30.
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Figure 6.27. Efficiency Plot for 50kW Converter System.
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Figure 6.28. Total 50kW Converter System Losses.
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Figure 6.29. Total Mosfet+Transformer Conduction Losses for Converter.
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Figure 6.30. Transformer Core+Eddy Current+Stray Losses.

It can be observed that the total losses increase with loading of the converter which explains

the dominance of conduction loss over increasing operating power level. However, the total
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losses of the converter system increase significantly for 75kHz operation with higher loading,

indicating the dominance of conduction losses over other losses.

6.10. Conclusions

The optimized design process of three port split-winding transformer has provided closely
matching results for 10kW transformer prototypes. The converter efficiencies are lower at low
power operating points using square wave winding voltages than efficiencies for 50% to 100%
operating level of power rating. However, using the duty cycle modulation and frequency
variation technique, the efficiency of the system is improved by small percentage around the low
power operating region. From mid to full power operating region, the efficiency for the 10kW
prototypes remain same throughout the operating range. The 50kW prototype demonstrated also
has provided efficiencies near the 99% range for the whole converter system. For the 50kW
prototype has losses increasing with operating power level for both 50kHz & 75kHz power level,
indicating the dominance of conduction losses compared to voltage or switching frequency

related losses.
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Chapter 7. 50kW Nano Crystalline Material Based
Tape-Wound Core Transformers For Phase Shifted
DC-DC Converters

7.1. Effect of Leakage Inductances on Nano Crystalline or Tape Wound Core

based Transformers

In this section, high frequency transformer design using tape wound core materials such as
Nano Crystalline alloy is investigated. The operation of phase shifted DC-DC converters such as
Dual Active Bridge(DAB) and Triple Active Bridge(TAB) is based upon storage & transfer of
inductive energy using series or leakage inductances. The magnetic flux or magnetic field
associated with leakage inductances or series inductances carry the inductive energy and are
functions of leakage/series inductances and the load component of transformer winding currents.
For the ferrite core based transformers as discussed in previous chapters, the leakage inductance
is used as energy transfer element. The leakage fluxes for the ferrite core based transformers,
cuts across the ferrite surfaces and moves through the ambient and again comes back into ferrite
volume. Ferrite being a homogenous material and being devoid of any laminations, the leakage
flux does not induce any eddy currents into ferrite materials. However, the leakage fluxes have
significant effects in induced eddy current related losses in case of tape wound core material. The
leakage fluxes create additional losses other than hysteresis core losses in tape-wound core
material. The magnetic field for a two winding transformer made with laminated tape wound
cores, is shown in figure 7.1, where the field lines are spread around the outer volume
surrounding the transformer and in the window volume. The magnetic field lines cut across the

laminated surfaces, which results is induced voltage in laminations and resulting eddy currents
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creating eddy current losses and thus adding to the total core losses. The induced voltages &
resulting eddy currents are proportional to the rate of change of leakage flux, which is a function
of load component of transformer winding currents. Therefore, higher the load component of
current, higher are the induced eddy currents and resulting losses. Therefore, using tape wound
material based transformer, the total core losses thus increase with higher load current, whereas
in ferrite based transformer, the core loss reduces with higher loading due to lower magnetizing
voltages. These continuously increasing high losses with increasing loading due to eddy current
causes excessive heating & temperature rise which can result in loss of permeability and
saturation of magnetic core. An experimental demonstration of eddy current losses resulting in
high core temperature is shown below in figures 7.1. A two winding transformer(shown in figure
7.2) made of VITROPERMS500F material is operated at different loading conditions in a Dual
Active Bridge[60] configuration, the transformer leakage inductance of the transformer is used
as energy transferring element. It can be observed from figures 7.3-7.6, that as loading increases,
the temperature of the core over the window portion of the transformer increases. This
temperature rise can be explained in the following manner, as the current in the winding
increases, the leakage flux cutting increases across the core laminations and the resulting eddy

current loss also increases causing increase in core temperature.
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Laminations

Leakage Fluxes

Figure 7.1. Leakage Flux Lines for Core-Type Tape Wound Transformer.

Figure 7.2. 10kW/20kHz 700V:700V Two Winding Transformer.
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Figure 7.3. Open Circuit Condition(0%
Loading).

Figure 7.5. 40% Loading Condition. Figure 7.6. 70% Loading Condition.

7.2. Three Port Nano Crystalline Transformer for Three Port Phase-Shifted

Converter
In order to avoid or reduce the core heating due to eddy current losses, zero or minimal

leakage fluxes should cut across the core laminations, thus reducing the eddy current losses. The
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approach taken to solve the problem of leakage flux cutting across the laminations, is to
minimize the leakage flux and the leakage inductance. Such a transformer if needed to be used
for three port converter, external inductors are required, which would act as energy transferring
elements over a switching cycle. Leakage inductances for transformers are minimal if the
windings are arranged in concentric and interleaved manner, rather than core type or other
distributed manner. A comparison of FEA simulation of core-type winding and concentric
windings are carried out in terms of leakage fluxes around the window portion and surrounding
volume portion. Figure 7.7 shows the leakage flux for core type transformer of figure 7.2, where
the leakage magnetic field is around 10%-20* A/m surrounding the core volume & window. In
figures 7.8-7.9 two different concentric winding approaches are shown using the same core
material volume for two limb approach(with same window area) and three limb approach(with
same window area). It can be observed from the FEA simulations that the leakage magnetic
fields are around 5*10%-10° A/m, which is around 10-20 times lower than core type transformers.
Therefore, positioning the transformer windings in a concentric manner reduces the leakage field

by almost 20 times compared to using a core type distributed approach.

H [A/m]

2. 0000E+08Y
7.6026E+203
2. B90PE+DB3
1.9986E+003
4. 1760E+BB02
1.5874E+2B2
6.@342E+001
2.2938E+0@1
8. 7193E+200
3. 3145E+008
1.2599E+000
4. 7893E-001
1. 83206E-001
6. 9205E-0602
2.B6307E-002
1.0000E-BB2

Figure 7.7. Leakage Magnetic Field for Transformer of Figure 7.2.
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Figure 7.8. Leakage Magnetic Field for Concentric Winding Approach.
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Figure 7.9. Leakage Magnetic Field for Concentric Winding Approach.

In this section, for the three port phase shifted dc-dc converter of 50kW rating, a concentric
winding approach is followed for the transformer design using tape wound material. An
optimization process is developed to optimize the transformer volume and transformer leakage
inductances. In order to have an estimate of the required external series inductances, the power
expressions equations are solved for maximum rated power and maximum phase shifts. Since a

three port transformer can have three external series inductors. The reflected magnitude of the
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peak

inductances are taken equal for the three ports, such that the maximum energy storage %u 2

and total volume of inductors remain same. With equal inductances on the three ports, the power
expressions for the three ports are as below, where ‘L’ is the required external inductor. Leakage
inductance of concentric transformer is considered negligible compared to external inductors. In
the expressions 7.1-7.3, all the quantities are referred to port 1. Port 1 is considered as RES port
with input voltage 800V, port 2 is considered as ES port with input voltage 800V and port 3 is
the output port with 1200V. The typical operating frequency range for tape wound core materials

are from medium frequency range(1,2kHz to 25-30kHz). The value of the external inductor L is
evaluated from extreme operating cases of (a)P, =P, B,=-P.. B=0,0) P=F, P,=0,
P,=P.. c) P=0, P,=P,, B=P_ for a switching frequency of 20kHz and maximum

operating angle of 60 degree. The value of ‘L’ is selected as 40uH for port 1 and port 2, and

referring to output port the required value of inductance is 90pH.

p_VVo(d—4)7—[4-¢1) , ViVa(4)(7—|4 )

! 3L 3L (7.1)
P, _ V(4 —d) (7|4 - |)+V2V3(¢z)(7f—|¢z ) 7.2)
3L 3L
P _ VNV (@) (7— 4 |)+V2V3(¢z)(ﬂ—|¢z ) 7.3

° 3L 3L

The transformer design is carried out using multi-objective optimization procedure for
“Leakage-Volume” optimization. A model of concentric winding transformer is shown in figure
7.10. The voltage, number of turns, switching frequency and core area are related as follows in
(7.4-7.7). Since the transformer winding currents are high frequency ac in nature, hence litz wire
is considered more suitable for design compared to solid conductors. Use of foil winding can
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also be investigated for high frequency applications. The effective transformer window area is
computed as follows in 7.5. The window height and width are functions of number of turns and
number of layers and together with insulation requirement. The winding pattern is considered as
a set of three layers, where in each set, each layer is from three different windings. The

optimization also finds out number of such three layer sets.

0 45 90 (mm)

Figure 7.10. Concentric Winding Transformer Model.

V; =4k, AN, T, (7.9) koA, =N 3, +N,a,, + N;a,; (7.5

H, =max(Nd,, N ,d,,, N d,;) +2*CL (7.6)

w2
W, =Ld,+T.,.+d,+T.+d,)+2*CL (7.7)
The leakage model of the concentric winding transformer is given below. For concentric

winding transformer, the leakage between the innermost winding and the outer most winding is

the highest[68], hence in the optimization, the leakage between the innermost & the outermost
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winding is aimed for minimization. The permeances for inner-to-middle and middle-to-outer

layer are given below.

H Winner Wmi e
IDl—inner—middle = ( 3 Iv“—-l-inner +WgapMLTgap + ;dl I\/”—Tmiddle) (7.8)
H Wmi e Wou er
Pmiddle—outer = HO ( ;dl lv”—TmiddIe +WgapMLTgap + 3t MLTouter) (7.9)

w
I:)I-outer—inner — I:)Louter—middle + I:)Lmiddle—inner (7.10)
I—Linner—outer = NZPLinner—outer (7.11)

The pareto front output of the optimization procedure is shown below in figure 7.11. A design
is selected from the bend of the curve and the corresponding concentric winding transformer
design in carried out. The Nano-crystalline material used is FINEMET FT-3L. The designed
transformer is shown in figure 7.12 in open frame and figure 7.13 shows the finished epoxy filled
closed frame package. The details of the transformer are given in table 15. Litz wire is used for

all the three windings.
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Figure 7.11. Pareto Front for Leakage-Volume Optimization.
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Figure 7.13. Three Port transformer in
Closed Frame.

Figure 7.12. Three Port Transformer in
Open Frame.

Table 15. Three Port Nano-Crystalline Transformer

Core Depth 96mm
Core Height 106mm
Side Limb thickness 13.5mm
Middle Limb thickness 27mm
RES port No of turns(800V) 8
ES port No of turns(800V) 8
Output port No of turns(1200V) 12

Window (height x width)

79mm X 32mm

Transformer volume

0.002 m®=2 litre

Power density

25 kW/litre = 410W/in®

Leakage I—Linner-outer 3 U-H
Leakage I—Linner-middle 1.2 U-H
Leakage I—Lmiddle-outer 2
RES & ES port conductor Litz wire 2500x38AWG
Output port conductor Litz wire 1650x38AWG
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The core loss for the Nano-crystalline transformer is measured for square wave voltages by
applying, a square wave voltage at a certain frequency under open circuit condition. The

waveform for the applied square wave voltage is shown in figure 7.14, along with the

v
magnetizing current. The operating flux density B, is expressed as B, = N : . for the square

wave voltage with peak value V,. The measured core losses for different flux densities at
switching frequencies of 10kHz & 20kHz are shown in figure 7.15. The core loss per weight vs

flux densities is given in figure 7.16.
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Figure 7.14. Transformer Open Circuit VVoltage & Excitation Current.
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Figure 7.16. Core Loss/Wt vs. Flux Density.

The external inductors are designed using ferrite core materials of grade 3C90 and litz wires.

The inductors are designed using the same litz wires as the transformer windings. The ferrite
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cores used for each inductor core are U-93/76/30 and U-93/52/30 placed together with air gaps

on the legs. Each of the three inductors are designed at same maximum flux density for same

value of reflected Ina, such that the peak energy stored %leaxz is same for all the three

inductors, only the number of turns varies. The inductors are shown in figures 7.17-7.18, where it
can be observed that the number of turns for each inductor are distributed on two limbs, which is
done so that the common mode path(for high speed switching common mode) sees a series
capacitance on both the terminals, thus reducing the total series capacitance between any two
terminals in the common mode path. The circuit schematic using the external three inductors
and the three port transformer is shown in figure 7.19. Figures 7.20-7.21 show the transformer
winding voltages and currents for two different operating points for the three port converter at

20kHz switching frequency.

h

Figure 7.17. RES Port Side Inductor(L,). Figure 7.18. ES & Output Port Side
Inductor(L2, L3).
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Table 16.External Inductor Parameters

No of turns on RES, ES & Output side N;=12, N,=12, N3=18
Inductors
Design Flux Density Bn, 0.27
Maximum Design Current for By, l1max=90, l2max=90, lomax=60
Measured value of Inductances L =41pH, L, = 41pH, Lz = 92pH
Self-capacitances across the each half 12~20pF
portions of inductors
Measured ac resistances at 20kHz R1=10mQ, R,=12mQ, R3=28MQ
Total air gap in each core 6mm

Figure 7.19. Circuit Schematic Using Series Inductors.
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Figure 7.20. Waveforms for Py = 50kW, Py = 38kW, P, =-12kW.
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Figure 7.21. Waveforms for P, = 50kW, Py = 20kW, P, =-30kW.
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The three port converter system with nano-crystalline core and external ferrite inductors, as

discussed in figure 7.19, can also be operated with two external series inductors. Figure 7.22

shows the equivalent circuit for the three port converter with two external inductors, which is

similar to the equivalent circuit of three port converter with three external inductors with L;=0.

Figures 7.23-7.24 show the converter waveforms with two external inductors at different power

conditions.

Figure 7.22. Equivalent Circuit with Two External Inductors.
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Figure 7.23. Waveforms for Py = 50kW, Py = 30kW, P, =-20kW.

220



2018.-02-15 63:36:25 [

0zmM Normal

YOROGAWS 4 18894 B

THZz ~ ©H3  CH4

DA MainE 200k, >

CHS

—CHG

1G5+  Z0H5Aiv

56.6 A 1.90kV 50.90 A
DC1Ms: DC1Ms DC1Ms

1.09kV
DC1Ms

50.9 A
DC1Ms

Figure 7.24. Waveforms for P; = 50kW, Py = 20kW, P, =-30kW.

A comparison of efficiency analysis of the three port converter system is carried out. The

measured quantities are the dc input power of each port. The converter efficiencies & total

losses for the two converters are shown in figures 7.25-7.28. It can be observed that the

efficiencies for both the converters are close to each other(around 98% to 99%) over the

operating range and so are the total system losses.
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Figure 7.25. Efficiency Plots for TAB Converter with Three Series Inductors.
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Figure 7.27. Losses for TAB Converter with Three Series Inductors.
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Figure 7.28. Losses for TAB Converter with Three Series Inductors

A comparison of common mode current from PV terminal, are shown in figures 7.29-7.30 for
the two systems, where it can be seen that using three inductors, the common mode current is

much lower compared to common mode current using two inductors. Therefore use of three

inductors provide an advantage in terms of common mode signals.
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Figure 7.29. PV Winding Common Mode Current using Three Inductors.
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Figure 7.30. PV Winding Common Mode Current using Two Inductors.

7.3. Two Port Nano Crystalline Transformer with Integrated Leakage

Inductance for Dual Active Bridge Converter

As explained in previous sections, using a tape wound core or nano-crystalline transformer
leakage inductance as an energy transferring element in a power converter, results in eddy
current losses in the laminations of the core material. Use of separate inductors for phase shifted
three port dc-dc converter has been demonstrated in previous section. Integration of leakage
inductor together with the nano-crystalline core has been an attractive solution for converter
designers[69], which reduces the total converter volume and reduces winding copper
requirement. In [69], different possible designs have been made to demonstrate two port designs
with integrated leakage inductors for core-type two-limb transformers, where the windings on
the two limbs enclose both the leakage layer and the magnetization core. Few of the design types

demonstrated in [69], are shown below in figures 7.31-7.34.
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Leakage Flux

Leakage Layer Leakage Layei

Figure 7.31. Leakage on the Limbs. Figure 7.32. Leakage Inside Window.

Figure 7.33. Leakage Inside Window. Figure 7.34. Leakage Between Cores.

The leakage integrated transformers shown in figures 7.31-7.34, are generally core-type
transformers with leakage layers. In figure 7.31, in spite of leakage layers being placed on the
two limbs, leakage flux is present in the window volume, which would cause eddy current losses
in transformers. The transformer of figure 7.32, has the leakage layers inside the window
volume, which requires a higher window area for the tape wound cores, thus increasing the cost
of tape wound core transformer than that of figure 7.31. The transformer of figure 7.33 has the
similar problem of flux cutting through the laminations near the leakage layer. The transformer

of figure 7.34 has the leakage layer placed in between two separate cores. This arrangement
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would reduce the eddy current losses but also reduces the total reluctance in the magnetization
path of the tape wound transformer core. Here an arrangement for leakage integrated
transformer is discussed for concentric winding type transformer with three limbs, similar to the
concentric winding arrangement discussed in previous section. In the concentric winding
arrangement, the leakage layers are placed in the front side and back side of the transformer.,
such that the leakage flux is reduced over the tape wound core window volume. The two possible
arrangements of ferrite leakage layer integrated nano-crystalline core based transformer, are
shown in figures 7.37-7.40. Figures 7.37-7.38 show the 3D view and top view of type 1
arrangement and figures 7.39-7.40 show the 3D view and top view of type 2 arrangement. The
tape wound core of the transformers have the same dimension as the tape wound core for three
port transformer of previous section. These two transformers have equal number of turns(8 each)
for both inner and outer windings. The nano crystalline/tape wound core transformer details and

ferrite leakage layer details are shown in table 17 and figures 7.35-7.36.

Figure 7.35. Tape Wound Core Front View & Side View.
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W, Dy

Figure 7.36. Leakage Layer Front View & Side View.

Table 17. Core Dimensions

Tc 13.5mm
Tm 27mm
Hw 78mm
Wy 32mm
Hc 105mm
Dc 96mm
W; 12mm
Tc 18mm
WL 48mm
He 103mm
D. 45mm
Ly 3mm
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Figure 7.37. Type 1 Integrated Transformer.
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Figure 7.38. Type 1 Integrated Transformer(Top View).
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Figure 7.39. Type 2 Transformer.
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Figure 7.40. Type 2 Transformer(Top View).
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In transformer type 1, the leakage layers are placed on only one winding, the outer winding.
While in transformer type 2, the leakage layers are placed on both the windings. However, both
the transformers have equal leakage due to same size of leakage layer, same air gap and same
number of turns. The effect of placing the leakage layers in different manner, results in a
difference in equivalent circuit. The equivalent circuits of the above two transformers are given
below in figures 7.41-7.42. The effect of having the leakage inductances on one side or on both
the sides, result in distribution of magnetizing current. In order to verify the effect on
magnetizing current, Ansys Maxwell models for both the transformers have been created and
FEA transient simulation have been performed to observe the magnetizing current effect and flux
density in the transformer cores. The no-load winding currents, which is purely magnetizing in
nature, for transformer type 1 and transformer type 2 are given in figures 7.43 and 7.44. The full
load currents for the two transformer types are shown in figures 7.45 and 7.46, which are
identical, thus the transformers have similar leakage inductances but their magnetizing current
distribution is different. It can be observed that the magnetizing currents for type 2 transformer is
shared by both the windings more equally than the magnetizing current being shared by both the

windings for transformer type 1.

L

VI V2

Figure 7.41. Equivalent Circuit for Type 1 Transformer.
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v, V,

Figure 7.42. Equivalent Circuit for Type2 Transformer.
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Figure 7.43. No-Load Winding Currents for Type 1 Transformers.
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Figure 7.44. No-Load Winding Currents for Type 2 Transformers.
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Figure 7.45. Full Load Winding Currents for Type 1 Transformers.
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Figure 7.46. Full Load Winding Currents for Type 2 Transformers.

The comparison of total magnetizing currents for both the transformers at no-load and full
load comparison is shown below in figures 7.47-7.50, it can be observed that though the no-load
currents for both the transformers are equal(as shown in figures 7.47-7.48), there is a significant
difference at full-load(as shown in figures 7.49-7.50) condition. The peak magnetizing current
for transformer type 2 at full load condition is around 1.8A and for transformer type 1 is 2.4A,
from figures 7.49-7.50. The reason for this is, as with increasing loading, the phase shift

increases, the magnetizing voltage across magnetizing inductance reduces with increasing phase
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shift angle, thus having lower magnetizing current. The effect of lower magnetizing current is to

have lower loss at full load condition for type 2 transformer compared to type 1 transformer.
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Figure 7.47. Magnetizing Current at No Load Current for Type 1 Transformer.
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Figure 7.48. Magnetizing Current at No Load Current for Type 2 Transformer.
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Figure 7.49. Magnetizing Current at Full Load Type 1 Transformer.
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Figure 7.50. Magnetizing Current at Full Load for Type 2 Transformer.

The effect of reduced magnetizing current is also verified from the induced flux density in the
tape-wound core. The peak flux densities for both the type 1 and type 2 transformers at no-load

conditions and full-load conditions are shown in figures 7.51-7.54.
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Figure 7.51. Peak Flux Density in Type 1 Transformer at No Load.
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Figure 7.53. Peak Flux Density in Type 1 Transformer at Full Load.
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Figure 7.54. Peak Flux Density in Type 2 Transformer at Full Load.
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It can be observed that the no-load peak flux density in the tape wound core is same(around
0.58T) for both the transformers but the full load peak flux density is much lower for type 2
transformer(around 0.4T) compared to type 1 transformer(around 0.56T). The variation of peak
flux densities as a function of loading is shown in figure 7.55. The effect of the drop in peak flux
density with increasing loading in type 2 transformer, results in lower core losses, which will be

demonstrated with experimental results.
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Figure 7.55. Variation of Core Peak Flux Density at 20kHz with Loading.

The inductance matrix obtained from FEA simulation are shown below in figures 7.56-7.57,
to give an estimate of the leakage inductance distribution for the two transformers, the unit is in
mH. It can be observed that for type 1 transformer, the self inductance L;; and mutual inductance
L1, are much close to each other, compared to L,; and L2, which indicates the leakage is mainly

on the outer winding(‘2”) side rather than inner winding. For type 2 transformer, both Lj; and Ly,
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are almost equally deviant from L, and Ly, thus indicating a more equal distribution of leakage

inductances.
Currentl | Current2 Currentl Current2
Current1  4.2182 42143 Currentl 4,244 4,22
Current?  4.2143 4. 2651 Current?  -4.22 4. 2507

Figure 7.56. Inductance Matrix for Type 1 Figure 7.57. Inductance Matrix for Type 1
Transformer. Transformer.

The FEA simulation of leakage layers, which are made of ferrite material in this case, are
shown in figures 7.58 and 7.59. The FEA simulation has been performed for peak current of
100A, which is higher than estimated current of 90A for 50kW power flow of DAB converter. It
can be observed that for both the type 1 and type 2 transformer, the peak flux densities are same
around the core volume, except in the outer limb, having little lower peak flux density near the
air gap due to fringing effect. The peak flux density in the ferrite leakage core are mainly around

0.25T to 0.3T, except near the edges of the cores, where it reached around 0.4T.
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Figure 7.58. Leakage Layer Peak Flux Density for Typel Transformer.
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Figure 7.59. Leakage Layer Peak Flux Density for Type2 Transformer.

Given the benefits of core loss for type two transformer, where the leakage is distributed on
two windings, a laboratory prototype of type 2 transformer has been developed for performing
experimental studies. Figures 7.60 and 7.61 show different views of the laboratory prototype
transformer. The transformer is rated at 50kW with switching frequency of 20kHz at a peak flux

density of 0.58T. The winding is made of litz wire with construction 2500/38AWG.

Figure 7.60. Laboratory Prototype of Integrated Transformer Type 2.
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Figure 7.61. Laboratory Prototype of Integrated Transformer Type 2.

7.4. Experimental Study of Leakage Integrated Two Port Transformer

The aforementioned two port transformer with integrated nano-crystalline core and ferrite
leakage layer is tested in a hardware prototype. The hardware prototype used for testing this
transformer is same as the prototype used for the three port nano-crystalline transformer testing
previously. The transformer is rated for 50kW power with operating frequencies around 20kHz.
In this section, the transformer is run from 15kHz, 20kHz, 25kHz & 30kHz switching
frequencies and the experimental results are analyzed. Schematic for the two port converter
system prototype is shown in figure 7.62, where Vgc1=V4=800V. Figures 7.63-7.64 show the
transformer winding voltages & currents at 15kHz & 30kHz switching frequencies at 50kW

power.
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Figure 7.62. Schematic for test Setup of Two Port DAB Converter.
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Figure 7.64. Transformer Waveforms at 30kHz.

The converter efficiency and the input & output powers are measured using a WT3000 power

analyzer. The efficiency and losses, measured from power analyzer, for the whole converter

system are shown in figures 7.65 and 7.66. The transformer core losses are measured by applying

the same quasi square wave voltage across both the windings.
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Figure 7.65. Efficiency of DAB Converter Over Full Operating Range.
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The core loss for the nano-crystalline transformer for a particular operating point can be
measured by applying the same quasi-square wave voltage(as shown in figure 7.67) for both V;

and V; with no phase shift. From figure 7.42, if it is considered L;=L;, then the induced voltage

. Thus for a particular

across the magnetizing inductances can be derived as Vv _ :\%

operating point with phase angle 4, the magnetizing voltage V,, can be recreated by introducing

a zero voltage in the H-bridge converter output voltage. The duration of zero voltage in H-bridge

converter output voltage is ¢ in half cycle =. A waveform of similar induced voltage across a

sense coil on the core of the transformer is shown in figure 7.68.

243



-B

max

Figure 7.67. Magnetizing Voltage & Induced Flux pattern.

Tek - Tria'd b Pos: 60,00ns
-+
(1]
Ln
[Coarsel
k100 0s

16-8pr—18 1755

Figure 7.68. Induced Voltage Across Sense Coil.

The measured core losses at different frequencies for the nano-crystalline transformer is
shown in figure 7.69, which also shows that the measured core losses drop with increasing
loading or phase shift. Considering Zero Voltage Switching(ZVS) for Dual Active Bridge
converter, the switching losses can be considered zero for SiC Mosfet devices, as the turn-on is
soft-switched and the actual turn-off loss is negligible[70]. The conduction losses for SiC Mosfet

devices are derived from PLECS simulation using conduction loss model and thermal model of
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device package resistance and heatsink resistance. Therefore the total transformer loss and stray
losses can be derived as Pranstomer ol = Ploss_toral — Puosrer _conduction- The total transformer loss

variation is shown in figure 70.
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Figure 7.69. Measured Transformer Core Losses.
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Figure 7.70. Transformer Loss Variation over Input Power.
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It can be observed that at very low power, the losses are higher and as loading increases, the
losses go down initially and then increases with loading again. This can be explained as due to
very low loading at low power conditions, the converter does not have ZVS operation, due to
insufficient energy in leakage inductance and has sufficient resulting switching losses, but as
loading increases, the converter moves into ZVS operating region and switching losses become
negligible. The losses in transformer winding and leakage layers can be estimated using
conventional technique of estimating copper losses and inductor core losses(using iGSI method).
In the above integrated transformer above, there is a significant amount of eddy current loss over
the transformer window volume portion, where some portion of leakage flux cuts through the
laminations onto the windings. This can also be explained as the difference between total leakage
of the transformer(50uuH) and leakage due to ferrite leakage layer(10pH). The eddy current loss
over transformer window, can be estimated as difference between total transformer loss and sum
of core loss, copper loss and leakage layer loss(shown in figure 7.71). In estimating the copper
and leakage layer losses, the effect of temperature is not considered. The estimated winding

losses and leakage layer losses are shown in figures 7.72 and 7.73.
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Figure 7.71. Eddy Current Loss Variation Over Input Power.
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Figure 7.72. Winding Loss Variation.
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Figure 7.73. Ferrite Leakage Layer Loss Variation.

7.5. Conclusions

The leakage flux effect on tape wound core transformers create high losses and create heating
of the tape wound core and cause fast temperature rise. The alternate methods of using external
series inductors reduces the core loss and provide high efficiency, which has been demonstrated
with the results of three port converter system. The integrated transformer+inductor topology
also has provided high efficiencies over the operating region. The use of inductors on both
primary & secondary windings reduces core losses significantly over the operating range &

increases efficiency.
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Chapter 8. High Frequency Transformer Current
Control Strategy For Triple Active Bridge(TAB)
Converter

The basic power flow operation of Dual Active Bridge(DAB) or Triple Active Bridge(TAB)
converter is controlled by controlling the phase-shift angle between different winding
voltages[56,60]. Different versions of phase shifted converters have been explained in detail in
literature[50-62]. Few research efforts have focused on optimal operation focusing on optimum
current stress on power semiconductor devices, optimum converter losses and optimum
switching losses with ZVS modulation[61-62, 71-74]. The phase shifted DC-DC converters'
control techniques are the key things required for optimum performance and operation, which
requires the high frequency transformer to operate reliably. Using a conventional PI controller
approach for dc power flow control or output dc voltage control, the phase angle control method
causes transformer core saturation during high transients in the isolating high frequency
transformer. Different current control approaches & flux control approaches for dc-dc converters
have been proposed in [75]-[82]. A peak current control and peak-valley current control for the
transformer winding current of two port DAB converter has been proposed in [79], which
controls the transformer winding currents within one switching cycle by sampling the winding
current twice in a single switching cycle. A similar method for two winding DAB has also been
proposed in [78]. The methods proposed in [78],[79] use peak current sensing during device
switching, which is highly sensitive to noise and EMI generated due to generated dv/dt from high

speec switching of SiC Mosfet devices.
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Figure 8.1. Triple Active Bridge(TAB) Phase-Shifted DC-DC Converter.
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Figure 8.2. Equivalent Circuit of Transformer for TAB Converter.

In this section, the current control method discussed in [78-79] has been extended for three
port phase shifted TAB converter(shown in figure 8.1), using high frequency current sensing
method and updating the phase angle in each switching cycle. The objective of current control

method is to control the high frequency transformer current in each cycle so that dc transients are
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eliminated from transformer currents during any phase angle change from one cycle to the next.
The transformer currents are sensed in each cycle and the phase shift angles for next switching
cycle are calculated and updated based on the reference value for next cycle. The control
methods discussed in this paper uses two methods for sensing the currents and updating the
phase shift angles. The current control methods discussed in this chapter provide an inherent
power decoupling for the three port TAB converter where currents from two ports can be
individually & independently controlled. In the first current control method, the transformer
currents are sensed in each half cycle and the phase angles are updated in the subsequent
opposite half cycle, which is an extension of the current control method discussed in [78],[79]. In
the second method, a new technique is proposed where the transformer currents are both sensed
and updated only once in a switching cycle and they are controlled as per their references in a
single switching cycle. The advantage of the second method is that, it allows higher time window
to the digital controller for performing other complex calculations and allowing the designer for
control implementation at higher switching frequencies. The second method also reduces the
error in calculation due to any offset from the high frequency current sensor, which is present in
first method for low power cases and it causes the phase angle values and steady state winding
currents to oscillate around a stable value. The analysis of the proposed control methods is done
in this paper based on the equivalent circuit for three port phase shifted TAB converter, which is
shown in figure 8.2. The current control methods have been experimentally verified and
satisfactory results have been obtained for verification. The implementation of the current

control techniques have been done using digital controller.
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8.1. Three Port Phase Shifted Converter Analysis

The leakage inductance of high frequency transformer for phase shifted converter acts as
energy transferring element[56]. The three H-bridges in figure 8.1, produce square wave voltages
across their respective windings, with phase differences among them, causing active power
transfer from one port to the other. The power flow scenarios between the three ports of the
transformer of figure 8.1, are functions of the phase differences between different windings[56].
In figure 8.1, the voltage V3 is considered as the reference voltage and the other two winding
voltages V1,V are referenced w.r.t. voltage V3. The voltages V1,V have phase shift angles ¢1, ¢
which are referenced w.r.t. V3. The transformer winding currents for a TAB converter are
piecewise linear in nature[56] and are functions of the phase shift angles ¢, ¢.. For this thesis
work, it is assumed that RES at port 1 acts as source and can only deliver power, while the ESS
at port 2 can act as both source and sink. Therefore there are three possible scenarios based on
the phase shift angles (a) ¢1 < ¢» <0, (b) 2 < §1 <0, and (c) ¢1 < 0 <¢». The three possible cases

of winding voltage positions are shown in figures 8.3-8.5.
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Figure 8.3. Mode 1: Winding Voltages when ¢; < ¢, <0
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Figure 8.5. Mode 3: Winding Voltages when ¢1 <0< ¢,

The voltage Vr, across the magnetizing inductance L, referred to windings 1,2,3 are given in
equations (1,2,3). The voltage term V,y refers the voltage V of winding ‘x’ referred to winding

‘y’. Similarly, inductance Ly refers to inductance Loy of winding ‘x’ referred to winding y. The
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piecewise linear nature of transformer winding currents for winding 1,2 and 3 are given in
equations (8.7-8.9), where 0 is initial instant for the linear interval x and 6 is any instant within

that interval x” and m, is slope of that interval ‘x’ for current in winding ‘y’.

V.. = (\/1 I_L21 I_L31 +V21 I_Ll I_L31 +V31 I_L 21 I_Ll) Lml

ml 3 (8.1)
Lnl
V _ (\/2 I_L12 LL32 +V12 LL2 LL32 +V32 LL2 I_L12 ) Lm2
m2 L 3 (82)
n2
V _ (\/13 LL23 LL3 +V23 I_L13 LL3 +V3 LL23 LLlS) Lm3
n3
where Ln13 = LLlLL21LL31 + LLlLL21Lm1 + LLlLL31Lm1 + LL21LL31Lm1 (8.4)

Ln23 = I‘L12 I‘L2 LL32 + I‘L12 I‘L2 Lm2 + LLlZ I‘L32 Lm2 + I‘L2 LL32 Lm2 (85)

I‘n33 = I‘L13 I‘L23 LL3 + I‘L13 I‘L23 Lm3 + LL13 I‘L3 Lm3 + I‘L23 I‘L3 Lm3 (86)

i1 (‘9) = i1 (00) + {Vl ©) _Lvml(g)} (0 - 90) = il(HO) + mxl(g - ‘90) (8.7)

L1

i2 (‘9) = iz (00) + {\/2 (9) _|_va (9)} (9_‘90) = iz (‘90) + mx2 (‘9_ 60) (8.8)

L2

i3 (‘9) = i3 (90) + {Vm3 (9)|__v3 O} (‘9 - ‘90) = i3 (90) + mx3 (0 - ‘90) (8.9)

L3
The average dc power flow for each port are expressed by average value of the product of
winding voltage and winding current for that particular port. The winding voltage for a square
wave voltage waveform is constant over a half cycle. Therefore evaluating the average value of
winding current over a half cycle provides the easy expression of average power flow associated
with that port. The half cycle average currents are obtained using the equations (8.7-8.9). The
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average dc power flow over a switching cycle for each port are given below in (8.10-8.12). The

turns ratio term r,” are defined as ry’ = Ny/Ny. The slopes for the currents iy, i, and i5 are defined

in equations (8.13-8.21) where m,” is slope of winding current in winding ‘y’ during interval ‘x’.

1

Pl = w (Vdc1r13Vdc3¢1 (7 - |¢1|) LL21 LL31 +Vdclr12Vdcz (¢1 - ¢2)(7[ o |¢1 o ¢2 |) LL31 Lml) (8.10)
nl
1
P, = W Voo loaVcads (7 — |¢z |) Liobis = BVeeVaeo (6 — ) (7 — |¢1 -, |) Lisolne) (8:11)
n2

1
Ps = $ (r31vdc1Vdc3¢1 (7 — |¢1|) LL23 LL3 + rszvdczvdc3¢2 (- |¢2 |) LL13 LLS) (8.12)

n3

During interval 1, when V1 <0, V,<0, V3<0
mll = (rlzvdc2 _Vdcl) Kll + ('13Vdc3 _Vdcl) Kz1 _Vdcl Kal (8.13)
M7 = (6,Ve Vo) Ky + (BaVoes =V ) K, =V Ky (8.14)
ml3 = (Vies ~ FaVoer) K13 + Vs — Vo) K23 +Vies K33 (8.15)
During interval 1, when V; >0, V,<0, V3<0
M, = (Ve + Ve Ky + (RaVes Ve ) K, +Veu Ky (8.16)
mz2 = (_r21vdcl _Vdcz) K12 + (rZSVdc3 _Vdcz) K22 _Vdc2 Ka2 (8.17)
m23 = (Vies + Vo) K13 + Vies —12Voeo) K23 +Vies K33 (8.18)
During interval 1, when V; >0, V,>0, V3<0

My = (Voo +Vae) KL+ (0Vaes + Vo) Ky +Ve Ks' (8.19)
m32 = (_r21vdcl +Vdc2) K12 + (r23Vdc3 +Vd02) KZ2 +Vdc2 K32 (820)

3 3 3 3
m;” = (VdCS + r31Vdcl) Kl + (Vdc3 + r32vd02) Kz +Vd03K3 (8.21)
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L .L L..L L .L
Kll _ L3 r?r)ll ’ Kzl B Wi r3nl ’ K31 — L3 L321 (822)
ol ol ol
L . L L..L L . L
K 2 — .32 —m?2 K 2 — L12 =m2 K 2 — 112 =132 823
el el ) (8.23)
L ..L L ,.L L..L
K13 _ s n313 ’ 23 _ s rgs ’ K33 _ s |_323 (8.24)
ol , ol , ol ,

The above power flow expressions clearly indicate that the systems are coupled to each other
and average power flow of one port cannot be controlled using one phase angle. The non-linear
decoupling method for this has been proposed in [56], but this requires pre-computation of all
feasible operating points, and this method does not consider the dynamic phase angle change
effects for the phase shifted converters. Moreover, using this method, the transformer current
develops dc transients during phase angle change, which is not addressed in [56]. In the
following sections, transformer current control methods to avoid dc transients during phase
change is discussed. The control methods provide inherent power decoupling. In this paper,
currents in windings 1 and 3 are controlled directly which automatically controls the current in

winding 2.

8.2. Triple Active Bridge Converter Current Control

In the current control method discussed in this section, transformer winding currents are
sampled in each switching cycle at a fixed instant. The phase shift angles for next switching
cycles are calculated based on the sampled values and the corresponding reference currents.
Similar current control has been proposed for Dual Active Bridge(DAB) converter in [78-79],
where the transformer winding current is sensed twice in a switching cycle and the phase angle is

updated twice in a switching cycle. In this section, the double sampling method has been
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extended for three port triple active bridge converter and a single sampling method is proposed.
The current control for the above TAB converter is implemented here by sensing and controlling
currents iy, i3 in windings 1,3 and updating phase angles ¢; and 5.
8.2.1. Double Sampling Method for Current Control

In the double sampling method, the current sampling and phase shift update takes place at the
zero and peak of a triangular carrier wave, which is used for all the three ports' gating pulses
generation or winding voltage generation, as shown in figure 8.6. The reference for the current
sample sensed at zero, is at the zero of carrier for next switching cycle i.e., one switching cycle
later. The controller then calculates the phase angles within half period of the current switching
cycle and updates the new phase angles to PWM controller at the peak of the carrier wave for
current switching cycle, i.e., at half switching cycle later. Similarly, for the currents sampled at
peak of the carrier, their references are at the next peak and the phase angles are updated in next
zero of the carrier wave. From the instantaneous current expressions from (8.7-8.9), it can be
inferred that the winding currents’ slopes change for every winding voltage polarity change. The
current control is derived here for the voltage positioning scenario of figure 8.3, but it is
applicable to all possible positioning of the voltage vectors. The current control is based on
predictive method and the calculated phase angle expressions are same for all scenarios of

voltage vectors' positions in figures 8.3-8.5.
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Figure 8.6. Sample and Update for Double Sampling Method.

The sample and update instants are shown in figure 8.7, i, and i3 are sampled at the midpoint
instant of the output winding voltage V3 during both positive and negative half cycles, i.e. when
the carrier of figure 8.7 reaches zero and peak. The references iy, isrer fOr sampled currents iisam,
I3sam Sample are at one switching cycle later, i.e. two Sample & Update(S&U) instant later. The
references for sampled currents at (n-1)" S&U instant are at (n+1)™ S&U instant. Similarly, the

references for sampled currents at n™ S&U instant are at (n+2)™ S&U instant.
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Figure 8.7. Current Control Action using Double Sampling Method.

The predictive control algorithm works in the manner that it samples at zero and peak of the
carrier wave for V3, calculates the new phase shift angle values ¢; and ¢,, and updates the PWM
generator at half switching cycle later from the sample instant. From figure 8.7, during positive
half cycle, the controller samples at (n-1)" sampling instant while the reference is at (n+1)"
sampling instant, and the PWM phase shift generator is updated at n™ sampling instant.
Similarly, for negative half cycle, the controller samples at n™ sampling instant, the reference is
at (n+2)™ sampling instant, and the new phase shift angles ¢; and ¢, are updated into the PWM
generator at (n+1)" sampling instant. The predictive controller uses the sampled winding

currents’ values iisam, I3sam and calculates the phase shift angles ¢;, ¢, based on previous half
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switching cycle values of phase shift angles. The controller updates the PWM generator with

new phase shift values at the midpoint of positive and negative polarity of winding voltage V.
From figure 8.7, starting from (n-1)" sampling instant, the winding 1 and 3 currents at (n+1)"

sampling instant can be expressed using current slopes based on piecewise linear model of

equations (8.7-8.9) and (8.13-8.18).

. . . 1,7 A 1 a a 1 a
I17ref = Ilsam(n+l) = I1sam(n—1) —-m (E_¢ln ) -m, (¢1n _¢2n ) —m; (¢2n )

(8.25)
Mz = ")+ M~ 4,") Mg, - mf(g)

T n— n—. n-. n-
|3sam(n -1) m13 (E - ¢1 1) - m23(¢1 - ¢2 l) - m33(¢2 1)

3_ref 3sam(n+l) ~

(8.26)
M3 (7= g+ M (8"~ ")+ mi (4" ) —m (%)

Rearranging equations (8.25)-(8.26), the following matrix form is generated.
{(mzl_mll) (msl _mzl):|{¢1nj|:|:‘]1:| (8.27)
(mz3 o m13) (ms3 o m23) ¢2n ‘]2 .

(Il ref lsam(n -1) ) + (mzl - mll)¢1m1 + (mBl - m21)¢2n71 (828)

where

3y = (is_et ~lysanny) T (M —MI)E" "+ (m° —m,’)g,™" (8.29)
The matrix elements are expressed in terms of circuit parameters as given below.
m'—m' =2V, (K '+K}'+ K =2V, K. (8.30)
m;—m," =-2r.V,,K' (8.31), m’-m’=2rV K® (832),

ms3 - mz3 = 2"32\/(1c2K23 (8.33)
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Solving the equation (8.27), the required phase angles to be updated for n" sampling instant
are obtained as follows.

¢1n 2 r32Vdc2 K23 2 r12Vd(:2 Kl1 x ‘Jl X i
¢2 " _2 r31Vdcl K13 2Vdcl Kslum 'J 2 D (8.34)

Where D= 4I’ VdcldeZK K, +4r31r12Vdc1Vd02K13K11 (8.35)

sum

Expanding equations (8.34)-(8.35), the following solutions for the phase angles are obtained

1ref (2r32Vdc2 K ) + AI3ref (2 dc2 K )

g =4""+ 5 (8.36)

AI1ref ( 2r31Vdc1K )+ AI3ref (2Vdcl sum)

$"=¢""+ 5 (8.37)

A 1ref (Il ref 1sam(n—1)) (8-38) AiSref = (i3_ref |3sam n-1) ) (8 39)

For the negative half cycle also, the same equations apply, only Aijrr and isrer Change as given

below.

Ai1ref (2r32Vd02 K23) + Ai?,ref (2G2Vdc2 K 1)

W=+ 5 — (840)
¢2n+1 — ¢2 n 1ref ( 2r3 dclKls)D_'_ Ai3ref (Zvdcl sum) (841)

Where AIlref :(1 ref +|1sam(n)) (8-42) and AI3ref (3 ref +I35am(n)) (843)

The equations (8.36-8.43) define the current predictive control of triple active bridge
converter using double sampling of winding currents. The above method has been derived using
the case when both the winding voltages V; and V, lead V3, however the derived expressions can
still be applied for any of the possible lead-lag cases of winding voltages defined in figures (8.3-
8.5).
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8.2.2. Single Sampling Method for Current Control

r
'I’j;-_? s

Figure 8.8. Sample and Update for Single Sampling Method.

In the single sampling method, the current sampling and phase shift update takes place only at
the zero of triangular carrier wave for voltage V3, as shown in figure 8.8. The references for the
currents iy and i3 are at the zero and peak of the carrier. The single sample and update method
proposed here makes sure that during the peak and zero of the carrier wave, the winding currents
reach their reference values. The single sampling method for triple active bridge converter is
explained in figure 8.9. Here during negative to positive transition of voltages, the phase angles
are defined as ¢1, and ¢, Similarly, during negative to positive transition of voltages, the phase

angles are defined as ¢4 and 2.
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Figure 8.9. Current Control Action using Single Sampling Method.

. . T T
Il_ref = Ilsam(n) + rnll (E - ¢1u(n)) + m21(¢1u(n) - ¢2u(n)) + m31¢2u(n) - ml:L E (844)

T T
I3 ret = lzsamn) + ml3 (E - ¢1u(n)) + mz3 (¢1u(n) - ¢2u(n)) + m33¢2u(n) - mll ) (8.45)

: ; 1,7 1 1
I1sam(n) = hsam(n-1) +m (E - ¢1u(n—1)) +m, (¢1u(n—1) - ¢2u(n—1)) +m, ¢2u(n—1)
(8.46)

1 1 1 17T
—my (71' - ¢1d(n—1)) —m, (¢1d(n—1) - ¢2d(n—1)) —-m, ¢2d(n—1) +m, E

3/ 3 3
I35am(n) = ICj‘sam(n—l) +m, (E - ¢1u(n—1)) +m, (¢lu(n—l) - ¢2u(n—1)) +Mm, ¢2u(n—l)
(8.47)

3 3 3 3 T
—m, (7[_¢1d(n71)) —m, (¢ld(n—l) _¢2d(n71)) —my ¢2d(n—l) +m, E
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Using the equations (8.46-8.47) in place of i1samn) & l2sam(n) IN equations (8.44-8.45), a matrix
similar to equation (8.27) is obtained. Repeating the steps in equations (8.27-8.35), the following

expressions for ¢1ymn) and ¢oy ey are obtained.

1ref (2r32Vdc2K )+ AI3ref (2 dc2 l)
D

¢1u(n) = ¢1d(n—1) _¢1u(n—1) (8.48)

AI1ref ( 2r31vdclK )+ AI3ref (ZV dcl sum)
D

¢2u(n) = ¢2d(n—1) - ¢2u(n—l) (8.49)

Ai1ref = (il_ref + I1sam n-1) ) (8 50) Ai3ref = (i3_ref + ISSam n-1) ) (8 51)
The phase shift angles ¢1qn) and ¢2q(n) are calculated below.

: 1,7 1 1
—I - I1se1m(n) +my (E - ¢1u(n)) +m, (¢1u(n) - ¢2u(n)) +m;, ¢2u(n)

1_ref
(8.52)
1 1 1T
—-m; (7T_¢1d(n)) -m, (¢1d(n) ¢2d(n)) m, (¢2d(n)) +my 2
. . T
_|3_ref = I3sam(n) + ml3 (E - ¢1u(n)) + mz3 (¢1u(n) - ¢2u(n)) + m33¢2u(n)
(8.53)

3 3 3 4
-m°(x _¢1d(n)) —-m, (¢1d(n) _¢2d(n)) —m, (¢2d(n)) +m, B

Using the equations (8.44),(8.45) in places of i1sam(n) and izsam(n) in equations (8.52),(8.53) the

following expressions for ¢14) and ¢oqn are obtained.

3
4 1 ref r32Vdc2 K + 4'3 ref r12Vdc2 K

Pay = D (8.54)
4i .V, K +4i, .V, .K?
¢2d(n) — 1 ref dcl D 3_ref Ydcl® “sum (855)

The derived equations (8.48-8.51) and (8.54-8.55) define the current control using single
sampling methods to control the transformer current in each cycle. The current control equations

have been derived using the case for voltage vectors' positions for ¢; < ¢, < 0 case(figure 8.3),
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but the same set of equations are applicable to other two cases of ¢, < ¢ <0 and ¢1 <0 < s,
shown in figures 8.4 and 8.5. The current control equations have also been derived for the other
two cases of figures 8.4 and 8.5, and the derived phase angle expressions for ¢; and ¢, have been
found to be same for all the cases. Hence, the required new phase angle values for change in
voltage vectors' positions from any of the cases in figures (8.3-8.5) to any of the other two cases

can be achieved using the same equations for ¢; and ¢..

8.3. Effects of Inductance Variation on High Frequency Current Control
8.3.1. Effects of Inductance Variation for Double Sampling Method

The three port transformer current control methods discussed above, use the feedback signals
from high frequency current sensors and are dependent on the transformer leakage inductance
estimation and their variations. Transformer leakage inductances depend on transformer core &
winding geometry, but in case of external series inductors being used for three port transformer,
the inductances can vary depending on core temperature & saturation level. Various techniques
for leakage inductance estimation exists and they can produce different results. The effect of
variations of inductances and sensitivity analysis are studied here.

The effect of inductance variation is analyzed over here by considering the measured
inductances to be like L, =L +tAL,, L,=L,.4+tAL,, Ls=L 5,4 +AL;. With these

variations of inductances. the estimated slope parameters of equations (8.22-8.30) vary from
actual values and so as the solution set of equations (8.42-8.43) and (8.46-8.47) for the double
sampling method. The solution set of equations for single sampling method given in equations

(8.54-8.55) and (8.60-8.61) also vary with variation of inductances. While considering variation

of inductances, all the slope parameters K. in equations (8.22-8.30) are referred to as ny, act -
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n+1

il,sam(n+1) boret T All sam
= i1,sam(n) + (m —my )¢1n + (m '—m l)¢2n
= i1 sam(n) T 2Vdc1Kslum act® — 20 Vgeo Klact¢2n (8.56)
=l T All sam T 2Vdcleum act 1 AT Kll,act¢2n
g camniny = barer T AI;;;m
= i3,sam(n) + (m —my )¢1n + (m33 - m23)¢2n
(8.57)

+ 2r V K3act¢1n + 2r32Vd02 K:,act¢2n

= |3 sam(n) dcl

3 n 3 n
I3 ref + AIS sam + 2r31vdcl Kl,act¢1 + 2r32vd02 KZ,act¢2
H _ n+2
I1,sam(n+2) 1 ref + AI1 sam

H 1 1 1 1
= I1,sam(n+l) + (ml —m, )¢1nJr + (m —m, )¢2n+
2VdclKl 1n+1 + 2r Vdcz Klact¢2nJrl (8'58)

=1 sum,act
n+1 1 n+l
1 + 2r VchK act¢2

1,sam(n+1)

+AS -2V K

1 ref 1,sam sum,act

n+2
3,5am

c+AI

I3,3am(n+2) 3 re
n+1 3 3 n+1
+ (ml —m, )¢1 +(m,” —m,;*)g,
3 n+1 3 n+1
3,sam(n+l) 2r3lvdcl Kl,act ¢1 - 2r32Vd02 K2,act ¢2

n+1 3 n+l 3 n+1
¢ T Al - 2r31Vdc1 Kl,act¢l - 2r32Vdc2 Kz,act ¢2

3,5am

3,sam(n-+1)

—i (8.59)

3re

Ailref (2r32vdc2 K23,est) + Ai?,ref (2r12vdc2 Kiest) (8 60)

Where g™ =¢" +

est

AIlref ( 2r31Vdcl Klsest) + A|3ref (2Vdcleum est
D

and ¢,"" =¢," + (8.61)

est

AI1ref = (1 ref +I1sam(n)) AI1 sam (8 62) and AI3ref :(3 ref +|35am(n)) AIS sam

(8.63)
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Using the equations (8.56-8.63) and expressing Ai/+s, & Al in terms of Aif,, & A, the
following expressions are obtained. The K. parameters involving actual inductances are

expressed as K, vact and with estimated inductances, the terms are expressed as KX et -

1 3 1 1
r32K2 est (Ksum est Ksum,act )+ r12r31K1 est (Kl est Kl,act )

Al "% = Al
1,sam 1,sam 1
r32K2 est Ksum,est +r31r12K1,est Kl est
1 1 1 8.64
LAj n r12(Ksum,act Kl,est - Kl,act Ksum est ) ( )
€ K, CK o K K
32N 2,est ' “sum,est 31'12 " M est 1est
1 3 3 1 3 3
A M2 _ Aj n I3 Ksum,est (KZ,est B KZ,act )+ r-12r31K1 est (Kl est Kl,act )
3,sam — —3,sam r K 3K +r r K K
327 “2,est sum,est 317127 “est 1est
3 3 3 8.65
LA n I 32(K2 act 1est _Klact KZ est ) ( )
1,5am 1
r-32 KZ est Ksum,est +r31r12 Kl est Kl,est

sn+2

The perturbations Al & Al3 «m can be expressed in terms of AK's, which are changes in

values of the parameters K for changes in values of inductances L .

1 1 1 1 1 1
Aln::m Allsam (AKsum AKl) AISsam (AKsum AK AKsumAKl) (8 66)
Cla Clb Clc Cld Cle
. . 3 ! AK! ! AKl AK!
AL = AL (e By g (Ban B Ay (g 67)
C3a 3b CSc C3d CSe

n+2

The perturbation Aij, will be lower than the perturbation Aij“,sam one switching cycle earlier,

only if AK}<C,,,, which are functions of all the K parameters. The effect of variation of

inductances are verified here from simulation studies by varying the individual inductances by

+20%. Figures 8.10 and 8.11 show the transformer winding currents due to step changes in
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references. It can be observed that with variation of inductances, the current has the pure ac

nature but it takes few switching cycles to settle down to steady state.

v UL UTUUUU U Iuutut

1.0482 1.9484 1.9486 1.9488 1.0490 1.9492 1.9494 1.9496 1.9998 1.9500 1.9502 1.9504 1.9506 1.9508 1.9510 1.9512 19514 x le-1

Figure 8.11. Transformer Currents with 20% Variation in Inductances.
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8.3.2. Effects of Inductance Variation for Single Sampling Current Control Method
The effects of inductance variation has also been studied for single sampling current control

method. The transformer winding currents are expressed below with inductance variation for

single sampling method.

il,u(n) 1ref +A|lu
1 1 1
1,sam(n) + (m - m )¢1un + (m - m )¢2un
= + 2V, KL — 20V, K N (8.68)

1sam(n) dcl” “sum,act 1u dc2
1
-2r,V,,K

+2V, Kt

1sam dcl”® “sum,act 1u dc2 act¢2u

=—i . +A

1,ref

3 u(n) 3 ref + Al?r:u
3 3 n 3 3 n
= I3 sam(n) + (m —m )¢1u + (m —-m, )¢2u

+ 20,V Kt + 20V K " (8.69)

3 sam(n) dcl” “1,act ¢1u dc2

+ Al +2r V K} t¢1u +2r \/d(:2K23act¢2un

3,5am dcl” “,ac

3 ref

+ A|n+1

1,sam(n+l) 1 ref 1,sam
H n 1 1 n
= I1 um T (ml —m, )¢1d + (mz —m, )¢2d
1 n
1 u(n) 2Vdcl Ksum act ¥1d + 2 r12Vd02 Kl act ¢2d (8.70)

+A| 2VdclKl t¢1d +2r Vch K1lact¢2dn

sum,aci

1 ref 1,5am

+ AI n+1

3,sam(n+1) 3 ref 3,sam
: 3 3
=bum T (ml —-m, )¢1o|n + (mz —m, )¢2dn

— 1 3 n 3 n

B I’o’,u(n) - 2r31Vdc1 Kl,act¢1d o 2r32Vdc2 K2,act¢2d (8.71)
=1 i 3 n 3 n

- I3,ref + AIS,sam o 2r31vdcl Kl,act¢ld o 2r32vd02 Kz,act¢2d

Ai:Lref (2r32Vd02 Ks,est) + Aia‘ref (Zrlzvdcz K:Ll,est)
D

where Py = Panny — Py T (8.72)

est
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Ai1ref (_2 r-31Vdc1 Klejest) + Ai3ref (Zvdclelum est (8 73)

and ¢2u(n) = ¢2d(n—1) _¢2u(n—1) +

Dest
where AI1ref = ( 1 ref + I1sam(n)) 3ref = (|3_ref + ISsam(n)) and
3 1
¢1d(n) — 4 1ref r Vdcz I<2 est + 4lcref I’ VchKl est (874)
Dest
3 1
¢2d(n) 4 1ref r Vdcl Kl est 4 crefvdcleum est (8 75)

D

est

The effect of variation of inductances are verified here from simulation studies by varying the
individual inductances by +20%. Figures 8.12 and 8.13 show the transformer winding currents
due to step changes in references. It can be observed that with variation of inductances, the

current has a small dc component and takes few switching cycles to settle down.

1.818  1.820  1.822 1.824  1.826  1.828 1.830  1.832  1.834  1.836  1.838  1.840 1.842 1.844  1.846 x 1e-2

Figure 8.12. Transformer Currents with No Variation in Inductances.
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1172 1174 1176 1.178 1180 1.182 1.184 1.186 1.188 1.190 1.192 1.194 1.196 1.198 1.200 1.202 1.204 x 1e2

Figure 8.13. Transformer Currents with 20% Inductance Variation.

8.4. Experimental Results for Double Sampling & Single Sampling Current
Control Methods

The aforementioned current control methods have been implemented in a laboratory scale
hardware prototype using a three-port transformer with 1:1:1.5 turns ratio. The hardware

prototype has three H-bridges built using SiC Mosfets. The experimental study has been carried
out at lower dc bus voltages, 400V for V,,, Vi, and 600V for V. The high frequency

transformer has been made using ferrite material 3C97 and windings are made using litz wire.
Figure 8.14 shows the high frequency transformer used for experimental study. The transformer
details are from chapter 6. Figure 8.15 shows the 2MHz bandwidth Sensitec current sensor

CMS3025ABA used for sensing high frequency transformer currents.
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b

Figure 8.14. Three Port High Frequency Figure 8.15. High bandwidth Current
Transformer. Sensor.

The closed loop operation is performed by performing a dc voltage control at the output port

at 600V and controlling the transformer winding currents. The block diagram for the closed loop

control is shown in figure 8.16. The outer voltage loop generates the 1. , which is reference for
the output port high frequency current I,. The current reference iy , Which is reference for port

1 high frequency current I, can be generated from MPPT controller or from other current

reference generator. For the experimental purpose in this purpose, the kL, has been fed

externally into the controller. The controller used for the aforementioned current control methods

is TI DSP TMS320F28335 with 150MHz clock.
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Figure 8.16. Closed Loop Power Control with Sampled Current Control.

The current control is verified in the hardware prototype by using a step change in the current
reference I . The experimental results for double sampling method are shown in figures 8.17
and 8.18, where the effects of inductance variations are shown. Figure 8.17 shows the transient

change in current waveforms during a step change decrease in Iy, . As the control signal CS

goes high, the I, changes to a new value and the controller calculates the new phase shift
angles for the next half cycle and updates the controller with new phase angle values at next

S&U instant. The controller continuously updates the values for ¢ and ¢, at every half cycle.
Using this technique, the I; settles at new reference value in both positive and negative half cycle
within one switching cycle. As V.3, does not change, Iy also does not change and the

controller maintains the current at the same reference value. The port 2 current I, changes

automatically to new value to show the reflected change in power level. Figure 8.18 shows the

V,.; control and i, control when the reference for I goes high. The controller performs
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similar control actions in this case as in figure 8.17, to control I, and I, as per the new references

and maintains the output voltage V.

It can be observed that for the case with 20% variation in leakage inductances, the winding
currents undergo variations before settling in. Also, the effect of sensor offsets can be observed
in figures 8.17-8.18, where oscillations can be observed in winding current i,. Moreover, using
double sampling current control method, continuous audible noise is observed from ferrite core
transformer, which is a property of ferrite cores while the core is operating near saturation

region.

Z2018-902-21 Z23:04:17 |z
YOKOGAWA 4 7] 1

CHS —THG THZ

THz | CH3 THA

5.00 A | 1.00kY 5.0 Ao 1.90kV 5.00 A4 5.00 UV
DC1MG DC1Me DCI1Ms DC1Ms DC1Me DC1Me

Figure 8.17. Double Sampling Current Control with Proper Inductances.
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5.0 A | 1.00kV 5.06 n 1.00kV 5.0 A 5.0 U
DC1He DC1Hs DC1Me DC1Me DC1HS DC1Me

Figure 8.18. Double Sampling Current Control with 20% Deviant Inductances.

The high frequency current control method using single sampling method with properly
estimated inductance values and with 20% variation in leakage inductance values are shown in
figures 8.19-8.20. It is observed that for the case with 20% variation in leakage inductance, the
winding currents undergo significant oscillations before settling in. However, the effect of sensor

offsets on the current oscillations and continuous audible noise is absent in this case.
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Figure 8.19. Single Sampling Current Control with Proper Inductances.

Z018.-902-21 22:38:00 | f : N1M Hormal
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Figure 8.20. Single Sampling Current Control with 20% Deviation in Inductances.
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8.5. Current Control without Sampling Transformer Currents

I

)

- Va2 —

Figure 8.21. Phase Angle Update for Every Switching Cycle.

V, | Vs L}gﬁ
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P rum-1)||| o - D1
?5 2t ﬂ. L ! | la—
Prupn-a))||, Pram-pll |, Prae || [T
Update Update Update
v \ J A\ J

Figure 8.22. Current Control without Sensing Transformer Currents.
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In order to eliminate the effects of inductance variation and effects of sensor, which result in
oscillations in winding currents and decaying dc offsets, a current control method is proposed
here which do not use sampled currents from sensor outputs, but estimate the phase angles for
next switching cycle based on current reference inputs and estimated leakage inductance values.

The figures 8.21 and 8.22 explain how the phase estimation method works. The controller
generates the phase shift angles ¢, $ouqmys Pram and By for the next n switching cycle
and updates them and updates them at the zero crossing of carrier wave. The equations for
calculating Gy, Pougny, Pacny and Bya(y) are given below in 8.76-8.79. It can be observed that

the calculated phase angles using no sampled current values, use only references for the winding
currents and eliminate the effects of sensor output offsets. The effects of inductance variation
also eliminate the chances of oscillations, as only reference values are used for transformer
current control. However, with variation in estimated inductance values, the actual high
frequency winding current is either lower or higher than reference value, but using the closed

loop control of figure 8.23, the dc current tracking or voltage tracking is maintained.

é _ (T, + ilrefdd )(2r;, Vdc2K23) + (G, + i3ref0.,d )(2n, Vdc-ZKll )
e D (8.76)

_ (ilrefnew + ilrefdd )(72”31VdclK13) + (iaref”ew + i3ref01d )(2Vdcleum1 )
¢’2u(n) - D
(8.77)

. new . old 3 . new . old 1
(llref “lrer )2,V K, )+(l3ref Tl )2r VLK)

D (8.78)

¢1d(n) = ¢lu(n) +

) . old 3 . . old 1
(llrefnew _llrefo W21,V 1 K, )+(l3refnew _l3ref0 Y2V i K g )

sum

D (8.79)

¢2d(n) = ¢2u(n) +
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8.6. Experimental Results for Current Control without Sampling

Transformer Winding Currents

The experimental results for Triple Active Bridge converter current control without using any
sampled currents are discussed over here. Figure 8.23 shows the closed loop converter control
schematic without using any sampled value of transformer winding currents. The feedback
signals sent to the converter control loops are the output dc voltage feedback and source(RES)
current input. The output dc control loops produce the references for transformer winding
currents. Based on the reference values and transformer leakage inductance information, the

phase angles for the winding voltages are determined the high frequency current controllers.

V ref i ref
dc3 G 3 1
() - le Three Port Il3 _ R Vaces
V i3 High Frequency Converter SRC, +1
I rof ; et Current b, + ’ ll‘
del 1 Controller Hich F) —
G.(s) ih Fre 1
Id , Transformer del
c

Vaer — sC

in

Figure 8.23. Closed Loop Power Control without Sampling Currents.
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Figure 8.24. Step Change in Winding Current with No Sampling Current Control.
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Figure 8.25. Step Change in Winding Current with No Sampling Current Control.
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Figures 8.24 and 8.5 show the responses in transformer winding currents due to step changes
in I, and it is observed that the transformer winding currents have no oscillations or dc offsets
using this method and attains the steady state within one switching cycle. In figures 8.24 and
8.25, the output dc voltage V., is controlled at a steady state value of 1.2kV with a dc load
while input voltages are at a voltage of 800V. The step change given in I, is from 10A to
16A(fig 8.28) and again back from 16A to 10A(fig 8.29) is observed in figures 8.24 & 8.25.

Responses of the converter due to step changes in |dclrEf are shown in figures 8.26-8.27.

Transient changes in transformer winding voltages and currents, and transient changes in dc

currents are given in figure 8.26-8.27 for a step change in |dclref from 4A to 12A is shown, which

is approximately a jump in power P; from 3kW to 9.6kW. Similarly, figures 8.28-8.29 show the

transient responses for step change in |dclref back from 12A to 4A. It can be observed that as

| ., changes, |4, also changes to balance the output power going to output port 3 and maintain

the output voltage at a fixed reference value.
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Figure 8.26. Transformer Winding Voltages and Currents under Transients.
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Figure 8.27. Converter Input Currents and Output Voltage under Transient.
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Figure 8.28. Transformer Winding Voltages and Currents under Transients.
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Figure 8.29. Converter Input Currents and Output VVoltage under Transient.
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8.7. Series Connection of Three Port DC-DC Converter Outputs for Higher
DC Bus Voltage

The three port converter discussed in this thesis work, is aimed to work as a modular building
block for large scale integration of PV and Energy Storage(ES). The three port converter can
work as a input dc source to individual DC-AC converter module for cascaded medium voltage
converter(Fig. 1.7 in chapter 1). The three port converter can also act as a modular building
block for series connected MV dc bus of Figure 1.6 in chapter 1. In this section, series
connection of the output voltages of the three port isolated dc-dc converters is demonstrated here
to obtain a MV DC bus for converter architecture of figure 1.6. Series connection of the output
voltages of multiple three port dc-dc converters can provide a medium voltage dc bus for a
medium voltage grid integration of PV and ES. In this section, the output voltages of the
individual dc buses of two modular three port dc-dc converters are series connected, while the
input side voltages are kept independent or can be parallel connected. Schematic of the series
connected system of three port dc-dc converter is shown in figure 8.30, where each of the output
voltages are maintained around 1.1kV-1.2kV, while the input side PV and ES dc voltages are
kept at 800V. The total series voltage obtained experimentally in this section is around 2.3kV dc.
The control schematic for series connection of three port dc-dc converter outputs is shown in

figure 8.31.
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Figure 8.30. Series Connected DC-DC Converter.
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Figure 8.31. Closed Loop Control of Series Connected Converter.

The closed loop control for individual converters of figure 8.30 is identical to that
demonstrated in previous section, where each converter output voltage is controlled along with
the dc power input from one of the input ports. In the control diagram of figure 8.31, each three
port dc-dc converter module of the series connected dc bus has independent control. The closed
loop outer voltage control of once converter does not interact with closed loop control of other
dc-dc converter modules. However, there is a feed forward coupling term present in the
converter system block diagram, whose effect is nullified by the fact that feed forward terms do
not influence the control regulation action of independent closed loop control.

For the series connected system of figure 8.30, the following equations at the output terminal

can be derived from the figure 8.30,
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Vdcla Vdclb

i+ < licia 8.80), [in|+ < Lo (8.81)

n n

R + Vdc3b —
SRC +1 sRC_.+1

out out

|i1a | Vcha (8.82)

. R V.,
i 4 Vdesa  _y
| SRC_ +1 sRC, +1 (&8

The ‘High Frequency Current Controller’ of the closed loop control of figure 8.31 is for the
high frequency transformer current control, which is mentioned above in aforementioned
sections of this chapters. Since the current control is a fast control method with a bandwidth of
switching frequency, therefore gain of the current control loop seen by outer voltage control loop
can be taken as 1. The closed loop control for the outer dc loop voltage control can be designed

based on output load dynamics. The output voltage controllers from figure 8.31, are designed as

and the bandwidth chosen is

Pl controllers, having a pole placed close to the system pole

out

1kHz. The input current controller is designed as a PI controller with a bandwidth of 100Hz. The
output voltage controller is given a faster response than input current controller. The steady state
transformer winding currents under series connection are shown in figure 8.32 and the dc

voltages and currents of the two converters are shown in figure 8.33.
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Figure 8.33. Input dc Currents & Output dcVoltages for Series Connection.

The transient response for the series connected converters of figure 8.30, using the closed

loop control technique shown in figure 8.31, are shown below. Figures 8.34 and 8.35 show the
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response in input dc currents and transformer winding currents for both the converters of figure

8.30, when a step change in |dmref is given from 4A to 9A. It is observed that as the input PV
current ly,, for the top converter changes, the ES port dc current l,,, changes in opposite
direction to keep the output dc voltage V3, constant at the reference voltage, caused by control
action of figure 8.31. In this scenario, the lower converter’s input dc currents |, 1o and the

output dc voltage Vi, do not change, they are kept constant at their reference values by its own

converter control action. This demonstrates the scenario when one converter module goes
through a change in input PV power availability, the output voltage of that particular converter
and operating conditions of the other converters in series connected dc, bus are unaltered and

maintained constant. Figures 8.36 and 8.37 show the changes in input dc currents and

. . f f . f
transformer winding currents for both the converters when a step change is given in |y, .

Similar phenomenon are observed in figures 8.36 and 8.37, when input PV power of converter 2
changes. Operating points for converter 1 are unaltered and maintained constant while converter

2 undergoes operating point changes.
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From the results shown in figures 8.34-8.37 and the discussion above, the two converters of
figure 8.30 having independent dc voltage and current control loops can successfully operate
independent of each other. Therefore, it can also be argued that the independent voltage
controller should allow the converters to have unequal dc voltage across them. The verification
of the concept of having unequal dc voltages across individual converter outputs of the series
connected dc bus of figure 8.30, is carried out using experimental study. Figures 8.38 and 8.39

show the two converters operating with unequal dc voltages across converter output terminals. In
figure 8.38, the converter 1 output reference voltage Vomref is given change, which makes the
output voltage V,;, to change to new steady state value, while the two series connected dc buses
continue to operate at different voltages while carrying the same dc current. The same thing is

demonstrated in figure 8.39, where converter 2 output voltage V,.; changes to a new steady state

value and the two converters continue to operate with unequal dc bus voltages.
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Figure 8.38. Transient Change in DC Voltage of Top Converter.
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Figure 8.39. Transient Change in DC Voltage of Bottom Converter.

In figures 8.38-8.39, it can be observed that as one converter undergoes transient due to
change in reference voltage, the other converter is undisturbed, except some changes in ripple for

the transformer winding currents.

8.8. Conclusions

The high frequency current control techniques discussed in this section provide different
aspects to the converter operation depending on the type of current control. The double sampling
method provides quite a few disadvantages over the other two control methods, such as
continuous oscillations and audible noise. The single sampling method is devoid of the
continuous oscillations and audible noise, but some transient oscillations are observed during
phase change due to sensitivity to inductance variation. The sensorless current control technique
is devoid of all the drawbacks of double & single sampling current control methods, as it doesn’t
use any sampled currents from sensors. However, dc sensors are required for sensing dc current

and voltage signals to use as feedback signals for closed loop power control. The series
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connection of dc-dc converter out technique uses the sensorless current control method which
enables the dc-dc converter outputs to be independently controlled. Different case studies with
experimental results have been performed to validate the series connection of dc buses for

checking the independency of power control for the series connected converters.
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Chapter 9. Generalized Phase Shifted DC-DC
Converter Control Techniques For Eliminating DC
Transients From Transformer Winding Currents

The conventional phase shift control method of DAB or TAB converters(schematics shown in
figures 9.1 & 9.2) produce large dc transients in transformer winding currents during operating
phase angle change. The developed dc transients in transformer winding currents take quite a
few cycles to dissipate depending on winding time constant. For continuous phase angle change
operation, the transformer develops huge dc offsets in winding currents and in core magnetizing
flux, which can cause transformer saturation leading to converter failure. Figures 9.3 and 9.4
show the dc transients that is observed in transformer winding currents due to changes in phase
angles for DAB and TAB converters. In order to reduce effects of dc transients, techniques like
controller bandwidth reduction and introduction of air-gaps in transformer cores are used to
avoid saturation during transients. Phase shifted DC-DC converter current control methods,
proposed in [71]-[74], has not addressed transformer saturation phenomenon. Direct current
control methods proposed in [75]-[82], use different sensors for implementing dc bias removal

for, but these methods are sensitive to changes leakage inductances.

L leakage _J} J}
2
Vdc] 4 Y T 2, 1 Vdd
I |
High Frequency '(} ‘ﬁ}
Transformer

Figure 9.1. Two Port Dual Active Bridge Converter.
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Figure 9.4. Transformer Currents During Transients in TAB Converter.

A novel two phase shift method is discussed in this chapter, which uses two different phase
shift angles during transients for each half cycle to eliminate or reduce the dc transient currents
to a minimum level. In this chapter, the proposed two phase shift method is applied to DAB and
TAB converter transient operation for square wave winding voltages and quasi-square wave
voltages. The two phase shift method is also applied for power reversal of DAB converter
without dc transient currents, operating mode change from three port operation to two port
operation and back to three port operation for TAB converter. The two phase shift method is
verified using a laboratory hardware prototype made of 1200V and 1700V SiC Mosfets using a

ferrite core based high frequency transformer. The DAB converter operation is tested at

400V/400V for V., and V,, with a high frequency transformer. The three port TAB converter

operation is tested at 400V/400V/600V voltage levels for Vi, Vieo & Vies . The power level for
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two phase shift control method is tested around 4kW-5kW power level for DAB & TAB

converter with operating switching frequency of 25kHz.

9.1. Proposed Two Phase Shift Method for Dual Active Bridge(DAB)

Converter

9.1.1. Two Phase Shift Method for Square Wave Voltages

In the proposed two phase shift method, the PWM generator of the controller uses two
different phase shift angles during any change command in operating phase angle. The two phase
shifts are applied during positive & negative half cycles of winding voltages. The two phase shift
angles for the next switching cycle are generated in thee current switching cycle and are updated
in the PWM controller. In order to derive and explain the two phase shift method, the equivalent

circuit of DAB converter, neglecting magnetizing inductance of the transformer, is used which is
given in figure 5. The proposed two phase shift method is explained in figure 6, where @, is

the steady state phase angle for switching cycle (n-1). When the command for steady state phase
angle change occurs, the controller generates an intermediate phase angle @, for positive half

cycle, which changes the transformer current to the steady state value of @, .

Figure 9.5. Equivalent Circuit for DAB Transformer.
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Figure 9.6. Two Phase Shift Method in DAB Converter.

In figure 9.6, the phase angle for the next switching cycle is updated in the PWM generator at

the midpoint of each negative half cycle of V, , i.e. at «t =n7” instant, where n=-1,3,7 etc. In

this method, two phase angles are used between primary and secondary voltages. @, is the phase
shift between the negative to positive transition(—Vy, to +V,.) and @, is the phase shift between
positive to negative transition(+Vy, to —Vy). | is the steady state peak line current at M7z
(m=odd) instants when phase angle is @, and |, is the steady state peak line current at
M7z + ¢, (m=even) instant, when phase angle is .. . If phase angle needs to be changed in n®
switching cycle from @, to .., , the peak line current must reach from —l at wt =0 to +l,,

at ot = (/ﬁnew. The intermediate phase shift ¢, is the required phase angle to eliminate dc transient
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effect in winding current. Clearly the angle @, can be expressed as a function of @, and @,
which is derived below. From DAB operation, currents - |, and + 1, are expressed as shown in
(9.1) and (9.2). The currents - I and + 1, can be related to each other, as given in (9.3). Solving
¢, from (9.1)-(9.3), the expression for @, is given in (9.4). Following this method, the phase

angle 4., at (N+1)" switching cycle is equal to @, , as given in (9.5). The proposed control

thus settles the winding current within one switching cycle during phase angle change.

Via 7 LT
_Isl:_ﬁ(5)+vdc2a)L(E_¢o|d) 9.1)

Via 7 LT
ISZ = _ﬁ(g_¢new) +Vdc2 a)L(E) 9.2)

Vdc2

+V,.
s :_|51+TM(¢|<) (9.3)

¢ _ Vdcl¢new +Vd<:2 old
k = ’ (9.4)
Vdcl +Vd02

Vdc1¢n+1 +Vd02 ¢n _ Vdcl¢new +Vdc2 new __ ¢
' - ' — Pnew (9.5)
Vdcl +Vdc2 Vdcl +Vdc2

¢k+1 =

The proposed two phase shift method is verified using a laboratory hardware prototype for a
400V:400V DAB converter at 25kHz. Figure 9.7 shows the transformer winding voltages and
currents without using two phase shift method control. Figures 9.8 and 9.9 show the transformer
winding voltages and current waveforms during transient using two phase shift method. In order

to verify the robustness of the method, the phase shift is varied as a low frequency sinusoid with
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a dc value, as ¢=¢dc+¢acsin(a)'[). Figure 9.10 shows the transformer winding voltages and
currents for continuously varying phase shift, where it is observed that with continuously
changing phase shift angle, where steady state operating point changes in phase cycle, the two

phase shift method provides robust control.
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Figure 9.7. DC Transients in Transformer Currents without Two Phase Shift Control.
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Using the two phase shift method it is observed that the winding currents reach the new
steady state within one switching cycle. There is a very small dc offset present which is due to
the resistance of the winding, since the derived equations are based on ideal inductive circuit.

One critical condition for successful two phase shift method is based on the condition that
oL >>R, . In this paper, all the derivations are based on ideal inductive circuit for DAB

converter.
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Figure 9.10. Transformer Currents with Varying Phase Shift Angle.

9.1.2. Two Phase Shift Method for Quasi-Square Wave Voltages

The aforementioned two phase shift method is extended to duty cycle modulated quasi-square
wave voltages, i.e. square wave voltages with a zero duration. The quasi square wave voltage is
necessary for DAB operation mainly to improve the soft-switching region for DAB converter

and achieve higher efficiency at low power operating regions[71-74]. The number of control
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parameters for DAB converter using quasi square wave voltages, changes from one(¢) to three(

¢,D,,D,). Figures 9.11-9.16 show the six possible cases for duty cycle and phase shift combined

modulation.

e D
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Figure 9.12. Case2.

Figure 9.13. Case3.
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In the combined phase shift and duty cycle method, the three variables under considerations

are winding voltages’ duty cycles D,, D, and phase shift angle ¢ between the winding voltages.
In this method, for any change in the values of parameters D,,D,,d, the intermediate phase
angle value ¢, is evaluated such that the dc transient from winding current, is removed. The
phase angle @, is evaluated in such a manner that for a change of steady state operating points

from old set of (D™, D,™,,,) to a new set of steady state operating point of (D,"",D,"",4,...)

is achieved in half a switching cycle. In each switching cycle, the new set of values are updated

at ot = 37” instant. The duty ratios D,"",D,™" are same for both the positive half cycle and

negative half cycle, whereas the angle @, is applied for positive half cycle and the angle @, is

applied for negative half cycle. The winding current expressions at ot =37” for current cycle

with old sets of values of Dlold,Dzmd,%m are given in equation (9.6). The winding current

expressions at ot :% for next cycle with new sets of values of D,"",D,"",d.., are given in
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equation (9.7). The intermediate phase angle @, is derived from the equation (9.8), where ‘m' is
the slope for each intermediate sub-intervals and A& denotes each sub-interval duration. The

intermediate phase angle ¢, is derived for each of the possible cases defined above and the
expression for @, comes out to be same in all the three cases, as given in equation (9.9), same to

that in equation (9.4). The negative half cycle phase angle is given by @, .

.37 Vv, Y YA
'1(7):_w_2|_¢old (9.6) Il(E):a)_2L¢neW 9.7)

- - 3 ’ new newy
n{§}=n(7”)+2m(vl,v2,wL,¢k,D1 ,D,"")*AOS, (98)

¢ _ Vdc1¢new +Vdc2 old (9 9)
k — ' .
Vdcl +Vdc2

The experimental waveforms for two phase shift method combined with phase shift and duty
cycle changes are shown in figures 9.17 & 9.18. In the figures, it can be observed that the
winding current settles within one switching cycle. The control action is implemented in such a
way that when the external command comes(represented by the signal CS), the controller takes

one cycle to calculate the transition phase shift angle and it updates the phase angles at ot = 3?” .
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Figure 9.17. Transients for combined Phase Shift & Duty Cycle Change.
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Figure 9.18. Transients for combined Phase Shift & Duty Cycle Change
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9.1.3. Two Phase Shift Method for Power Reversals of DAB Converter

The two-phase shift method is also applied for power direction reversal of Dual Active

Bridge(DAB) converter. The two phase shift method, given by equations (9.4) and (9.5) when

applied to a phase shift direction reversal, creates a dc shift in transformer winding currents as

shown in figure 9.19. In order to avoid the transients during power reversals, an intermediate half

switching cycle of zero power is created. When the phase shift angle changes from @4 to —@,.,

by making the positive half cycle phase shift as ¢ =0.5¢,,, and by making the negative half

cycle phase shift as —0.5¢,, . Figures 9.20 and 9.21 show the two cases of power reversal, where

power flow is changing from primary to secondary and vice versa. In figures 9.20 and 9.21, a

small current flows in the transformer windings during the zero half cycle power, which is due to

the magnetizing inductance of the windings.
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Figure 9.19. Transients During Power Reversal Under Normal Phase Direction Change.
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Figure 9.20. Transients During Modified Power Reversal Method.
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Figure 9.21. Transients During Modified Power Reversal Method.

309



9.2. Two Phase Shift Method for Triple Active Bridge(TAB) Converter
9.2.1. Two Phase Shift Method with Square Wave Voltages

The proposed two phase shift method has been extended to three port Triple Active
Bridge(TAB) converter in this section. The approach for two phase shift method is similar to that
implemented in previous section. The two phase shift method for three port TAB converter to

eliminate dc transients from transformer winding currents is explained in figure 9.22.

I's

I

Figure 9.22. Two Phase Shift Method for TAB Converter.

The square wave winding voltage V; is taken as reference and the other two voltages V; and
V, are phase shifted by ¢ and ¢, w.r.t V. The two phase shift method for eliminating dc
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transient is explained in figure 9.22. The winding voltages V; and V, have phase angles ¢, and

@, respectively w.r.t V5. A typical winding voltage position for Triple Active Bridge(TAB)

converter is shown in figure 9.22. The update of intermediate phase angle @ is done at ot — 37”

,i.e. at midpoint of V; during negative half cycle. The currents —l,, and -5, are the steady state

. Id Id
current values at instant et :37” for phase angles ¢°° and 4, . The currents l,,, and l,, are

the steady state current values at instant ot =% for phase angles 4" and @, . The currents

~lg, =lg, Ly, 15, are related to each other as functions of current slopes & phase angles, as

1

given in equations (9.10)-(9.11), where m, mzl, m;~ and m?, m23, mg,3 are the slopes of

winding currents during different intervals.
Lo =—lig + M (7 =@, ) + M, (B — By ) + My (4,,) (9.20)

|332 = _ISSl + rnl3 (72- _¢1k) + m23 (¢2k _¢1k) + m33 (¢2k) (911)

. . old old new new
The current expressions —liq, =liq, lig,, |z, are expressedintermsof ¢, ¢, , ¢, ¢,

in equations (9.12)-(9.15).
—ly =0.5-m' (7 — ") —m," (8, — ") —m;"(5,"")} (9.12)
—lay =0.50-m’ (7~ ") —m,* (8,™ —4") —m;(4,")} (9.13)
I, = 0.5{m (7 — ™) + M, (4,"" — #™") + M (£,"")} (9.14)

Lo = 0.5{M> (7 — ™) + M, (4, — 8"™") + M’ (4,"")} (9.15)
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Using expressions (9.12)-(9.15) in equations (9.10),(9.11) and solving for @, & ¢y, the

derived expressions are given in (9.16),(9.17). The phase shift angles used for negative half cycle

are ¢ and ¢, respectively.

#y =0.5(4° + ™) (9.16) Po = 0.5(4,°" +4,"") (9.17)

The experimental study on the three port phase shifted converter control is performed using a

400V/400V/600V three port TAB converter. In this experimental study, the phase angles are

changed from 6™, ¢, to 4™, ¢,"". The angle values are chosen such that the power flowing

into port 3 remains constant whereas the power flowing out of port 1 and 2 changes. Figures 9.23

and 9.24 show the TAB converter waveforms using two phase shift method control.
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Figure 9.23. Two Phase Shift Method in TAB Converter.
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Figure 9.24. Two Phase Shift Method in TAB Converter.

It can be observed in figures 18 and 19 that the shape of current I, remains same before and

after change of operating point, which is initiated by CS command. This indicates that the power

flowing out of ports 1 and 2, change only in these cases while power flow of port 3 remains
unchanged. In figure 9.23, as current I, increases, current I, changes direction to absorb extra
power required to maintain constant power flowing into port 3. Similarly in figure 9.24, as

current I, decreases, current I, changes direction to deliver extra power required for port 3.

9.2.2. Two Phase Shift Method with Quasi-Square Wave Voltages

The two phase shift method is implemented for quasi square wave voltages as well for three

port phase shifted TAB converter. The implementation method is similar to that for DAB

converter discussed before. In this case, there are five control parameters, (D,,D,,D;,¢,4,). For
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ease of implementation, only ¢ and ¢, are considered as control parameters. The values for

duty cycles D;,D,, D; are updated with new values instantly. As an external command comes for

changing from an old operating point of (¢°°,4,°", D, D,*,D,”* ) to a new operating point of

(8™, 4,"", D", D,"",D,"), the controller takes one cycle to calculate the new values of

¢, for the positive half cycle and @™, 4, for negative half cycle phase angles and
3r

updates the new values at ot = - The expressions for @, %, are same as given in equations

(9.16),(9.17). Figures 9.25 and 9.26 show the experimental cases for two phase shift control
implemented in TAB converter for quasi-square wave voltage waveforms, where controller
commands a change from an old operating point of (4°,4,"*, D, D,*,D,*") to a new set of
values (4", ¢,"", D", D,"™", D,""). It can be observed that the winding currents change within

one half cycle to their new steady state operating points to maintain the required power flow in

both the cases.
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Figure 9.25. Two Phase Shift Method with Duty Cycle Change in TAB Converter.
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Figure 9.26. Two Phase Shift Method with Duty Cycle Change in TAB Converter.
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9.2.3. Operating Mode Change for Three Port TAB Converter

One of the most important aspects of three port converter is to operate the converter while one
port being idle. Smooth transition from three port operating mode to two port operating mode
and vice versa, is an important feature for three port converter. In this section, the transition
between two modes is achieved by using the concept of two phase shift method. In this paper,
only port 1 is considered to switch ON & OFF depending on external commands. During two

mode operation, port 2 is considered to supply the whole power requirement for port 3, therefore
the required phase angle @.., is considered the steady state phase angle for port 2. During three
port active operation, when the external signal CS for mode change comes, the gate pulses for

port 1 are turned off at et =37”and for the next switching cycle, ¢, for positive half cycle is

made equal to 0.54,"" and for negative half cycle phase angle @, is used. In figure 9.27, it can
be observed that when signal CS goes high, port 1 gate pulses are turned off by the PWM
generator, current |, decays to zero, and phase shift angle @, is updated to new values for

positive half cycle and negative half cycle. A small duration of voltage bump is seen in V;

during current decaying of I,. Current I, changes to new steady state operating value within one

half switching cycle and port 3 power is kept unchanged. Similarly, for transition from two port

to three port operation, when the external signal CS goes low, for the next switching cycle 'k',

#y is made equal to 0.5, (where @, is the steady state value of two port operating mode),

and during negative half cycle all phase shift angles are made zero. In the next (K +1)th cycle, the
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steady state values for ¢1,¢2 are updated according to equations (9.15),(9.16) where ¢1°'d,¢2°'d

are equal to zeros and ™", 4,"" are equal to the new steady state values.
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Figure 9.27. Three Port to Two Port Mode Change.
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9.3. Conclusion

The two phase shift method proposed here in the paper for phase shifted dc-dc converters, has
controlled the transformer currents within one switching cycle during any change in operating
phase angle of the transformer. The proposed technique has provided considerably satisfactory
results for two port Dual Active Bridge(DAB) converter and three port Triple Active
Bridge(TAB) converter. The two phase shift technique also successfully operates for power flow
direction reversal cases and three port to two port mode change cases. The two phase shift
method also has the advantage of being independent of transformer leakage inductances and does
not require any current sensor. Only requirements are dc voltage sensing for dc buses and
information of transformer turns ratio. The proposed two phase shift method provides

satisfactory, stable and robust performance for phase shifted dc-dc converters.
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Chapter 10. Conclusions & Future Work

10.1. Conclusions

The work presented in this dissertation addresses three port phase shifted dc-dc converter with
different transformer topologies, their shortcomings, advantages, properties etc. The focus of the
research is to understand the operation of isolated three port phase shifted dc-dc converter for
Renewable Energy Source(RES) and Energy Storage(ES) integration using high frequency
transformer, along with suitable transformer topologies & their converter control. The
dissertation also addresses key control techniques for high frequency transformer current control
with dc power decoupling. The proposed power decoupling provides independent control for dc
power at any two ports, which is utilized for series connection of dc-dc converter outputs. The
key challenges for three port phase-shifted dc-dc converter has been the high frequency
transformer, as the leakage inductance of the transformer is key element for power transfer. The
leakage modelling of three winding transformer has been developed for having a closely accurate
model of leakage inductances. The leakage inductance models are thus incorporated into
transformer design so that optimum design of transformer for a specific power rating can be
achieved. The tape wound core transformer designs along with their challenges due to leakage

flux has been investigated and possible solutions has been proposed in this thesis work.

10.2. Scope for Future Research
The future scope for this research provides a whole lot of possible directions.
e The DC-DC three port converter architecture can be extended to develop a DC-AC

converter architecture with transformer isolation in a single stage. The DC-AC
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converter module can be used as a modular converter unit for Cascaded H-
Bridge(CHB) converter.

e Moreover, the two port leakage integrated transformer of chapter 7 can be extended to
a three port converter prototype for three port converter application. The design
process can be optimized using several optimization techniques.

e The series connected converter system can be grid-tied to an utility grid and due to
interaction of two converters, several converter stability related problems can be

addressed.
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